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General Introduction

Earthquakes are complex phenomena, which can have a large impact on the people living in the vicinity
of the epicenter. This can include damage to buildings ranging from cracks to collapse, damage to infra-
structure and psychological effects on the community. Case studies of historical earthquakes can
therefore contribute to the understanding of the diversity of the effects earthquakes can have on the built
environment, the natural environment, the local economy, the community and individual people. Case
studies of earthquakes are therefore an element of the assurance of the risk assessment (Ref. 1).

Many case histories of earthquakes are available, but these focus primarily on larger earthquakes, like the
1906 earthquake in San Francisco and the 1960 earthquake in Chile. These tectonic earthquakes are
considerably larger than the earthquakes expected to contribute to the hazard of induced earthquakes in
Groningen.

Detailed case histories for earthquakes in the magnitude range relevant for Groningen are more difficult
to find and often concentrate on the deep sub-surface seismological description and offer less insight into
the effects of these earthquakes. NAM has therefore asked a team of academics to compile and
compendium of earthquake case studies. The first report resulting from this effort (Ref. 2) was published
mid-2016 and contained the first 6 case studies of earthquakes with magnitude in the range from 4 to 5.5.
This was accompanied by an overview of all (potentially) human-induced earthquakes (Ref. 3).

The effort to compile a database of damaging earthquakes of moment magnitude from 4.0 to 5.5 and
compendium of case studies has continued and is documented in the current report containing more than
18 additional case studies. In parallel, a statistical analysis is issued (Ref. 4) of the global occurrence and
impact of small-to-medium magnitude earthquakes.

No single earthquake will be in all respects identical to the induced earthquakes in this study, but the
collection of case studies of earthquakes is thought to provide additional insights. These reports (Ref. 2
to 4) document the activity to acquire an overview of earthquakes relevant for Groningen and to learn
from these.
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1. INTRODUCTION

Gas production in the Groningen field in the northern Netherlands is leading the occurrence
of earthquakes in a region for which there is no evidence for any perceptible levels of natural
seismicity. The largest induced event to date occurred on 16" August 2012 near the village
of Huizinge and was reported by KNMI to have a local magnitude of 3.6. In response to
these induced earthquakes, NAM is conducting probabilistic assessments of the seismic
hazard and risk. These studies have been initiated both to support the gas production
license applications (Winningsplan) and to inform the programme for structural upgrading of
vulnerable buildings in and around the gas field.

The Groningen seismic hazard and risk assessments differ from seismic hazard and risk
studies conducted for natural (tectonic) earthquakes in a number of regards. One of the key
differences is the consideration of earthquakes that are much smaller than those usually
included in the assessment of hazard and risk due to tectonic earthquakes. This raises
questions concerning the smallest earthquakes of relevance and the need for a frame of
reference for the impact that small-to-moderate earthquakes may have on the built
environment. While the Groningen hazard and risk modelling effort aims to answer these
questions for the gas field, the purpose of this report is to provide answers from empirical
observations elsewhere.

In probabilistic seismic hazard analyses (PSHA) conducted to define seismic design loads
for new structures, the integrations are truncated at a lower magnitude limit, Mmin, which is
selected on the basis of smaller earthquakes producing insufficiently energetic motions to
pose a threat to engineered structures (Bommer & Crowley, 2017). The rationale for Mmin
(sometimes referred to as mo) was stated in the landmark paper by Cornell (1968) that set
out the basic formulation for PSHA:

“....and mo is some magnitude small enough, say 4, that events of lesser magnitude
may be ignored by engineers.”

Numerous statements conveying the same rationale can be found in basic texts on
engineering seismology and earthquake engineering, such as Reiter (1990):

“The lower bound, or minimum, magnitude represents that level of earthquake size
below which there is no engineering interest.”

The textbook on Geotechnical Earthquake Engineering by Kramer (1996) makes the
following statements:

“For engineering purposes, the effects of very small earthquakes are of little interest
and it is common to disregard those that are not capable of causing significant
damage.”

The imposition of an abrupt truncation of the magnitude distribution does not mean that all
earthquakes of Mmin Or greater are potentially damaging to engineered structures, but rather
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that no earthquake smaller than this level could be considered capable of causing distress to
the structures being designed. In essence, therefore, it is about the nature of the motions
generated rather than the absolute size of the earthquakes. Reiter (1990) stated the
following in his discussion of minimum magnitude:

“If, for example, probabilistic seismic hazard analysis were sufficiently sophisticated to
allow separation between non-damaging peak accelerations from small earthquakes
and more damaging peak accelerations from large earthquakes, lower bound
magnitudes could be extended as low as the data allowed.”

Such an approach, based on a ground-motion filter rather than a magnitude cut-off, is
precisely what is involved with the use of CAV (cumulative absolute velocity) filters as an
alternative to Mmin. Based on values of CAV predicted as conditional on PGA (peak ground
acceleration), all M-R-¢ (magnitude-distance-epsilon, where the latter refers to the number of
standard deviations above the median prediction from a ground-motion prediction equation,
or GMPE) contributions leading to motions that fall below a specified level of CAV, are
excluded from the calculation of annual exceedance frequency of PGA and spectral
accelerations (EPRI, 2005).

Values of Mmin used in practice are generally in the range from 4 to 5, with the upper limit
being common to PSHA studies for nuclear sites. The value of 5 for Mmin was recommended
in EPRI (1989), a 360-page document arising from a 3-day workshop conducted by the
Electric Power Research Institute specifically “to establish a lower-bound earthquake
magnitude, below which the potential for damage to nuclear plants is negligible.” The
approach that EPRI adopted to address this goal was summarised as follows:

“The objective of the workshop was to consider a broad range of issues that could
provide insight to the engineering significance of ground motion generated by small-
magnitude earthquakes. Based on the presentations at the meeting it was intended to
develop a strategy to select a lower-bound magnitude for use in seismic hazard
assessments. An Advisory Committee reviewed the information presented at the
workshop and provided recommendations concerning the level of earthquake
magnitude that may be damaging to nuclear power plant structures and equipment
and a strategy to establish a sound basis to determine the lower bound magnitude.”

The use of 5.0 as the lower bound of magnitude is not, however, limited to nuclear
applications: this same value of Mmin is used, for example, in the hazard mapping that forms
the basis of seismic design codes in the USA (Petersen et al., 2008). The European hazard
map produced in the SHARE project (Woessner et al., 2015) was generated with a lower
magnitude limit of 4.5.

The rationale for not inflating high-frequency design accelerations with contributions from
frequent small-magnitude earthquakes—producing motions of very short duration and low
energy content—is perfectly defensible when considering new engineered structures. For
the assessment of risk to existing buildings, however—and in particular buildings whose
design did not include any consideration of earthquake loading, as is the case for dwellings
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in the Groningen region—it would not be justifiable to exclude earthquakes in the range from
magnitude 4-5 from consideration. Consequently, in the hazard and risk calculations for the
Groningen field, the range of magnitudes considered is currently from M3.5 to M7.25. The
upper limit is the maximum value on the logic-tree for Mmax derived by an expert panel
appointed to assess the available data and models for the Groningen field to infer estimates
of the largest possible event (Bommer & van Elk, 2017). The lower limit is based on the fact
that the threshold for catalogue completeness is ML1.5, but sensitivity analyses have shown
that contributions to both hazard and risk from the first two units of magnitude are practically
negligible. Given that a Monte Carlo approach is being used to perform the calculations, the
computational burden of considering these very small earthquakes is worth avoiding if
possible.

Disaggregations of the hazard (at the 475-year return period) and risk (in terms of ‘inside
local personal risk’) estimates at the centre of the compaction bowl indicate dominant
contributions from earthquakes in the range from M4 to M5 and a little higher. This is not a
surprising result given that the contrary trends of earthquake recurrence rates decreasing
with increasing magnitude (and doing so very sharply as Mmax is approached) and
accelerations increasing with increasing magnitude (at a diminishing rate due to non-linearity
in the scaling) generally lead to dominant contributions from earthquakes somewhere in the
middle of the considered range, depending on the annual exceedance frequency being
considered.

The primary focus of both the risk modelling and the structural upgrading programmes for
Groningen, at least at this stage, is life safety. In other words, the key focus of the risk model
is to estimate the numbers of people who could be killed by structural damage caused by
ground shaking. The motivation for compiling this database of damaging earthquakes with
magnitudes in the same range as those dominating the hazard and risk estimates is to
provide a basis for comparing and evaluating the estimated losses, or in other words, to
provide a ‘sanity check’. The Database of Damaging Small-to-Medium Magnitude
Earthquakes should provide insight to the precedents for loss of life and damage due to
earthquakes of moderate magnitude, which will be helpful in assessing the reliability of the
risk calculations. This is not to say that if greater losses are estimated than have been
observed in other earthquakes of comparable magnitude it would automatically invalidate
the risk model, but rather it would require explanation of the specific features of the
Groningen field—whether related to the seismicity rates, the ground motions, or the fragility
of the exposed building stock—leading to exceptionally high estimates of expected losses.
Similarly, for those cases where small-to-moderate earthquakes elsewhere in the world have
resulted in unexpectedly high impact in terms of damage and casualties, the study will
attempt to identify the specific features that led to this outcome; the team responsible for
developing the Groningen hazard and risk model would then need to address the question
of whether any of these same features could be expected to be present in the Groningen
case. While this purpose of providing a basis for assessing the estimated seismic risk in
terms of precedents is the primary objective of this database, the information gathered will
also be of benefit in informing the development of various elements of the hazard and risk
models.



The information for the compilation of the database was retrieved from a wide variety of
sources, of varying degrees of reliability, but all earthquakes for which a report of damage or
casualties is encountered are included in the listing, providing the magnitude falls within the
specified range. Details on all challenges faced and decisions made during the compilation
of the database are given in Chapter 2, together with resulting statistics and insights, while
the database itself is available as a spreadsheet that can be downloaded from the NAM
website' and a detailed description of its fields is presented in Appendix |. The database
should not be considered as a static final product, as it may be expanded and enhanced as
new sources of information are found, and should not be interpreted detached from the
discussions contained herein.

For earthquakes of interest about which some degree of detailed information is available,
case histories are presented summarising the nature of the event, the characteristics of the
affected region, and the nature of the damage and other consequences. These case
histories are presented in Appendix Ill for induced earthquakes and in Appendix IV for
tectonic earthquakes. The distinction is made since it may be expected that induced
earthquakes provide a better analogy for the Groningen field for two main reasons: firstly,
induced earthquakes are generally of shallower focal depth than most tectonic events, which
places the source of energy release closer to exposed buildings, on the one hand, but may
also mean that the earthquakes have lower stress drops (e.g., Hough, 2014); secondly,
induced earthquakes often occur in regions of relatively low natural seismicity and hence
impact on built environments of low earthquake resistance. The reports on these
earthquakes share a common format, which is explained in Chapter 3 of this report. Chapter
4 presents a brief overview and discussion of the case histories. The report closes with a
summary of the findings in Chapter 5.

1 https://nam-onderzoeksrapporten.data-app.nl/reports/download/groningen/en/e4fd80e4-2e86-495c-97a4-
d00954abcdff




2. COMPILATION OF THE DATABASE

The core of this study is the database of earthquakes with magnitudes in the range from 4.0
to 5.5 that are reported to have caused appreciable damage or casualties, to which the
name “Database of Damaging Small-to-Medium Magnitude Earthquakes” is given. The
process and criteria followed for its compilation is described in detail herein. A thorough
description of the contents of each field is provided in Appendix I. The resulting composition
and statistics on the consequences observed are presented in Sections 2.11 and 2.12.

2.1. General description

The database consists of earthquakes that occurred from the year 1900 through 2017 for
which reports of damage and/or casualties have been found, with magnitudes in the range
of interest (M4.0-5.5). In order to include an event in the database, at least one of the
following criteria had to be met:

e At least one death or injury of any kind (slight or serious).

e At least one building with some kind of damage to its structural or non-structural (but
architectural) components. Cases in which mentions were oriented only to damage to
falling china, bottles or other contents did not qualify.

e Damaged infrastructure.

e Reports exist of damage insurance claims.

e Reports exist of economic losses (measured or estimated).

The event could be later excluded if:

e |t was part of an earthquake series with any shocks above MS5.5 and it was not
unambiguously clear which shocks caused the reported damage.

e The damage and/or casualties were not a direct or indirect result of the earthquake.
For example, explosions and mine collapses get often reported as earthquakes, and
the casualties and losses related to them are usually a consequence of the explosion
or the collapse itself and not of the earthquake that followed. These cases were
excluded. However, if the earthquake was the cause of the damage, even if one of
the consequences was the collapse of a mine, then it was included. Cases in which
the damage or casualties were due to phenomena triggered by the earthquakes (e.g.,
landslides) were included. It is noted that, in many cases, there is not enough
information to understand whether the earthquake was originated in a source external
to the mine, yet with slip potentially induced by mining-related stress changes, or
whether it was originated by a collapse or explosion in the mine itself and only caused
damage in the mine. The former would be included in the database, while the latter
would not.

Regarding the first exclusion criterion, it is noted that it can also happen that an earthquake
is part of a series for which all the shocks are smaller than M5.5 and it might still not be clear



how the damage evolved with the different shocks. Whenever situations like this have been
identified, note has been taken that the consequences might refer to more than one event.

The kind of information that was sought for the compilation of the database was the
following:

e City/province/state/small administrative subdivision, country and region in which the
event occurred and/or where the consequences were observed.

e Date and time (UTC) of occurrence.

e Hypocentral coordinates (latitude, longitude, depth).

e Magnitude: M (direct or proxy), ML, mb, Ms and/or unknown (Munk).

e Whether the earthquake belongs to a cluster, is a main shock, foreshock or
aftershock.

e Whether the consequences are expected to correspond only to the listed earthquake
or may include those of other earthquakes in the series.

e Maximum intensity.

¢ Nature of the event (induced or tectonic).

e Population exposed to the ground shaking.

e Total number of people affected.

e Total number of deaths.

e Number of deaths due to shaking.

e Number of injured people.

¢ Number of homeless and evacuated people.

e Causes of death and/or injury.

e Number of damaged buildings.

e Number of destroyed buildings.

e Whether infrastructure was affected or not.

e Occurrence of landslides and/or liquefaction.

e Monetary losses.

Peculiarities of these parameters are discussed in what follows.

2.2. Sources

Information regarding the consequences of destructive large magnitude earthquakes is
usually abundant, but this is generally not true for their small-to-medium magnitude
counterparts. One of the main reasons for this is the natural preference to invest resources
in the assessment of events that have a greater impact in society. It has been only in more
recent years that the earthquake engineering community has started to recognise that, in
certain areas of the world, expected annual losses due to seismic events tend to be more
influenced by frequent shaking that causes small damage than by the rarer catastrophic
events. Moreover, the impact of smaller earthquakes that occur in areas of high seismicity is
likely to be perceived as minimal by a population who is used to the effects of earthquakes.
Nobody writes about common, usual events. Still, large databases dedicated to the
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consequences of natural hazards and other threats are a relevant source of data for the
present work. The three biggest databases used herein were:

e The International Events Database (referred to as well as the Emergency Events
Database) of the Université Catholique de Louvain, Belgium (EM-DAT in what
follows).

e The Significant Earthquake Database of the National Centers for Environmental
Information of the National Oceanic and Atmospheric Administration (NOAA) of the
United States (NOAA in what follows).

e The EXPO-CAT catalogue of human population exposure (Allen et al., 2009b) and
the PAGER-CAT losses database (Allen et al., 2009a).

Other large databases such as the Cambridge Earthquake Impact Database, Desinventar or
the GEM Earthquake Consequences Database are, of course, of general interest, but tend
to focus on events with magnitudes outside our range of study.

Though not organised per-se as databases of damage and casualties, the earthquake
catalogue of the United States Geological Survey (USGS) and the Bulletin of the
International Seismological Centre (ISC) served as well as large sources of information.
While longer descriptions are available for a small number of earthquakes, this information
consists, in most cases, of one or two sentences describing the consequences, sometimes
providing numbers of damaged buildings and/or casualties. Phrases include expressions like
“‘minor damage in [place]’, “some buildings damaged at [place]” or “buildings damaged or
destroyed in [place]’, among others. Short comments on consequences available in the ISC
Bulletin usually correspond to contributions from the USGS itself, but it is noted that many
cases have been found in which a comment regarding damage occurrence is available in
the ISC Bulletin but not directly on the website of the USGS. As many local agencies publish
reports on damaging events that occurred within their area of influence on their websites,
these were consulted when relevant to specific earthquakes.

Scientific journal papers and reports are, with no doubt, another source of relevant
information, in spite of their natural focus on larger-magnitude events. Additionally to those
focusing on a particular earthquake or earthquake sequence, extensive compilations of
damage descriptions for complete earthquake catalogues and periodical summaries of
observed seismicity were extremely useful as well. Examples of this are Part C of the
EKDAG earthquake catalogue for Germany and adjacent areas (Schwarz et al., 2010), a list
of relevant Peruvian earthquakes by the National Civil Defense Institute of Peru (INDECI),
and the newsletters of the Society for Earthquake and Civil Engineering Dynamics (SECED).

While all of the above were of great relevance for this work, a peculiarity of working with
small-to-medium magnitude earthquakes is that a lot of the information does not get
systematically reported in scientific sources. In this sense, the more recent work of
Earthquake-Report.com is noteworthy, as they aim at reporting live on the consequences of
all earthquakes that occur worldwide, irrespective of their extent. Summaries of catastrophe
relief actions from ReliefWeb, the digital service of the United Nations Office for the
Coordination of Humanitarian Affairs (OCHA) were incredibly valuable as well. Finally, online
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newspapers and news agencies, as well as blogs, personal websites and social media (e.g.,
Twitter), were of great help, as it is sometimes only here that comments about very minor or
isolated damage can be found.

In direct connection with the work of Earthquake-Report.com, the Earthquake Impact
Database (EID) available online as spreadsheet files for the years 2013-2017 was of
significant relevance for the present work. The EID is an initiative that describes itself as a
community who “collects information and provides statistics about damaging earthquakes in
the whole world”. It differs from all other sources in the fact that information regarding
damage and casualties due to earthquakes occurring worldwide is gathered and published
online in near-real time via a network of collaborators. Their sources are the media and the
reports that people who have felt an earthquake leave using their online questionnaire, as
well as seismological institutions. This allows for even the smallest of events to be taken into
consideration as the data remains accessible. As time goes by after each earthquake, media
reports of small events get buried under the large flow of information of the Internet and it
becomes more difficult to distinguish the effects from different earthquakes in a sequence.
When earthquakes strike within some hours of each other, the latter is impossible, but if they
occur some days or weeks apart, immediate reports might be able to make this distinction to
some degree, while final reports tend to refer to the whole sequence. Consequently, many
databases do not have an entry per event but rather one report summarising all the
observations collectively, while the EID appears to generate separate entries. This clearly
results in a much larger number of earthquakes being reported by the EID than in other
databases, as illustrated by Table 2.1 for the years 2013-2017.

Table 2.1. Number of earthquakes per year in the Earthquake Impact Database (EID), the
International Events Database (EM-DAT; Université Catholique de Louvain) and the NOAA database
(NOAA). No filters of magnitude or location applied.

Year EID EM-DAT NOAA
2013 389 29 52
2014 376* 26 55
2015 354 23 37
2016 323 30 43
2017 279 19 49

* Nine additional earthquakes are listed for 2014
under the heading “earthquakes  with
uncertain/unconfirmed damage reports”. These
were not considered for the present work.

With the number of earthquakes in the EID being so large, manual verification of each
individual event would incur the need for a very significant number of man-hours. For this
reason, a computer code was written in Python to make the process as automated as
possible. The way in which events from the EID were incorporated to the Database of
Damaging Small-to-Medium Magnitude Earthquakes is discussed in detail in Section 2.9.
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Turning to local media and secondary sources of information introduced the challenge
associated with dealing with local languages. The amount and quality of information in the
present work may thus be biased towards earthquakes that occurred in areas of the world
where English, Spanish, Italian, French, Portuguese or German are spoken. We were able
to gain access to texts in Serbian, Russian, Greek, Hindu, Nepalese and Chinese in a more
sporadic fashion, thanks to collaborators to whom we are grateful. Once a relevant source
has been identified, online translation services can be of use to retrieve information,
notwithstanding their often limited accuracy. Carrying out a full search in an unfamiliar
language is, however, very challenging.

2.3. Magnitude

While simple to describe, determining whether an earthquake lies in the range M4.0-5.5 is
not always straightforward, for three main reasons. Firstly, seismic moments are not
routinely calculated for smaller earthquakes. Secondly, different agencies/authors often
arrive to different estimates of moment magnitude. For earthquakes whose magnitude lies
close to the lower (M4.0) or upper (M5.5) bound, some estimates might lie in the range while
others lie outside. Thirdly, proxy moment magnitude values—i.e., moment magnitude values
calculated by means of empirical conversion models from other magnitude scales or
relevant parameters—have uncertainties associated with the variability of the empirical
models used to determine them and the quite frequent lack of data used to derive them in
the lower-magnitude range.

The magnitude scales compiled in the database were: moment magnitude (M), surface-
wave magnitude (Ms), body-wave magnitude (mo), and local magnitude (Mv). The value of
moment magnitude reported in the first magnitude-related column of the database is that
with which the inclusion or not of the earthquake in the database was decided, while
alternative values found are reported in the field “Mw (alt)”. An additional field was created
for unknown magnitude scales, Munk, as there are cases in which the scale of the magnitude
reported is not clear (e.g., events from the EID), or in which the sources themselves specify
that the scale is unknown (e.g., some events in the NOAA database). The magnitude values
reported by the EID were always included in this Munk field. Estimates of magnitude were
retrieved mostly from the ISC Bulletin, the USGS catalogue, the ISC-GEM catalogue (v4.0)
(Storchak et al., 2013) and the world catalogue of Weatherill et al. (2016) (v3.0c), referred to
as WPG16v3c hereafter. The Parametric Catalogue of Italian Earthquakes (CPTI15 v1.5;
Rovida et al., 2016), the Italian web portal of macroseismic intensities of the INGV (Tosi et
al., 2015), the catalogues of the Spanish National Geographic Institute (Instituto Geografico
Nacional, IGN), the Mexican National Seismological Service (Servicio Sismolégico Nacional,
SSN), the French seismic catalogue (FCAT-17; Manchuel et al., 2018), the Colombian
Geological Service (Servicio Geoldgico Colombiano, SGC) , Geoscience Australia (GA), the
China Earthquake Networks Center (CENC; Mignan et al., 2013), the earthquake catalogue
for Germany and adjacent areas (EKDAG; Schwarz et al, 2010), and the earthquake
database of the British Geological Survey (BGS) were also consulted when necessary.
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The source of the reported moment magnitudes is indicated within the database in the field
“‘“Mw Case”. Acronyms of seismological agencies as per the list available on the website of
the 1SC? are used when M values are those reported in the ISC Bulletin and attributed to
those agencies, with the exception of the catalogues and agencies listed above. In the case
of values of moment magnitude stemming from the ISC-GEM, the WPG16v3c, the CPTI15,
or the FCAT-17 catalogues, the words “direct” and “proxy” indicate whether they are directly
calculated values or estimated from other magnitude scales or observations of
macroseismic intensities, respectively.

When neither direct nor proxy values of M could be found, empirical conversion models
were used to make an estimate of M by means of one of the values of magnitude available
in other scales, with order of preference of Ms over mp over ML over Mq as source value. For
Ms and m, linear piece-wise models that average those of Scordilis (2006), the Generalised
Orthogonal Regression models of Di Giacomo et al. (2015), and those of Weatherill et al.
(2016) were used (Figure 2.1), while a one-to-one equivalence was assumed for ML=Mgs=M.
Details on these average models and assumptions can be found in Nievas et al. (2019).
Whenever the reported moment magnitude stems from the application of these conversions,
the field “Mw Case” of the database contains the text “Converted from [original scale]=[value
in original scale]’. Values of M directly calculated from inversion were always preferred over
proxy M values retrieved from existent catalogues, which were, in turn, preferred over the
application of conversion models.
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Figure 2.1. Average relation between m, and M (left) and Ms and M (right) used to obtain proxy M
values for the database. Thick dashed lines indicate extrapolation beyond the magnitude range
where all source models were derived. Thin dashed lines indicate plus/minus one standard deviation.

Hierarchies were established in order to deal with lack of agreement in the values of M. Due
to its global coverage and its longevity as a dataset, the M estimates from the Global
Centroid Moment Tensor catalogue (GCMT; Dziewonski et al., 1981; Ekstrom et al., 2012)
were preferred, when available, over all other estimates, in line with the ISC-GEM catalogue
(Storchak et al., 2013) and the work of Weatherill et al. (2016), who took it as the reference
scale for harmonisation (which means as well that the proxy M values retrieved from these

2 hitp://www.isc.ac.uk/iscbulletin/agencies/
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sources were originally calculated with the GCMT-M value as a target). Estimates of M by
the USGS were taken in second order of preference, as they tend to be similar in value to
those of the GCMT, though with some variability (see, for example, Weatherill et al., 2016).
Large international organisations were prioritised over smaller local ones, except when
rigorously compiled local catalogues such as the Parametric Catalogue of Italian
Earthquakes (CPTI15 v1.5; Rovida et al., 2016) were available. The latter took precedence
over the USGS, though they were still considered after GCMT. In the case of proxy M
values, the order of preference was ISC-GEM over WPG16v3c over local catalogues
(CPTI15 for ltaly and FCAT-17 for France). Similar criteria were applied to magnitude
estimates in other scales used to estimate M by means of conversion models as described
above and in Figure 2.1, with Ms and mp calculated by the ISC or, if not available, by the
USGS, being preferred over those calculated by local agencies. Local agencies relevant to
the area in which the earthquakes occurred were always prioritised over local agencies from
other areas. Whenever available, detailed studies published in the scientific literature were
preferred over magnitude estimates reported by agencies, as it is expected that a specific
study be able to take into consideration information unavailable to automatic processing
algorithms used by the agencies.

It is noted that the use of hierarchies of agencies and magnitude scales does not eliminate
the problem of borderline cases for which some magnitude estimates might dictate inclusion
(in the M4.0-5.5 range) while some others might dictate exclusion. An interesting example of
this currently in the database is the 1917 M5.5 Monterchi (High Tiber Valley, Italy)
earthquake, for which the CPTI15 catalogue reports moment magnitudes of 6.09 + 0.10
(from macroseismic data), 5.74 + 0.16 (converted from an uncertainty-weighted average of
Ms and mp), and 5.99 £ 0.08 (uncertainty-weighted average of the other two), while a
moment tension inversion of the digitised analogue records of this earthquake by Bernardi et
al. (2016) yields a moment magnitude of 5.5 + 0.2. This last value was adopted for the
database in view of the detailed study carried out by the authors to compute the moment
tensor from historical data known to be subject to important constraints, and the inherent
limitations of the other intensity-derived magnitude estimates. Apart from this case, there are
currently twelve other earthquakes in the database for which the alternative value of M
(reported in “Mw (alt)”) is larger than M5.5. However, as explained earlier, decisions on
inclusion were taken based on the primary reported value of M.

Borderline cases also arise when the median estimates of proxy M obtained by means of
empirical conversion models are slightly above M5.5 but within a reasonable margin when
considering the uncertainty that stems from both, the measurement error of the magnitude in
the original scale and the uncertainty of the conversion model applied to it. For example, it is
not uncommon to find earthquakes whose magnitudes in various scales (except M) fall
within the 4.0-5.5 range but whose (median) proxy M is above the upper-bound threshold,
due to, for example, the tendency for models that convert from Ms into M to yield larger
numerical values of M than those of Ms (e.g., Scordilis, 2006; Di Giacomo et al., 2015;
Weatherill et al., 2016). The uncertainty associated with proxy M was not taken into
consideration for deciding on the inclusion of earthquakes to the present database, as this
could lead to an apparent contradiction in the magnitude range considered. It is noted,
however, that earthquakes of magnitudes close to the M5.5 upper bound tend to have
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directly-calculated values of M and, as a consequence, the number of earthquakes affected
by this decision is relatively small.

During the compilation of the database it was possible to observe that there are cases for
which the value of moment magnitude obtained from the seismic moment (Mo) reported by
the GCMT appears to be reported truncated to the first decimal place instead of rounded.
For example, the reported seismic moment might indicate an M5.57, but it is reported by the
same GCMT as M5.5 instead of M5.6. For the sake of consistency with the lower- and
upper-bound limits defined for this work, the values reported in the Database of Damaging
Small-to-Medium Magnitude Earthquakes are those obtained from the seismic moment as
M=%; log1oMo — 10.7 (Hanks & Kanamori, 1979). The downside of this decision is the
existence of damaging earthquakes reported as M5.5 by the GCMT that do not form part of
the database. An example of this is the M5.57 shock of 18" May 2013 in southern Iran
(Mo=2.53E24 dyn-cm), reported to have caused damage (Earthquake-Report, 2013; USGS,
2014; GCMT event ID 201305181003A).

Closely related with this last observation is the fact that cut-off values needed to be selected
for inclusion or not of an event. With magnitudes often reported to just one decimal place
(e.g., in the ISC Bulletin), it was decided to translate the range M4.0-5.5 into 3.95<M<5.55,
as 3.95 would be rounded up to 4.0 and values approaching but still below 5.55 would be
rounded down to 5.5.

2.4, Clustering

Determining whether an earthquake is part of a cluster or not helps understand the extent to
which its reported consequences might be related to those of other earthquakes or not.
Small-to-medium magnitude earthquakes might end up associated with structural collapses
due to pre-weakening or progressive damage phenomena that make the consequences
more severe than they could have been, had the same earthquake stricken alone. Two
fields have been placed in the database with this aim: “Clustering”, in which the earthquake
is classified as being a main shock (MS), a foreshock (FS), an aftershock (AS) or part of a
swarm (SWARM), and “Consequences”, in which direct comments are made regarding the
extent to which the consequences listed have been influenced by other events. The
category SWARM is used herein to refer to events that form part of a sequence in which the
largest earthquakes of the sequence are of similar magnitude, and it is thus not possible to
identify a main shock. The possible contents of these two fields are explained in detail in
Appendix I. The “Consequences” field contains phrases such as “additional damage”, if the
same area had been recently damaged by a previous event, “possibly of many”, when
several earthquakes of similar magnitude have occurred within a short period of time but the
sources do not repot consequences individually for each of them, “seem separate”, if the
consequences seem to be due only to the earthquake being listed, and others of the like.
“Additional damage” is an expression often found within the USGS catalogue and/or the ISC
Bulletin. In many cases both sources specify that the consequences of a certain event are
included in those of another one. This information was retrieved and reported in the
“Consequences” field whenever possible.
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Two remarks need to be made regarding the implications of the statement “seem separate”
in the Consequences field of the database. First, the use of the word “seem” is deliberate, as
it is difficult to have absolute certainty in this respect. Second, it was assigned based on
information available regarding other shocks that may have occurred close in time and
space. However, not finding other earthquakes in a catalogue does not guarantee that the
earthquakes did not occur. This is particularly true for older events, for which only larger,
more relevant earthquakes have been properly registered.

Interpretation of the implications of these fields is not straightforward either, due to the
nature of the problem itself. A complete understanding of the extent of the interdependence
between the consequences of different earthquakes requires access to additional
information, including:

e whether different shocks of the same sequence affected the same site/s or different
ones;

e whether structures affected by a previous earthquake had been retrofitted or replaced
by new ones before a subsequent earthquake;

e what the fragility of structures that have suffered some minor structural damage but
are not repaired at all is.

All these matters are very specific to the particular location and time at which the
earthquake/s under study occurred and are greatly influenced by factors such as the
seismicity of the area, the policies of maintenance of the building stock and, in more general
terms, the socio-economic setting as a whole. The only way to determine the consequences
of each particular earthquake with certainty would be to have access to detailed information
on both post-earthquake assessments, assuming these were carried out immediately after
each event, thus further assuming the time in between was such that allowed for this to be
possible, and the state of the building stock before the first earthquake in the sequence. Due
to all of this, the content of the fields “Clustering” and “Consequences” should be interpreted
with care and be considered only as a guideline.

Whenever possible, the participation or not of an earthquake in a cluster was determined
manually, by observing a sufficiently long time-window of seismicity in the area of interest, or
from the existing literature. This information was complemented with the results obtained
from declustering the catalogue of Weatherill et al. (2016) using the declustering algorithm of
Gardner & Knopoff (1974) as implemented in the OpenQuake Hazard Modeller's Toolkit
(Weatherill 2014), with Gardner & Knopoff (1974) time and distance windows and the same
time span considered for both foreshocks and aftershocks. It should be noted that
declustering algorithms are not perfect, as they work only in terms of the distance between
different earthquakes in time and space, and the assumption that the main shock is the
event with the largest magnitude in a certain cluster, and they do not take into account the
structural geology close to the site. Moreover, due to the existence of a main shock premise,
they are not designed to identify swarms and treat them as such. Swarms are still classified
as clusters, but a main shock is selected even if 0.1 units in magnitude above several other
events in the swarm. Square brackets in the fields “Clustering” and “Consequences” (e.qg.,
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[AS]) indicate that the classification is that resulting from the declustering algorithm and no
manual verification has been carried out.

Visual inspection of seismic clusters is not definite either, as the time window selected plays
a fundamental role in the observation. Seismically active areas are particularly hard in this
regard, with earthquakes happening everywhere all the time. Moreover, not finding other
earthquakes in a catalogue cannot be equated with other earthquakes not having occurred,
as there are many other reasons for which they might not be listed, especially when talking
about older events. The only way of determining with a higher degree of accuracy if an
earthquake is a foreshock or aftershock of another event is to carry out an in-depth analysis,
probably needing to apply relocation techniques to the whole set of earthquakes under study
and to investigate in detail the active faults of the area. This is clearly not possible when
compiling a database of the dimensions of that being compiled herein. Consequently, notes
made regarding the clustering of the earthquakes in the database should be handled with
care. Moreover, even if a perfect classification of earthquake clusters was feasible, it is
unlikely that information about damage and previous repairs be available to complement it,
the result being still imperfect for the purpose of understanding the effects of each individual
event.

2.5. Damage to buildings

The database contains two different fields to report damage to buildings, categorising it into
“‘damaged” and “destroyed” buildings. These can contain (i) a specific number, (ii) a range of
numbers, (iii) a verbal description, or (iv) nothing. A reported specific number implies that
such number was found in all consulted sources, or that there is enough reason to believe
that any discrepancy between numbers found is due to the evolution of the earthquake
aftermath in time (i.e., newer reports replacing older reports). A range of numbers can refer
either to the lower and upper bounds of damaged/destroyed buildings found in the sources
or to an estimation of values retrieved from the NOAA database. The two cases can be
distinguished from each other in two ways. Firstly, the database contains a series of flags to
indicate that reported values are estimates from NOAA, namely the fields “NOAA damaged”
and “NOAA destroyed” for the case of buildings, and “NOAA economic”, “NOAA deaths” and
“‘NOAA injuries” for other parameters. Secondly, the ranges used by NOAA are standard, as
shown in Table A1.1 of Appendix |. Whenever a source was found stating a specific number
X and NOAA reported an estimated range, the specific value X was adopted instead of the
estimated range from NOAA. As numbers or ranges of damaged or destroyed buildings
were not always available, the “damaged” and “destroyed” fields may contain verbal
descriptions such as “several”’, “some, minor”, “limited”, “extensive”, etc., which were
adopted as found in the sources. Whenever a simple phrase such as “Damage in [Place]”
was found, the word “Some” was written under the damaged buildings field. Finally, lack of
availability of data in any of these fields (i.e., empty fields) can be due either to no buildings
having been damaged/destroyed as well as simple lack of information (for example, when a
value of economic loss is given but no details can be found regarding the kind of damage
observed). Based on the experience obtained from the compilation of this database, the
authors believe that whenever a number of damaged buildings or a damage description in
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verbal terms is available, a lack of mention of destroyed buildings is likely an indication of no
destroyed buildings observed. However, this may not always be the case, as the different
interpretations of “damaged” and “destroyed” may play a role, as will be discussed below.
Moreover, many cases of no data for either damaged or destroyed buildings do have a
reported economic loss, which likely implies that damage did occur but was not accurately
recorded.

It is noted that care is needed to interpret ranges of numbers stemming from different values
found in different sources, as the ranges of damaged and destroyed may overlap. For
example, source A might report 80 buildings damaged and 20 destroyed, while source B
might report 95 buildings damaged and 15 destroyed, the database finally saying 80-95
damaged and 15-20 destroyed. Assuming that the two upper bounds can be taken together
(i.e., saying that the earthquake damaged 95 buildings and destroyed 20) may thus result in
the overall consequences being unrealistically inflated (or deflated, if taking the two lower-
bound values instead).

Ideally, damage should be reported using proper damage scales, such as the European
Macroseismic Scale EMS-98 (Grunthal, 1998; see Appendix Il for a description), for
example. While keeping their broadness, damage scales are more detailed than a rough
damaged vs. destroyed classification, and thus allow to differentiate between some hairline
cracks in a few walls and large extensive cracks in many walls, for example, two cases that
would fall under the “damaged” category of the present database. The reason for using the
simple damaged vs. destroyed distinction herein is the lack of availability of detailed
information for most of the earthquakes that make up the database. Just to give an overall
impression, of a sample of 105 earthquakes for which a large effort was invested to gather
detailed information, statistics in terms of a standard damage scale were only found for two,
and statistics in terms of more detailed verbal descriptions (e.g., no damage, minor damage,
serious damage) were available for another five. Moreover, sources like the USGS and
NOAA use “damaged” and “destroyed” as their two categories, though the former may
sometimes include descriptors such as “minor” or “extensive”.

While, in general terms, a certain degree of equivalence between “damaged” and grades 1
through 3 of EMS-98 as well as between “destroyed” and grades 4 and 5 could be expected,
it should be noted that the interpretation of damage by those writing the original descriptions
and any subsequence processing of the latter has a large influence in this and any
classification. The problem of subjectivity is not automatically eliminated by the use of
standardised damage scales either, but the more detailed a scale is, the more it is reduced.
In this regard, Musson et al. (2010), for example, highlights that the differences that exist
between different macroseismic intensity scales are often less significant than the
differences that arise from different people assigning different intensities to the same site.
This naturally extends to and includes damage estimation.

In order to illustrate the kind of information that might be available for earthquakes for which
some kind of post-earthquake assessment report was found, a series of examples are
discussed in what follows. The first example will illustrate the rare case in which a certain
amount of relevant information can be found, but it is not summarised in terms of damage
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scales. This example is that of the M5.0 Koyna (Maharashtra, India) earthquake of 16"
September 2008 (21.47 UTC), whose impact the USGS describes as “One person killed in
the Daund area. At least 20 people injured, over 1,500 buildings damaged and several roads
damaged by rockfalls in Satara. Buildings also damaged at Bombay™. The Amateur Seismic
Centre (ASC) website, which focuses on earthquakes that occur in the Indian Subcontinent,
provides a longer description*:

“A 6-month old baby was killed and 5 injured in the collapse of a mud wall at Nathachiwadi
in Yevat taluka in Pune district. At least 12 people were injured, one with a serious fracture
injury at Ambwade, in Patan taluka in Satara district including 3 at Ambewadi, 3 at
Ambeghar Tarphe Marli, 2 at Sanbur, 2 at Tamhine and 1 at Patan.

In Satara district, nearly 606 buildings were damaged in 110 villages including 573 buildings
in 92 villages in Patan taluka, ... [...]. Serious damage (numbers more than 1 in parenthesis)
reported to over 606 buildings in 110 villages in Satara district included buildings at
Ambeghar (21), Ambwade Khurd (6), ... [...]. 221 wall collapses were reported from the
Dhebewadi region. Minor damage was reported to more than 1,000 buildings in Patan
taluka. The greatest damage occurred the Dhebewadi area where 309 buildings were
damaged in 37 villages and in the Marli area were 134 buildings were damaged in 23
villages. The worst affected village was Sanbur with as many as 37 damaged buildings. A
rock fall on the Dhebewadi-Salve road disrupted traffic for much of the 17th. In the Chaphal
area, buildings were damaged at Dervan (12), ... [...]. Damage to buildings also occurred in
Radhanagari and Shahuwadi in Kolhapur district.

Outside the epicentral region, a wall collapse resulted in one death at Nathachiwadi in
Yewat taluka, Pune district. Other minor damage was also reported from Yevat taluka. Minor
cracks developed in buildings at Dhabol and Panchgani. At Valva, the kalash (pinnacle) of
the Maruti Temple near the S.T. Stand was knocked down and the temple itself was badly
cracked. In Mumbai, a minor rock fall was reported behind a Toyota showroom on LBS
Road at Gurunanaknagar in Ghatkopar while at Kambekar Street in Dongri, part of the wall
& slab of a 3rd floor balcony was dislodged onto the balcony on the lower floor. In the Hubli-
Dharwad area in north Karnataka, minor damage was reported from the IT Park in Hubli
where walls developed cracks and part of the ceiling fell in some buildings”.

As can be observed, damage is described in terms of broad categories such as “serious
damage”, “wall collapses”, “minor damage”, or “damage”. From the text, it is not possible to
infer how serious the damage in the first case was, or what kind of wall collapsed in the
second case, for example. A wall collapsing can be a partial collapse of a house, but it can
also be the collapse of a free-standing fence wall not designed to resist earthquake loading,
whose consequences are those related only to the people, animals and/or property standing
by it at the moment of the earthquake instead of a significant compromise to the structural
integrity of a house. The overall description suggests that 606 plus around three buildings

were severely damaged, 222 walls collapsed, over 720 buildings suffered from generic

3 https://earthquake.usgs.gov/earthquakes/eventpage/usp000gh63#impact
4 http://asc-india.org/lib/20080917-koyna.htm
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“‘damage”, and over 1,000 were damaged to a minor extent. When summarising this kind of
information into a damaged vs. destroyed distinction, the result will be dependent on the
interpretation of the text. This subjectivity is not only introduced in the present work, but also
in concise summaries like that of the USGS.

For some earthquakes, it can occur that some detailed information may be available, but
certain fundamental data to interpret it is missing, as this second example will show. For the
M4.6 Tuscany (ltaly) earthquake of 6! February 1971, the ISC Bulletin contains reports of
“‘much property damage”, “major damage in Tuscania area” and “damage estimated at 1
million dollars™, while the NOAA database specifies 1678 houses damaged and 40 houses
destroyed®. There exists, however, a more detailed study by Console & Sonaglia (1972) that
provides statistics for 1,271 assessed buildings, classified into four main structural

typologies:

I) Reinforced concrete frames and masonry infills of clay or tuff bricks.
II) Masonry buildings in clay or tuff bricks, with or without reinforced concrete ring
beams.
[II)  Masonry buildings in Roman style or of unknown construction technique, with or
without reinforced concrete ring beams.
IV)  Dry--joint masonry buildings.

Table 2.2 shows the damage results presented by Console & Sonaglia (1972). As can be
observed, each column sums up to 100%, which indicates that proportions have been
calculated per building typology. However, information regarding how many buildings of
each typology were assessed is missing, and only the total summation of all types (i.e.,
1,271) is given. From the data available, it is not possible to infer what was the total number
of buildings per damage grade. If it is assumed that heavy damage should be classified as
“destroyed”, comparison of this table against the values reported by NOAA suggests that the
number of buildings of type IV was probably not that large, as the total number of buildings
with heavy damage should be equal to or smaller than 40. In order to be able to make
better-informed inferences from this data, one would need to deepen the investigation to try
to characterise the composition of the building stock at the time. While this might be possible
for some earthquakes, information like this is not widely available at a world scale and, even
if it was, it would be extremely time-consuming to conduct an investigation of this extent for
each of the thousands of earthquakes that make up the database.

Something similar occurs, for example, with information regarding the M5.0 Zigong (China)
earthquake of 29" March 1985. While the USGS simply mentions “some damage in the
Neijiang area™, Zezhen & Dinggen (1988) provided more detailed statistics, but in terms of
surface area of the living space: “The total floor area of buildings is about 9.2 million square
meters. During the earthquake, 2.10 million square meters of floor area of buildings were
damaged. Among them, 165 thousand square meters were severely damaged or collapsed,
601 thousand square meters damaged, and 1.34 million square meters were slightly

5 http://www.isc.ac.uk/cqi-bin/web-db-v4?event id=786944&out format=IMS1.0&request=REVIEWED
6 https://www.ngdc.noaa.gov/nndc/struts/results?eq 0=4556&t=1016508&s=13&d=22,26.13,12&nd=display
7 https://earthquake.usgs.gov/earthquakes/eventpage/usp0002d9g#impact
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damaged. As regards (sic) strengthened buildings (totalled 540,000m?), 92% of them were
intact, only 8% of them suffered moderate or slight damage”. Not knowing the average floor
area of dwellings and the average number of dwellings per building in the affected area, it is
not possible to transform these values into number of buildings. However, it is possible to
sum up the damaged surface areas and determine that they represent around 21% of the
9.2 million m?, while the destroyed surface area accounts for 1.8%. A report for the United
Nations Office for Disaster Risk Reduction mentions that the earthquake destroyed 400
houses and damaged over 2.5 million square metres (RADIUS, 1999). The agreement
between the latter and the areas reported by Zezhen & Dinggen (1988) suggests that the
400 houses might correspond to the 165,000 m2. If this relation were true in general terms,
the remaining 1.94 million m? mentioned as damaged by Zezhen & Dinggen (1988) would
be equivalent to around 4,700 houses. However, it is noted that this is an assumption whose
degree of accuracy is difficult to gauge without a deeper investigation.

Table 2.2. Proportion of buildings presenting different damage grades per building typology after the
6" February 1971 Tuscany (ltaly) earthquake, according to Console & Sonaglia (1972).

Typology
| | ]| v

No Damage 86% 43% 8% 7%
Slight Damage 14% 44% 35% 11%
Medium Damage| 0% 11% 33% 12%
Heavy Damage 0% 2% 24% 70%"

Damage

(*) Source says 7% but the column does not add up to 100% and the
remaining information in the source suggests this is probably a typo.

While the example of the M5.0 Koyna (Maharashtra, India) earthquake illustrated the
difficulties associated to determining how severe damage was and whether it should be
classified as plain damage or as destruction, similar challenges exist at the other extreme of
the spectrum. Different sources might use the expression “minor damage” in different ways.
In some cases, it is clear from additional descriptions that minor damage refers to hairline
cracks in non-structural partition walls or even in structural masonry walls, damage to
ceilings and plaster, efc., while in others it is possible that it refers only to contents being
knocked off shelves, with no actual damage to the property. Earthquakes for which it was
possible to determine that damage only consisted on contents falling off were not included in
the database. However, reports of “minor damage” without further specification were
included, simply because the risk of discarding events that did cause consequences to the
built environment would be too large otherwise.

Some inconsistencies were noted when confronting the numbers of damaged and destroyed

buildings reported in the NOAA database against those contained in the USGS catalogue or
in the ISC Bulletin. These were:

e Cases in which the USGS/ISC report X damaged or destroyed, and NOAA reports X
damaged and X destroyed.
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e Cases in which the USGS/ISC report X damaged and Y destroyed, and NOAA
reports Y damaged and X destroyed.

e Cases in which the USGS/ISC report damage with descriptions such as “minor
damage to some buildings” or “X buildings slightly damaged” and NOAA reports 0
buildings damaged and 1 to 50 destroyed.

As the source of these inconsistencies remains unclear, it was decided that written
descriptions from the USGS or the ISC Bulletin (as well as other potential sources) would
take precedence over and inform the numbers reported in the NOAA database. For the first
of the cases enumerated above, repetition of the same number under both categories in the
NOAA database was interpreted as that number being the total number of buildings that
were either damaged or destroyed, and that the exact proportion in which these number falls
into each category is not known. In these cases, the number was assigned to “damaged
buildings”, while “some of’ was written under “destroyed buildings”, implying that some of
the buildings listed as damaged were actually destroyed.

Finally, it is noted that numbers of damaged and destroyed buildings may sometimes refer
to dwellings or homes, which may coincide or not with the number of buildings, depending
on the number of dwellings typically contained within a building in a certain region. As the
latter may not be immediately known without further investigation, such cases were noted in
the Comments field of the database. Moreover, it is often not clear if the word “homes” refers
to “houses” as buildings inhabited by one family, or to dwellings, that is, housing units
inhabited by one family, many of which may exist within the same building.

2.6. Casualties and affected population

Fields related to human impacts are: total affected, total deaths, shaking deaths, injuries,
homeless and evacuated. The two latter refer to people whose residence became
permanently affected by the earthquake and could not return, and those who had to leave
their residences for a limited period of time but could finally return, respectively. The
definition of “affected people” appears to be more undefined, with many sources reporting,
for example, “5,000 people were affected by this earthquake” without specifying if this
includes any person for whom the earthquake and/or its consequences had effects on their
everyday life, even if to different extents, or to only injured and dead. The values reported
herein correspond to those found in the sources under the same wording.

The distinction between total deaths and shaking deaths is made to separately identify those
caused by the response of buildings or their contents to the ground shaking, which would be
shaking deaths, as opposed to other earthquake-related deaths such as those that could be
caused by stampedes, accidents occurred while trying to flee from a building, heart attacks,
earthquake-triggered landslides, etc. By definition, the number of shaking deaths is equal to
or smaller than the number of total deaths. The same classification could not be applied for
injuries, as information on the latter tends to be significantly scarcer and more imprecise
than that on deaths. Just like for the case of damaged/destroyed buildings, standard ranges
estimated by NOAA can be found in the total deaths and injuries fields too. When this is the
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case, the corresponding flag “NOAA deaths” or “NOAA injuries” is set to “Y” (="yes”). Non-
standard ranges and/or ranges not accompanied by these flags simply reflect discrepancy in
the numbers found in the sources. Whenever a source was found stating a specific number
X and NOAA reported an estimated range, the specific value X was adopted instead of the
estimated range from NOAA, as the latter stems from the assignment of values from verbal
descriptors.

Whenever information regarding the causes of death and/or injury were found, they were
added to the database in the “Causes of death/injury” field. The keyword “PAGERshaking”
was used to indicate those cases for which the specific causes of death were not found but
the deaths were listed as being shaking deaths in PAGER-CAT (Allen et al., 2009a). As
explained by Allen et al. (2009a), deaths were assumed to be shaking deaths if no indication
of a different origin could be found. The same criterion was applied herein: whenever no
specific data was available but extensive damage was known to have occurred, the causes
of death were indicated as “possibly due to structural failures”. If the extent of the damage
was not totally clear from the sources so as to make such an inference, causes of death
were left as unknown.

Within the collected causes of fatalities, it was not uncommon to find, apart from those due
to structural damage, deaths associated with the reaction of people to the earthquake (e.g.,
stampedes, accidents occurring while trying to flee from a building, jumping off balconies,
etc.), others caused by secondary hazards such as earthquake-triggered landslides, and
others due to heart attacks or cardiorespiratory failures. Having identified 55 earthquakes
(around 15% of those in the database associated with deaths) with reported fatal victims
associated with deaths due to heart attacks (2.7-3.8% of number of deaths), a special effort
was put into better understanding the relationship between earthquakes and fatal cardiac
events. In approximately 77% of these 55 earthquakes the only reported deaths were those
attributed to heart attacks, while for 6 of these earthquakes the heart attacks were the only
reported consequence found (i.e., no reports on damage, injuries or the occurrence of
liquefaction or landslides).

Results from existing studies on the link between seismic events and deadly acute coronary
syndromes have often reached conflicting results (e.g., Kloner, 2006; Bartels & VanRooyen,
2012; Bazoukis et al., 2018). While a statistically significantly increase in the number of
cardiac-related deaths after an earthquake or a positive correlation between this number
and epicentral distance or seismic intensity of the aftershock sequence have been observed
(e.g., Trichopoulos et al., 1983; Leor & Kloner, 1996; Leor et al., 1996; Tanaka et al., 2015),
establishing an univocal connection between the occurrence of a small-to-medium
magnitude earthquake and a heart attack is difficult due to several reasons:

e The frequency with which cardiac-related deaths occur is extremely high. According
to Leor et al. (1996), for example, 300,000 sudden deaths from cardiac causes occur
per year in the United States, which translates into more than 800 deaths per day.
These high daily rates do not allow for the small numbers of heart-attack deaths due
to small-to-medium magnitude earthquakes to be distinguishable from the baseline.
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Deaths due to heart attacks may not necessarily occur simultaneously or right after
the ground shaking (Trichopoulos et al., 1983). For example, the 25 sudden deaths
that occurred on the day of the 1994 M6.7 Northridge earthquake investigated by
Leor et al. (1996) took place along the whole of the day, even though the earthquake
occurred at 4.31 am local time.

Heart failures can have many causes and be influenced by many factors, such as
time of the day, day of the week, season, physical exertion, emotional upset,
consumption of psychotropic substances, sexual activity, etc. (Kloner, 2006).
Consequently, some of the cardiac-related deaths that occur (sufficiently)
concurrently with an earthquake might be related, for example, to unusual physical
exertion, like escaping from a building during the ground shaking or cleaning up
earthquake debris. In these cases, the question of whether the emotional distress
caused by the earthquake had a decisive influence or not over the heart failure may
be left unanswered (Leor et al., 1996). Existing studies have focused as well on the
influence of the time of the day of the earthquake, with earthquakes occurring in the
morning (e.g., 1994 Northridge, 1995 Hansin-Awaji/Kobe, 2010 Christchurch) having
a seemingly larger impact in terms of cardiac-related deaths than those occurring in
the afternoon (e.g., 1989 Loma Prieta, 2011 Christchurch) (Suzuki et al., 1995;
Brown, 1999; Chan et al., 2013). All this would suggest that the stress caused by an
earthquake might only represent one additional trigger that, in combination with other
triggers or conditions, may result in an increased number of heart-related deaths.

People with conditions of high heart failure risk exist in all large populations. It is thus
possible that a stressor such as the emotional distress caused by an earthquake
could accelerate the timing of a heart failure that otherwise would have happened
later, the earthquake emerging like a trigger and not a cause in itself. The observation
of increased numbers of cardiac-related deaths after earthquakes followed by
smaller-than-average such deaths in the period following the earthquake supporst
this hypothesis (Leor et al., 1996; Bazoukis et al., 2018). However, the potential
effects of ischemic preconditioning® on the reduced number of cardiac-related deaths
after an earthquake have been mentioned by Kloner (2006).

The occurrence of a cardiac-related death on the day of an earthquake might also be
influenced by other factors such as limited or delayed access to medical attention due
to damage to roads, traffic cut-off after disasters and even damage to hospitals
themselves. This can occur irrespective of whether the earthquake acted as a trigger
or not (e.g., Tanaka et al., 2015; Bazoukis et al., 2018).

Due to the uncertainty and ambiguities associated with the interpretation of cardiac-related
deaths in close proximity in time with an earthquake, deaths reported as heart attacks,
cardiorespiratory arrests, fright, or any similar wording were removed from the statistics on
the database that are presented later on.

8 Ischemic preconditioning is an experimental technique consisting in causing short periods of
shortage of blood supply with the purpose of ultimately producing resistance to the latter (Wikipedia).

23



The number of injuries is, in general, much more uncertain than deaths, due to a
combination of factors, starting with the difficulties of defining the degree or type of injury to
be counted as an earthquake-related injury. There is also the influence of the lack of
reporting of minor injuries due to the primary focus on people who need urgent medical
treatment right after an earthquake (Alexander, 1985). This is clearly influenced as well by
the overall aftermath of the event, with a proportionately larger number of light injuries likely
to be counted when consequences are limited in extent than when more serious casualties
have occurred. In this sense, the recording of deaths is much more systematic, as it needs
to be carried out officially and is evidently a binary state.

Interpretation of information stemming from different kinds of sources had its own challenges
as well. For example, the following has been found for the M5.2 earthquake that occurred on
11t March 1978 in the vicinity of the Strait of Messina, in Italy:

e The NOAA database and the comment by the USGS reported in the ISC Bulletin
mention two deaths.

e An online article states that “a woman died in Messina due to a heart attack caused
by the fear”, and makes no further comments on any other deaths (Caridi, 2011).

e PAGER-CAT reports two deaths for this event and labels them both as shaking
deaths.

In view of the above, the question is whether the two deaths reported by NOAA, the USGS
and PAGER-CAT are the same two shaking deaths to which one non-shaking (heart attack)
death needs to be added, or whether one of the two deaths reported by all those sources is
the non-shaking death due to a heart attack. In this specific case, it was decided to assume
that only two deaths had occurred, one of which was the heart attack, and that PAGER-CAT
mistakenly assigned it to a shaking death. The same approach was followed with other
cases in which the overall number of deaths seems to be in agreement across different
sources but there is disagreement regarding the causes. Doing otherwise carries the
potential risk of artificially inflating the number of deaths.

2.7. Economic losses

Losses in monetary terms are reported in United States dollars at the time of the
earthquake, unless noted otherwise. Whenever values were found reported in local
currencies, historic exchange rates for the particular currency were retrieved from online
sources (FXTOP, 2018) and used to transform the values to US dollars at the time of the
earthquake. In these cases, losses are expressed as round numbers, taking an approximate
average conversion rate within the year in which the earthquake occurred.

The NOAA database states that its economic losses correspond to United States dollars at
the time of the earthquake when they are specific values, but 1990 United States dollars
when they are reported as estimated ranges. The latter were assigned by NOAA from verbal
descriptors when a specific amount could not be found in the literature, as per the
equivalences presented in Table A1.1 of Appendix I. As for the case of damage to buildings
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and casualties, the “NOAA economic” flag is set to “Y” when the economic losses reported
are estimates retrieved from the NOAA database.

It is, however, not always possible to be certain of the currency that the sources are referring
to when reporting economic losses, especially when new papers and studies are published
regarding older earthquakes. Furthermore, there are even cases in which previous
conversions are likely already implicit within the sources. An example of this is the ML 5.4
Adelaide (Australia) earthquake of 28! February 1954, for which Denham (1992) reports an
economic loss of 8.8 million Australian dollars at the time of the earthquake. However, it is
likely that this value be already a conversion from British pounds, as Australian dollars were
first introduced in 1966, 12 years after the earthquake. In this case, the economic loss
reported in the present database was obtained using the 1966 conversion rate between
Australian and US dollars.

Ideally, economic losses should be subdivided into material losses (i.e., repairing, rebuilding,
etc.), downtime losses, and losses due to the “value of life” (i.e., the economic value
assigned to fatalities). What exactly has been included in the value reported by the sources
is seldom clear, as it is not clear whether the value was a first estimate in the immediate
aftermath of the earthquake or a balance made after some time. In cases related to induced
seismicity in the United States, for example, it is common to find values associated with
monetary claims made in court.

Due to the major uncertainties associated with the origin of these figures, reported estimates
are to be taken more as an indicative guide of the extent of the damage caused by the
earthquake than as a definite value.

2.8 Other fields of the database

Hypocentral coordinates (latitude, longitude, depth) as well as date and time of occurrence
were mostly retrieved from the USGS, the ISC Bulletin or local agencies of relevance, with a
smaller number of cases—usually of older events—having their origin in journal papers or
any of the other sources considered herein, when the earthquakes could not be found listed
by seismological agencies.

Suspected anthropogenic origins have been indicated in the database by means of the
“Induced Flag” field, whenever possible, relying mainly on existing evaluations rather than
attempting to make such assessments as part of this work. Sources have been mostly
scientific publications, comments included within the ISC Bulletin, the Human-induced
Earthquakes Database (HiQuake, Foulger et al., 2018), and comments listed in the EID.
Cases for which the earthquakes were not flagged in the EID as having an anthropogenic
origin but whose location was the same as other earthquakes in the EID that were flagged,
as well as earthquakes that correspond to areas of known induced seismicity such as
Oklahoma (USA) were considered to be anthropogenic too. It is noted, however, that the
distinction between natural and induced seismicity can often be unclear and a matter of
contention.
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The field “Exposed Population” serves the purpose of giving an idea of the number of people
that could have been potentially affected. This is relevant because the severity of the
consequences of the earthquake are directly linked to the proportion of people
injured/killed/affected to the total number of people expected to have been exposed (e.g., it
is not the same to say that there were 10 people injured in a cite of 1 million than in a small
town of 1,000). For this purpose, the population estimated to have been exposed to Modified
Mercalli Intensities equal to or larger than IV, according to EXPO-CAT (Allen et al., 2009b)
or PAGER (Wald et al., 2008) was reported in this field. When these are not available,
particularly for older events, the values are those reported by the sources as being the
population of the most affected settlements. It is relevant to note that numbers retrieved from
EXPO-CAT or PAGER are not observations but estimations based on intensity prediction
equations and models for population distribution.

The maximum seismic intensity attributed to the earthquake is reported in the field “Max.
Intensity”. This can be either a value reported by the sources from direct observations or
polling, or have been retrieved from the USGS ShakeMaps (Worden & Wald, 2016).

Apart from the number of damaged buildings, destroyed buildings and economic losses,
consequences to the physical environment are reported in terms of three flags indicating the
occurrence of landslides (which include landslides, rockslides, mudslides and snow slides),
liquefaction, and whether infrastructure was affected. The latter can refer to damaged roads,
bridges and/or dams, damaged lifelines, as well as simple reports of interruption of services,
even if the causes are unknown, as sources are often not explicit regarding the kind of the
interruption observed.

The “ID” field contains an identifier that is unique for each earthquake in the database.
Those IDs starting with the letter E and followed by a number and a hyphen (e.g., E13-xxx)
correspond to earthquakes that were automatically processed and retrieved from the EID, as
described in the upcoming Section 2.9. The “From EID” flag also serves the purpose of
identifying those events, and it does not indicate whether the earthquake can be found in the
EID or not but rather whether it was included in the present database by means of the
algorithm described in Section 2.9.

Any relevant additional information is contained in the “Comments” field. This can be related
to a clarification regarding the damage observed, additional data regarding the main shock
of the sequence if the reported earthquake is an aftershock, the uncertainty associated with
the reported proxy moment magnitude, the occurrence of other shocks closely spaced in
time, the currency conversion rate used for the economic losses, etc.

2.9. Incorporation of events from the Earthquake Impact Database

As mentioned in Section 2.2, the Earthquake Impact Database (EID) differs from other
sources in the fact that information regarding damage and casualties due to earthquakes
occurring worldwide is gathered and published online in near-real time via a network of
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collaborators, a strategy that results in a much larger number of entries than any other
database of earthquake consequences. In order to facilitate the handling of such a large
volume of data, a Python code was written so as to provide a certain degree of
automatization to the process. The challenges of this automatisation were, mainly: (i)
identifying the earthquake that each entry of the EID is making reference to, knowing only
the country, sometimes a region within it, the date, but not the time, and a magnitude in an
unspecified scale; and (ii) retrieving as much information as possible from a database format
not conceived for automatic processing.

The EID is available online from the year 2013 onward. The exact format of the database
has changed with time but, in all cases, earthquakes are reported in terms of their date of
occurrence (not the time), the country and region within the country in which they occurred,
their magnitude (in an unspecified scale), their depth, their maximum Modified Mercalli
Intensity, and the number of fatalities and injuries. For the years 2015-2017, numbers of
damaged and destroyed buildings are provided as well, while for 2013-2014 the
consequences to the built environment are given in broad terms of the code scale presented
in Table 2.3. Within the EID spreadsheets, the scale is defined by a main description and a
comment, transcribed herein under the “Secondary Description” column. For the years 2015
and 2016, consequences in terms of the code scale and reported numbers of damaged and
destroyed buildings complement each other. In many cases, comments to the cells
containing the number of damaged and/or destroyed buildings specify that the number is an
estimation, which is inferred to be carried out by people compiling the EID, though the
specific method is not described.

As the EID does not provide epicentral coordinates but only names of regions within
countries and, sometimes, only names of countries, the first task consisted in transforming
this information into a search area within which the code would attempt to retrieve
earthquakes. This was carried out by means of Google Maps APIs. The precision and
success of this task was directly linked to the quality and specificity of the location
description in the EID. Several search areas were sought for each event, trying to range
from smaller regional locations to broader ones. Depending on the kind of area found, the
Google Maps APIs could provide the coordinates of a bounding box (i.e., a rectangle around
the region) or a longitude-latitude pair corresponding to the centre of the region. For each
defined area, a search was carried out within the ISC Bulletin, either within a rectangle or a
circle defined from the longitude-latitude pair and a 50-km radius (which was also used to
expand the rectangle so as to cover events that might fall too close to a regional boundary).
As the EID does not specify the time of occurrence of the events, the search was carried out
for the whole day reported.
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Table 2.3. Damage levels defined by the Earthquake Impact Database.

Level Main Description Secondary Description

Examples: windows broken, cracked and fallen
plaster, falling objects, damaged chimneys,
garden wall collapsed, landslide without damage
or other secondary effects, etc. (in a few cases).

1 Non-structural damage

or extensive non-structural damage. Many
1-2 Very limited structural damage broken windows / cracked plaser / etc., or
very few cracked walls or ceilings.

Example: (small) cracks in walls and/or ceiling
of some houses, limited communication network
affected, etc or single collapsed house and
(nearly) no other damage.

2 Some houses damaged, mainly minor damage

A few collapsed walls / partially collapsed

2-3 Some houses severely damaged o
ceilings.
Example: some houses completely destroyed /
3 Some houses collapsed, others damaged unhabitable. Dozens others with structural
damage.
3-4 Dozens of houses collapsed Hundreds of houses with structural damage.
Example: many dozens / hundreds of
houses collapsed or uninhabitable, hundreds
4 Many houses collapsed and others damage more damaged. Damaged roads by ground
fissures and destroyed water and power supply.
4.5 Many hundred houses collapsed Thousands of houses damaged, most affected

villages / towns nearly completely damaged.

Thousands of houses collapsed, many more
5 Massive destruction damaged. Also massive damage to
infrastructure and communication.

Villages completely destroyed, massive
5+ More than 20.000 houses destroyed damage in dozens of locations around the
epicenter. 100,000s and more houses affected.

All events found in the ISC Bulletin for all the search areas defined were then filtered in
terms of their magnitude. The magnitude value reported in the EID, whose scale is
unspecified, played two main roles. Firstly, it was used to determine whether an earthquake
in the EID was worth analysing in detail or not. The maximum magnitude for this was set to
5.8, inclusive, to account for the variability that may exist in estimates of magnitude,
particularly when different scales are mixed together. Earthquakes with reported magnitudes
above this limit (around 15% of the total) were not assessed any further. Secondly, the
magnitude value from EID was used to filter out events found within the search areas. For
each potential event found in the ISC Bulletin, the minimum and maximum reported
magnitudes were determined. If the value reported in the EID fell within the range defined by
these minimum and maximum, minus/plus 1.0 unit respectively, it was kept as the potentially
sought event. If outside that range, it was concluded that the event was not relevant for the
search.

Once a set of potential earthquakes was identified, each of these were compared against
the Database of Damaging Small-to-Medium Magnitude Earthquakes being compiled herein,
with the purpose of determining whether the event was already part of it. Distance and time
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windows of 100 km and 60 seconds were used for this purpose. This means that if an event
potentially matching the EID entry of interest fell within 100 km and 60 seconds of an event
in the Database of Damaging Small-to-Medium Magnitude Earthquakes, it was assumed
that said event was already in the latter. If no match between any of the potential
earthquakes found for a certain EID entry and the Database of Damaging Small-to-Medium
Magnitude Earthquakes was found, it was concluded that the EID event needed to be added
to the latter. In this case, all potential earthquakes were exported as output, and the final
earthquake was selected after a visual inspection of the results, as any automatization in
this regard would be extremely difficult. For each potential earthquake, one set of
hypocentral coordinates and one magnitude estimate were selected according to the criteria
defined in Nievas et al. (2017), the absolute priority being for moment magnitudes.
Additionally, body-wave and surface-wave magnitude estimates authored by the ISC or the
USGS were retrieved.

The manual inspection of entries for which several potential earthquakes were considered in
the output allowed for the possibility to flag possible swarms or cases in which the
consequences listed in the EID may correspond to more than one earthquake that occurred
very close in time. Cases like this were flagged as “possibly of X” or “possibly of many” in
the “Consequences” field of the database. Only if the EID explicity mentioned the
occurrence of more than one event or in the cases in which it was obvious, the more certain
“of X” (X=number of events) was written instead. Neither “possibly of X” nor “of X” should be
interpreted as X being the only possible number of earthquakes whose consequences are
being reported, but as the number of seemingly individual events with magnitudes above
approximately 4.0 (with flexibility, defined on a case-by-case basis) that appear to have
occurred at the same location and were found by the Python code. It is noted that this
approach does not allow to consider earthquakes that occurred the day before or the day
after, in UTC, as the search is carried out only within one specific day.

For each entry in the EID database, the outcome of this process could be any of the
following:

e Not assessed: The entry had a magnitude value above 5.8 and was not assessed.

e No date: The entry had a problem in its definition of the date. For example, some
entries mention a whole month, or say “swarm” and a month.

e No ISO country code: Some of the tools from Google Maps require the specification
of the country ISO code. The reasons why the ISO code might not have been found
could be many: misspelling of the country name, spelling of the country name in the
country’s language instead of English, etc.

e No geocode: The Google Maps API and the code could not define any region from
the information provided.

e Not found in ISC: The Google Maps API and the code were able to define search
areas, but no events were found within these areas for the specified day in the ISC
Bulletin.

e Found in the ISC and the Database of Damaging Small-to-Medium Magnitude
Earthquakes: Potential matching earthquakes were identified and comparison against
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the Database of Damaging Small-to-Medium Magnitude Earthquakes led to conclude
that the event was already a part of it.

e Found in the ISC but not in the Database of Damaging Small-to-Medium Magnitude
Earthquakes: Potential matching earthquakes were identified but none of them were
found within the Database of Damaging Small-to-Medium Magnitude Earthquakes.
Events falling under this category were selected to be added to the latter.

Entries from the EID database classified as either “no date”, “no ISO country code” or “no
geocode” were manually inspected so as to identify the issues that led to the assigned
classification. Once corrected (for example, if it was a spelling problem), the Python code
was re-run. After this assessment no events were left under these categories. Entries
classified as “not found in the ISC” were collected and subject to a second round of
investigation in which the time window was expanded to include the day before and the day
after that indicated in the corresponding EID entry. This was done to cover not only cases in
which local times are misreported as UTC, but also general date errors that can arise from
dating the earthquakes based on damage reports. Earthquakes that remained unidentified
after this second automatic processing were later assessed manually. Those that were
finally found through this last manual processing were mostly cases in which the epicentres
fell slightly outside the search area defined by the automatic code, or the latter was
completely inappropriate (due, for example, to the region assigned in the EID being
interpreted as a very specific locality instead of a broader area), or the code encountered
issues when handling non-ASCII characters. Around 6% of the total of entries from the EID
could not be matched with earthquakes reported in the ISC Bulletin even after the second
round and the manual check. These were not included in the Database of Damaging Small-
to-Medium Magnitude Earthquakes.

While carrying out the second automatic search it was noted that some earthquakes that
had not been found in the ISC Bulletin before were found, and their date was exactly that
reported in the EID. As there was a lapse of some months in between the first and second
round of processing, this is probably due to the fact that the ISC Bulletin is dynamic,
particularly before it is reviewed. Not all data from all contributing agencies arrives
instantaneously and the grouping of events can change as new data becomes available.
This is a problem inherent to dealing with relatively recent events of small magnitude.

Entries classified as having been found in the ISC Bulletin but not in the Database of
Damaging Small-to-Medium Magnitude Earthquakes were then re-filtered according to their
magnitude. Whenever moment magnitudes had not been retrieved by the automatic
algorithm, a search for values of M (direct or proxy) was carried out as per the rest of the
earthquakes of the Database of Damaging Small-to-Medium Magnitude Earthquakes, and
the same criteria were applied to decide their final inclusion or not.

While the process of adding events from the EID was kept as automatic as possible, there

were cases in which manual adjustments were made as inconsistencies were found during
the manual selection of the sought earthquake within the potential ones.

30



The consequences of each earthquake from the EID, namely, the number of fatalities,
injuries, homeless, damaged buildings, and destroyed buildings, were taken at face-value
due to the impossibility of manually checking every single entry. There are several reasons
behind this decision. Firstly, the large number of earthquakes involved. Secondly, the fact
that many of the sources listed by the EID are written in local languages, and the quality of
the translations that can be achieved with online translation services is not always
satisfactory. Thirdly, the fact that the sources of the EID are websites that may become
inaccessible after a certain period of time. Finally, even if an attempt was made to carry out
a new search to avoid the second and third issues, it is not always possible to find relevant
sources of small magnitude events with limited impact, as they get buried among information
on larger and more devastating events as time passes by. A brief check-up of some
randomly-selected cases revealed that, while many entries are easily verifiable in the
original sources listed by the EID, some discrepancies may exist as well. For example, a
case was identified in which the telephone number to which the population needed to call to
request for official verification of potential damage in their properties appears to have been
misinterpreted as being the number of damaged buildings (Umbria, Italy, 2" January 2017,
first entry of the EID for 2017) (Umbria 24, 2017). In a different case, that of an earthquake
with mp=4.7 in Colombia, the information reported by the EID coincides with what is stated in
the source cited therein, but a deeper analysis suggests the original data may be inaccurate.
This earthquake is reported to have caused the collapse of the roof of a jail located over 300
km away from the epicentre (RCN Radio, 2017). Even if the ground shaking generated by
this event had been unusually large, it is unlikely that this roof was in good conditions and
collapsed exclusively due to the earthquake. However, no final answer can be given to this
matter without an in-depth investigation that is clearly beyond the scope and possibilities of
any database effort. This last case serves as well as an example of the issue of coverage
versus reliability of which no database is exempt.

For the cases in which damage was reported in terms of a scale and not numbers of
damaged/destroyed buildings, the descriptions provided by the EID (Table 2.3) were used to
fill in the corresponding fields in the database. For this purpose, the equivalences shown in
Table 2.4 were stablished. For damage level 3, for example, which is described as “Some
houses  collapsed, others damaged. Example: some  houses completely
destroyed/uninhabitable. Dozens of others with structural damage.”, the words “dozens” and
“some” were assigned to the damaged and destroyed buildings fields, respectively.

It is important to note that having found an earthquake in the ISC Bulletin that potentially
matches the entry in the EID does not guarantee that it is the right earthquake. This is
particularly true in the cases in which a whole country was specified as the location in the
EID instead of a region within it (relatively common for the years 2013-2014), and the
country happened to cover a large area and have high levels of seismicity, a great example
of which is Turkey. Even if the search areas were reasonably constrained, it is also possible
that the code finds earthquakes that are not the desired one, as not all earthquakes that
occur in the world are reported in the ISC Bulletin.
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Table 2.4. Equivalence between damage levels defined by the Earthquake Impact Database and
numbers of damaged/destroyed buildings in the resulting Database of Damaging Small-to-Medium
Magnitude Earthquakes.

Level Da['na_ged Des_trc_>yed
Buildings Buildings
1 Non-structural 0
1-2 Limited 0
2 Some, Minor 0
2-3 Some, Severe 0
3 Dozens Some
3-4 Hundreds Dozens
4 Hundreds Dozens to hundreds
4-5 Hundreds Hundreds
5 Thousands Thousands
5+ Thousands >20,000

To illustrate the process of determining which of the potential earthquakes is the one that the
EID refers to, the mp=4.7 (proxy M4.79) Sichuan (China) earthquake of 22" September
2015 is used as an example. Table 2.5 shows the corresponding entry in the EID, while
Table 2.6 lists the four potential earthquakes identified by the computer code. As shown in
Figure 2.2, two of them fall within Sichuan itself, while another had its epicentre in Yunnan,
around 50 km away from the boundary with Sichuan, and the fourth one falls in Myanmar.
Based on the magnitude value of 4.0 reported in the EID, one could imagine that the
earthquake being sought is the mp=4.2 that occurred at 00.10.55 UTC, as the other event
that falls within Sichuan has an mv magnitude of 4.7. However, a link to a Chinese news
website® provided in the EID as a comment to the “Source” field allows to know, via Google
Translate, that the sought earthquake occurred in Qingchuan County, located in north-
eastern Sichuan. As a consequence, it is concluded that the 18.01.35 UTC mp=4.7 is the
correct one.

Table 2.5. Entry for the mb=4.7 Sichuan earthquake of 22nd September 2015 in the Earthquake
Impact Database.

Date Country, Region Depth |Intensity o Lo Damage | Buildings | Buildings
(UTC) (Epicenter) Mag. | (km) | (v |Fatalities| Injuries | =l | damaged |destroyed| S°UTCe
22/09/2015| China, Sichuan 4.0 11 - - 1 2 0

9 http://news.china.com.cn/rolinews/news/live/2015-09/23/content 34335910.htm
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Figure 2.2. Potential earthquakes identified by the computer code as the possible Sichuan
earthquake of 22" September 2015. Selected event marked with a circle.

Table 2.6. Potential earthquakes identified by the computer code as the possible Sichuan
earthquake of 22nd September 2015. Selected event marked in grey.

Date uTC Lat. Lon. (Depth| Mw ML mb Ms
22/09/2015 | 00:10:55 | 28.150 | 100.330| 10.0 4.2
22/09/2015 | 00:10:56 | 25.691 | 97.243 | 0.0 3.8
22/09/2015 | 06:01:11 | 27.587 | 100.030| 0.0 3.1
22/09/2015 | 18:01:35 | 32.464 | 105.321| 0.0 4.7 34

2.10. Example of interdependence of consequences of shocks within the same
sequence and of the kind of consequences reported

Being the question of whether the consequences of an event are completely independent
from preceding earthquakes or not so relevant, an example will be used to illustrate the kind
of information available for different earthquakes in a series, as well as the easiness (or lack
of) with which this information can be retrieved. This example will focus on the earthquakes
that hit Central Nepal between 2015 and 2017.
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A devastating M7.8 earthquake hit Nepal on 25" April 2015, and a second M7.3 shock
stroke some weeks later, on 121" May 2015. Abundant aftershock activity was recorded in
the area. The EID contains 17 entries related to this series. Of these, two are the largest
shocks, another two have magnitudes above M5.5 as well, one is the M5.27 earthquake on
27" November 2016, already within the Database of Damaging Small-to-Medium Magnitude
Earthquakes, another is a magnitude 3.2 earthquake on 21st June 2017, below the M4.0
threshold, and the other eleven were incorporated to the Database of Damaging Small-to-
Medium Magnitude Earthquakes after processing of the EID. Tables 2.7 and 2.8 summarise
the characteristics and the consequences reported in the EID and sources therein cited for
the 17 shocks, while Figure 2.3 shows the locations of their epicentres. For the same period
of time and geographical area, the NOAA database contains only four entries: two for the
M7.8 and M7.3 events, and other two for the 27" November 2016 and 21st June 2017
earthquakes. The consequences of the four shocks with magnitudes larger than M5.5 will
not be discussed in detail herein, as it is clear that they caused extensive damage and a
very large number of casualties.

Table 2.7 Hypocentral coordinates and magnitude estimates for 17 earthquakes that caused
damage and/or casualties in Central Nepal between 2015 and 2017. The two larger shocks are
marked in bold italics. M in [] are proxy values.

ID Date (UTC) Time (UTC) Latitude Longitude Depth M M. mp M Munk

1 25/04/2015 06:11:25 28.231 84.731 8.2 7.8 - 7.1 7.9 7.8
2 26/04/2015 07:09:09 27.737 85.979 13.4 6.8 - 6.6 7 6.7
3 02/05/2015 05:35:50 28.266 84.747 33.0 [5.0] - 4.9 3.7 5.1
4 05/05/2015 10:38:45 27.596 85.742 0.0 [41] 41 4.1 - 4

5 10/05/2015 09:38:33 27.564 85.502 0.0 [43] 4.0 4.3 - 4.2
6 12/05/2015 07:05:19 27.809 86.066 15.0 7.3 - 6.8 7.6 7.3
7 12/05/2015 07:36:53 27.525 86.142 13.8 6.1 - 6.1 - -

8 15/05/2015 01:42:46 27.886 84.770 29.9 [5.0] - 4.9 4.1 5.5
9 16/05/2015 11:34:12 27.370 86.260 12.0 5.4 - 5.7 - 5.5
10  20/08/2015 06:02:53 27.919 85.521 0.0 [43] 4.7 - 3.3 4.8
11  05/02/2016 16:20:11 27.878 85.338 23.5 [5.4] - 5.2 4.0 5.5
12 21/02/2016 18:10:03 27.808 84.631 35.7 [5.3] - 51 3.7 5.5
13 09/04/2016 13:20:11 27.471 85.080 0.0 [4.1] 3.8 4.1 - 4.5
14  11/05/2016 08:52:51 28.036 84.659 45.8 [4.6] - 4.5 3.2 4.5
15  27/11/2016 23:35:21 27.802 86.532 10.0 53 - 5.4 5.4 5.6
16  27/02/2017 03:37:51 27.411 86.061 41.1 [4.6] - 4.7 3.7 4.7
17  21/06/2017 - - - - [3.2] - - - 3.2
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Table 2.8 Casualties and damage caused by the 17 earthquakes listed in Table 2.7 that stroke
Central Nepal between 2015 and 2017, according to the Earthquake Impact Database. Texts inside
[] in italics indicate information not readily available in the EID but accessible via the website links
provided therein. Inj.= injured. L. = landslides.

Deaths Buildings
ID Inj. Causes of death/injury L.
Tot. Shaking Damaged Destroyed
1 9124 - 23790 - 300,000 800,000
2 8 - 83 - Hundreds I-||3uonZ§::ds to
3 4 - 1 - Dozens Some [Y]
4 1 [1] 0 [collapse of pre-damaged house] Non-structural  [1]
5 1 [0] 0 [running out of house]
6 228 3680 Thousands Thousands
7 1 0
8 1 [0] - [heart attack during estampede]
o 4w o [l ot 1000 e
10 1 [0] 0 [landslide] Non-structural 0 Y
1 1 i 66 '[15 in{'uries for running away from houses
in panic]
12 0 1 Some, Minor 0
13 0 5 [stampede] Non-structural 0
14 0 0 3 [panic reactions] 0
15 1 2 Dozens 1
16 0 0 0 15 0
17 1 [1] 1 [bricks (of pile) falling on head of worker] 0 0

A first fact of interest is that the distance between the epicentres of the two large shocks is
around 140 km. With this information alone, one could conclude that the consequences of
the two might not be related. However, when plotting the finite fault solutions for the two
earthquakes it can be noted that not only do the two partially overlap, but they also enclose
most of the remaining epicentres as well (see Figure 2.3). As a consequence, many of the
aftershocks may have hit areas that had been previously damaged, even when many of
them seem to have occurred relatively far away from the larger main shocks. It is also
interesting to note that the declustering of the merged catalogue (see Section 4.2) treats
both large earthquakes as main shocks with their own series of aftershocks. This could lead
to neglecting the effect of the previous earthquakes and thinking, for example, that all the
damage caused by the M7.3 121" May 2015 was independent from that caused by the M7.8
25" April 2015, when the overlapping of the finite fault solutions suggests this is not
necessarily the case. It is unquestionable that discussions in terms of epicentral distances
are irrelevant for such large earthquakes. However, this example illustrates the possible
misinterpretations that might arise from simply looking at a list of earthquakes within a
database.
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Figure 2.3. Epicentres of the 17 earthquakes listed in Tables 2.7 and 2.8. Stars indicate the
epicentres of the two large M7.8 and M7.3 shocks. The yellow and red rectangles indicate the
projection of the finite fault solution for each of the two, respectively, according to the USGS (USGS,
2017a; USGS, 2017b). Epicentre of earthquake 17 defined approximately from news report (The
Himalayan Times, 2017). Administrative boundaries from GADM maps and data (GADM).
Background map from OpenStreetMap (OpenStreetMap).

For the aftershock labelled 3 in Tables 2.7 and 2.8 and Figure 2, the EID reports 4 deaths, 1
injury and no specific number of damaged or destroyed buildings but an overall rating of
damage level 3. The latter is described as “some houses collapsed, others damaged” and
the example provided by the EID makes reference to “some houses completeley
destroyed/uninhabitable, dozens of others with structural damage”. The sources cited in EID
for this event are three. The first one is a report from Earthquake-Report, which does not
provide any specific information but only a comment regarding damage to be expected, as
“a number of houses have such structural damage that even a lesser shock can reduce
them to rubble” (Earthquake-Report, 2015b). The second one is a newspaper article (The
Kathmandu Post, 2015b) that reports the occurrence of landslides and one woman having
been injured, though it is not clear if the latter is a consequence of the former. The landslide
was not directly mentioned in the EID. The third source is a tweet by the Search and Rescue
Dog Handlers Academy of Nepal (SAR Dogs Nepal, 2015), saying that their teams reported
4 dead and 32 missing. From these sources, it is not possible to know how the damage level
3 was assigned to this earthquake, or if the reported damage to the built environment was
also due to the landslides.

According to the EID, aftershock 4 caused one death and damage level 1, which translates
into simply non-structural damage. No number of damaged buildings is provided, but zero
destroyed ones is specifically mentioned. The news website cited by the EID (Xinhua Net,
2015) reports the death of a woman whose house had been damaged by the 25" April main
shock and collapsed after this aftershock, without specifying if the death was due to said
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collapse, though it may be inferred. In this case, the link between the main shock and the
consequences of the aftershock is completely clear. The website also mentions that the
earthquake occurred on Wednesday morning, which may potentially mean that the
earthquake found by the algorithm, occurring on Tuesday at 16.23 local time, may not be the
sought one (though wrong dates and times have been spotted in news websites as well).
However, the epicentre of the assigned earthquake falls within Kavre district, which is
mentioned in the article as the location at which the death occurred. It is surprising that the
damage caused by this earthquake was classified in the EID as non-structural (level 1) and
that the collapsed house was not reported as a destroyed building. It is, thus, possible that
the damage scale adopted by the EID may not always be used literally. Speculating with an
explanation, it is possible that this may be due to the reporter attempting to convey
somehow the fact that the consequences of this earthquake were not independent from
those of the main shock, which would reflect the difficulties associated with applying a
standardised damage scale to a case of incremental damage due to repeated shaking.

The automatic algorithm identified seven different shocks as potential earthquake 5, as
shown in Figure 2.4, none of which coincided in time with the one mentioned in the
Earthquake-Report site referenced by the EID (Earthquake-Report, 2015a). Of the seven,
the one at 09.38.33 UTC was selected not only because its magnitude appeared to be the
closest to that reported in the EID, but also because it matches the time of occurrence
reported in the second reference cited by the EID, a local newspaper (The Kathmandu Post,
2015a), taking into consideration the time difference between UTC and Nepal. The 09.23.00
UTC event mentioned by Earthquake-Report could not be found either in the USGS
catalogue or the ISC Bulletin. The only consequence reported by the EID for this earthquake
is one fatality, with no details on the circumstances. According to the article in the local
newspaper, this fatality corresponds to a 72-year-old person who fell down while running out
of their house, which “had developed cracks after the April 25 devastating earthquake”. In
contrast with aftershock 4, for which the death appears to have been caused by the collapse
of a pre-damaged house, the death associated with aftershock 5 appears to have been due
only to the reaction of the person to the shaking.

For aftershock 8, the EID only reports one death, without details on the circumstances under
which it occurred. The source cited is a newspaper article (Business Standard, 2015) that
states that the death was due to a heart attack during a stampede.

For aftershock 9, the EID reports 4 deaths with unspecified causes, one destroyed building
and damage level 3, described as “some houses collapsed, others damaged”. The only
source cited is a newspaper article written in Hindi (Live Hindustan, 2015), which states that
the causes of the deaths were: (i) the collapse of a wall at a rice mill, (ii) a heart attack, (iii)
large earthquake-generated waves in the Gandak river causing a person to drown, and (iv) a
person tripping over and falling while trying to run away during the shaking. Interestingly,
Google Translate (Hindi-English) only made it possible to understand the first three. This
clearly illustrates the importance of being able to access reports written in local languages
when dealing with the consequences of small-to-medium magnitude events, as it was only
with the aid of a colleague that the correct meaning of the text in Hindi could be understood.
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Figure 2.4. Potential earthquakes (orange pentagons) found for aftershock 5 in Tables 2.7 and 2.8.
Selected one marked with red circle. Administrative boundaries from GADM maps and data (GADM).
Background map from OpenStreetMap (OpenStreetMap).

One death, zero buildings damaged or destroyed and a landslide are the consequences
enumerated by the EID for aftershock 10. The original source, a report from a website
dedicated to natural disasters named Disaster Report, specifies that the death was due to a
landslide that occurred in Kaule, in the district of Nuwakot, around 40 km away from the
epicentre of the identified earthquake. The local time mentioned in the report is in agreement
with the UTC of the earthquake identified within the ISC Bulletin as aftershock 10. The
authors of the present work had access to the aforementioned website at the time of
carrying out this analysis. However, at the time of writing, the link to the website leads to a
message stating that the domain name expired. Though unintended, this illustrates how
easily information on small earthquakes can vanish and how difficult it is to retrieve it as time
passes by.

While the EID reports one death and 66 injured for Earthquake 11, the only source cited by
the EID that can be accessed at the moment of writing indicates that 15 people were injured
when running away from their houses in panic (Daily News and Analysis India, 2016). The
other two sources correspond to broken links, one of which is that of the Disaster Report
website mentioned above.

The consequences reported by the EID for earthquake 12 consist of one injury, zero
buildings destroyed, unspecified number of buildings damaged, and overall damage level 2.
From the only source (Nagarik News, 2016) cited by the EID it is possible to know that the
injury corresponded to a 26-year old man who severely sprained his foot whilst running
away during the earthquake. The source does not mention anything about damage or
fatalities.
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For aftershock 13, the consequences listed in the EID are 5 injuries (unspecified reasons),
zero buildings damaged or destroyed, and overall damage level 1. The only source cited is a
news website (My Republica, 2016) that reports the occurrence of a stampede that caused
said 5 injuries, but does not mention anything about damage. Therefore, it is not known how
the damage level 1 was assigned in the EID.

For aftershock 14, the EID reports 3 injuries (unspecified reasons), zero buildings destroyed,
unspecified damaged buildings and unspecified damage level. The one source to which
reference is made is Disaster Report, which was, as for the case of aftershock 10, accessed
at the time of carrying out this analysis but is not available at the time of writing. The report
stated that the three injuries were due to panic reactions, like jumping from a second floor
during the shaking. Two earthquakes had been identified by the automatic algorithm as
potential aftershock 14, one of which being the one listed in Table 2.7, the other one having
an mp of 4.5 as well, with epicentral coordinates 29.4 km away. The location and time of the
former coincide with those reported in the original source. Without confronting the two
against the on-line report it would have been impossible to determine which of the two was
the earthquake that the EID was making reference to.

The aftershock that took place on 27" November 2016, that is, earthquake 15 in Tables 2.7
and 2.8, was already in the Database of Damaging Small-to-Medium Magnitude
Earthquakes and, thus, did not need to be added from the EID. For said earthquake, the
NOAA database reports one death, one injured and two houses destroyed, and estimates
losses of less than 1 million USD. The EID reports one death, two injured and one building
destroyed, instead, and classifies it as damage level 3, that is, “some houses collapsed,
others damaged”, without citing any source. The reason for which the consequences of this
aftershock made it to the NOAA database while those of other shocks did not is not known.
The EM-DAT database does not report on this earthquake either.

The EID reports 15 damaged buildings and no other consequence for aftershock 16. The
original source is an on-line news article (News X, 2017) that states the occurrence of two
earthquakes of similar magnitude within less than one hour, which caused damage to an
unspecified number of old structures. It is not known if the EID took the number of 15 from a
different unknown source or if it is an estimate of their own. The local times reported for the
two earthquakes on the news article correspond to the two events identified by the
automatic algorithm.

The last earthquake of the list, number 17, is an interesting case. First of all, it was not
possible to find an earthquake matching the characteristics described for this one either in
the ISC Bulletin or the USGS Catalogue or the catalogue of the National Seismological
Centre of Nepal (Government of Nepal - National Seismological Centre). The EID indicates
one death and one injury for this event, and refers to one on-line source, which specifies that
the death was that of a worker of a brick factory who was piling up a stack of bricks and was
hit by the bricks falling on him when the earthquake hit. The injured person was his son.
While the trigger of the event that lead to these casualties was (allegedly) the earthquake, it
was the particular circumstances that led to the consequences observed and these should
not be regarded as standard or typical. The fact that the casualties occurred at a
manufacturing site means as well that they are related to work safety standards more than
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they are to the earthquake, as the former should account for the possibility of ground
shaking causing an accident in the work place. The source does not specify if the worker
was wearing a helmet, protective shoes or any other safety equipment.

Having gone one by one in detail through these events, the following summary of the twelve
aftershocks listed in Tables 2.7 and 2.8 that lie within the M4.0-5.5 range can be made:

e Three earthquakes (ID 5, 8, 14) caused only deaths and/or injuries as a consequence of
people's reactions and not due to the response of buildings. This was verified in the
original sources. While the criteria used by databases such as NOAA or EM-DAT to
include or not events is not known, it is not surprising that these three earthquakes are
not mentioned in those databases.

e One earthquake (ID 11) caused only deaths and/or injuries, though from the sources it
was only possible to known that some of those injuries were due to people's reactions to
the shaking, the remaining injuries and one death being of unknown nature.

e One earthquake (ID 10) only caused a landslide that killed one person, as reported by
the original source.

e Of the remaining seven earthquakes that are reported to have caused damage, the
number of damaged/destroyed buildings could only be fully verified in one case (ID 4,
collapse of house pre-damaged by the main shock) and partially verified in another,
assuming that the one building destroyed by earthquake 9 is the one that killed one
person. For the latter, the remaining three deaths were not associated to the
performance of buildings. For the only other case in which a specific number of
damaged buildings was reported in the EID (earthquake 16), only a generic comment
regarding “damage to old structures” was found within the cited original source. For
earthquake 15, which was already in the database, the number of injuries and destroyed
houses does not match by one unit the values reported in the NOAA database. For the
remaining three (ID 3, 12, 13), the number of dead/injured could be verified from the
sources, but not the damage to buildings.

This example has illustrated a series of important points. Firstly, how the consequences of
any particular earthquake might be influenced by the consequences of previous earthquakes
in a sequence. Secondly, that a quick look at a list of earthquakes and their declustering
information in a database might lead to erroneous interpretations on the connections across
different events. Thirdly, how easy it is to lose access to online sources within a relatively
short period of time. This last point highlights, once more, the reasons for which the
identification of earthquakes causing minor damage becomes so difficult shortly after the
earthquake occurs.
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2.11. Composition of the resulting database

At the time of writing, the Database of Damaging Small-to-Medium Magnitude Earthquakes
consists of 1,960 events. This section looks in detail into its composition.

It is noted that the expression “from the EID” is used herein to refer to the earthquakes
retrieved from the EID by means of the algorithm described in Section 2.9. This does not
imply that other earthquakes may not have been reported in the EID as well, but simply that
they had already been incorporated to the Database of Damaging Small-to-Medium
Magnitude Earthquakes before the application of said procedure.

2.11.1. Geographic distribution

Figures 2.5 and 2.6 show the epicentral locations of the earthquakes of the database, with
the latter focusing on those retrieved from the EID as per the procedure described in Section
2.9 and the former showing those retrieved from all other sources. As can be observed, both
maps are quite similar in their distribution and follow, in general, the patterns of global
seismicity. However, it is noted that areas known to have high seismicity rates but very low
population density are largely absent from both maps, clearly due to their very low exposure.
Examples of this are Alaska (northwest North America), Tierra del Fuego (south tip of South
America) and the Kurile Islands (northeast Asia). In contrast, lower-seismicity areas such as
the north-eastern USA and Brazil acquire greater prominence in the database, possibly due
to the higher social impact of smaller events (and subsequent tendency to report them) in
areas for which seismic shaking is perceived as unusual, as well as a likely higher
vulnerability of the building stock (broadly speaking, notwithstanding socio-economic
factors).
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Figure 2.5. The Database of Damaging Small-to-Medium Magnitude Earthquakes: earthquakes not
retrieved from the EID (1,092 out of 1,960). Colour scale indicates moment magnitude (white: lowest,
magenta: highest).
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Figure 2.6. The Database of Damaging Small-to-Medium Magnitude Earthquakes: earthquakes
retrieved from the EID (868 out of 1,960). Colour scale indicates moment magnitude (white: lowest,
magenta: highest).

2.11.2. Temporal distribution

Due to the influence of data availability, the distribution in time of the earthquakes of the
database is not uniform, with the number of earthquakes per decade increasing as shown in
the plot on the left of Figure 2.7. This increase is not homogeneous either. A first noticeable
jump can be observed in the 1960s and is possibly due to an increase in the resources with
which large volumes of earthquake data could be systematically processed, thanks to the
establishment of the World-Wide Standardized Seismograph Network (WWSSN) around
that time and the creation of the International Seismological Centre (ISC) in 1964 (Adams
2010; ISC). Another distinct jump occurs at the beginning of the 2000s, possibly associated
with the boost in the ability to communicate and access news and reports associated with
the global embrace of on-line technologies. The most extreme jump is, undoubtedly, that of
the 2010s, which is clearly related to the existence of the EID from 2013 onward (see plot on
the right of Figure 2.7). This illustrates how data accessibility can play a fundamental role in
the perception of the impact of non-catastrophic hazards such as low-to-medium magnitude
earthquakes and serves as an indication of the completeness of the present database.

Table 2.9 further illustrates the impact of adding the events contained in the EID on the total
number of earthquakes in the database. Of the five years for which earthquakes were
retrieved from the EID, 2017 is the one for which the proportion of events stemming from the
latter is the lowest. Interestingly, 2017 was one of the years for which more data for the
Database of Damaging Small-to-Medium Magnitude Earthquakes was collected almost in
real time, an observation that illustrates the effects of near-real time reporting and recording.

42



1200 250

[ Other L.
I From EID 1
1000} 1
” I » 200¢
Q | Q
E E
S 800} 3
o | o
s | £ 150}
- t
1
(o] ©
w 600} | L
Y— 1 Y—
o) o
C '* < 100}
9] 1 ()
Q 400f 2
I I €
=} I =}
=2 " = 50}
200} |
1
1
f%oo 1920 1940 1960 1980 2000l 2020: £%10 2011 2012 2013 2014 2015 2016 2017 2018
Year === Year

Figure 2.7. Distribution of dates of the earthquakes that make up the whole of the Database of
Damaging Small-to-Medium Magnitude Earthquakes (1900-2017). The plot on the right shows a
detail of the period 2010-2017.

Table 2.9. Number of events in the Database of Damaging Small-to-Medium Magnitude

Earthquakes.
Year | Sources | EID Al
1900-2012 995 0 995
2013 19 194 213
2014 17 196 213
2015 10 191 201
2016 13 165 178
2017 38 122 160
TOTAL 1,092 868 1,960

The clear variation in the annual rate of damaging earthquakes raises the question of
whether that of the years 2013-2017 could be assumed to be closer to the “real” value in all
years. The average for this short period is around 190 damaging earthquakes per year. If
this were to apply generally, it would imply, for example, that less than 20% of the damaging
earthquakes of the 2000s may have been captured in the database, with this percentage
reducing even more further back in time. There is the issue, of course, of five years of
seismicity being a relatively short time for generalisations to be made, as fluctuations in the
overall seismicity rates exist naturally as well. The latter can be observed when noting the
overall decrease in the rate of events not retrieved from the EID reported for the 2010s in
the plot on the left of Figure 2.7. Even if assuming the same rate for the two years that are
missing from the whole decade (2018 and 2019) the final number would still be much lower
than the 333 cases for 2000-2009. A first hypothesis could be the possible delay between
the occurrence of damaging earthquakes, the publication of studies about them, and the
point in time at which they become part of databases, though the fact that NOAA tends to
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incorporate new events relatively fast would rule out this explanation. Looking at the merged
world catalogue of Nievas et al. (2017) it can be noted that it contains an average of 82,556
earthquakes per year for the period 1t January 2010 - 315t December 2014, and an average
of much fewer 51,970 for the period 15t January 2015 - 30" June 2017. This suggests that
the decrease might be simply due to the natural randomness associated with the occurrence
of earthquakes.

A point worth of noting is that a large proportion of the earthquakes incorporated from EID is
associated with only non-structural or very limited structural damage, the implication being
that it does not appear likely that this 190 earthquakes-per-year rate be in reality so much
larger. Nevertheless, it is not possible to assert that all damaging earthquakes have been
captured by the EID, and around 6% of the entries of the EID were not included in the
database due to the impossibility of matching them with earthquakes reported in the ISC
Bulletin. How close or not this 190 earthquakes-per-year rate is to the “real” value is difficult
to quantify.

2.11.3. Magnitude distribution

The distribution of moment magnitudes of earthquakes that make up the whole database is
depicted in Figure 2.8, which shows primary values of M used to define the inclusion or not
of the earthquakes in the database. Due to the rounding up of magnitudes in the range
3.95<M<4.00 to 4.0 and rounding down of the range 5.5<M<5.55 to 5.5, the first and last
bins are slightly wider than the rest, the former containing earthquakes in the range
3.95sM<4.25 and the latter 5.25sM<5.55. All other bins are as indicated and include their
lower boundary but not their upper one.
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Figure 2.8. Distribution of moment magnitudes of the whole of the Database of Damaging Small-to-
Medium Magnitude Earthquakes. Direct = M directly calculated from inversion (retrieved from
seismological agencies, scientific literature, etc.). Retrieved proxy = proxy M retrieved from existing
catalogues. Calculated proxy = proxy M calculated from other magnitude scales within the context of
this work.
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The number of damaging earthquakes in each magnitude bin increases steadily and
reaches its maximum within the 5.25-5.50 bin of Figure 2.8. This is not unexpected, as
larger-magnitude earthquakes have a larger damage potential, notwithstanding the influence
of distance, site effects, vulnerability and other factors. However, the relative increase from
the 5.00-5.25 to the 5.25-5.50 bin is very small (around 5%) with respect to the relative
increase from all other bins up to that point. Moreover, because of the rounding procedure
explained above, the 5.25-5.50 is slightly wider than the previous one. If the upper bound of
the bin was a strict 5.5 (included), there would be 61 earthquakes less in it, as their M falls in
the range 5.5<M<5.55. Subtracting these 61 earthquakes to the 497 in the bin leaves 436,
which is less than the 473 cases with 5.00sM<5.25. All this suggests that the Gutenberg-
Richter law (Gutenberg & Richter, 1944) appears to take over for magnitudes above around
5.25, as there are 1.8 times more earthquakes in the range 5.00-5.25 than in the range 5.25-
5.50 in a given period of time, assuming a b-value of 1.0. In other words, Figure 2.8 shows
that the higher likelihood of larger earthquakes to cause damage or casualties is
counterbalanced by the decreasing frequency with which these events occur.
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Figure 2.9. Distribution of magnitudes of the earthquakes that make up the Database of Damaging
Small-to-Medium Magnitude Earthquakes and were not automatically processed from the EID (left),
and those from the EID (right). Direct, Retrieved proxy, Calculated proxy as per description of Figure

2.8.

It is noted that it is possible that accessibility to data on damage/casualties be playing a role
as well in the magnitude distribution of the database. For sources other than the EID, it is
the larger-magnitude earthquakes with relatively noticeable consequences that get reported.
It is thus possible that the earthquakes that appear as “missing” for the years before 2013
(see Figure 2.7) have magnitudes on the lower side of the M4.0-5.5 range and could thus
change the magnitude distribution increasing the relative contribution of the smaller-
magnitude bins.
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Figure 2.10. Distribution of magnitudes of the earthquakes from the EID added to the Database of
Damaging Small-to-Medium Magnitude Earthquakes, as reported in the EID (unknown scale Munk).

2.12. Insights on casualties and damage

The following subsections provide statistics on casualties and damage that stem from the
1,960 earthquakes that make up the Database of Damaging Small-to-Medium Magnitude
Earthquakes at the time of writing. For their interpretation, it is fundamental to note, once
more, that the database contains, by nature, information from various sources of
undetermined reliability. Consequently, these statistics cannot be deemed to represent
verified scientific measurements or observations. It is noted as well that the earthquakes
contained in the database result from a series of choices made during its compilation (and
explained in the previous sections) and that the application of different criteria could lead to
the inclusion or exclusion of events and a change in the subsequent analyses.

2.12.1. Damaged and destroyed buildings

As explained in Section 2.5, the “damaged buildings” and “destroyed buildings” fields of the
database contain different kinds of data, including numbers, number ranges and verbal
descriptions. The proportion of the total that each kind of data represents is depicted in
Figure 2.11 for the whole database (top plots) and for the two subsets of earthquakes
retrieved from the EID (centre plots) and from all other sources (bottom plots). The possible
categories are:

¢ Number: one specific number of damaged or destroyed buildings found.

e EID estimation: number reported in the EID as their own estimate.

¢ NOAA range: range of values estimated by NOAA based on verbal descriptions.

e Other range: a range of numbers found in different sources, excluding estimates from
the NOAA database.

e Text: only a verbal description was found. This includes verbal descriptions assigned
to EID-retrieved events for which damage levels were processed as per Table 2.4

¢ Not available: no data found.
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e Some of: only for destroyed buildings. It implies that some of the buildings reported
as damaged were, in fact, destroyed, but the proportion is not known.

Due to the existence of this mix of data types, results are presented in two groups: one
gathering cases labelled as “number”, “EID estimation”, “NOAA range”, “other range” and
“some of”, in Figures 2.12 and 2.13, and another for the cases labelled as “text”, in Figures

2.15 and 2.16.

Figures 2.12 and 2.13 show results for damaged and destroyed buildings, respectively.
Ranges of values are decomposed into lower and upper bounds. Whenever a specific
number is available, the two are the plotted as the same. The “some of’ cases of destroyed
buildings were translated into a lower bound of 1 and an upper bound equal to the number
of damaged buildings, when available, or the upper bound of damaged buildings when these
were given as a range. The reader is reminded, nevertheless, that a scenario in which all
lower-bound values or all upper-bound values apply is very unlikely, reality most likely lying
in between. The increasing destructive power of increasingly larger magnitude events is
visible in all plots. While the two right-most plots of Figures 2.12 and 2.13 appear to not
comply with this last statement, the reason for this lies most likely in the magnitude
distribution of each subgroup (Figure 2.9), as it is clear that the most destructive
earthquakes had been already incorporated to the database before the retrieval of events
from the EID. It is likely for this same reason that 684 of the 696-697 cases of zero reported
destroyed buildings correspond to earthquakes retrieved directly from the EID.
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Figure 2.11. Kind of information available regarding damaged (left) and destroyed (right) buildings for
the whole of the Database of Damaging Small-to-Medium Magnitude Earthquakes (top) and for
earthquakes retrieved from the EID (centre) and all other sources (bottom).
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Figure 2.12. Number of damaged buildings as a function of magnitude for the whole of the Database
of Damaging Small-to-Medium Magnitude Earthquakes (left), for the events taken from EID (right)
and elsewhere (centre), for the cases in which data was available as “Number”, “EID estimation”,

“NOAA range”, “Other range”, and “Some of”, as per Figure 2.11 (736 total earthquakes). Zero

values not shown (26 total cases).
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Figure 2.13. Number of destroyed buildings as a function of magnitude for the whole of the Database
of Damaging Small-to-Medium Magnitude Earthquakes (left), for the events taken from EID (right)

and elsewhere (centre), for the cases in which data was available as “Number”, “EID estimation”,
“‘NOAA range”, “Other range”, and “Some of”, as per Figure 2.11 (1,055 total earthquakes). Zero
values not shown (696-697 total cases).

From Figure 2.12 it appears that only earthquakes with magnitudes above around 4.7 seem
to have resulted in 10,000 or more damaged buildings, while Figure 2.14 suggests that a
slightly larger magnitude of 4.8 marks the start of numbers of destroyed buildings above
2,000. However, not all numbers can be considered equally reliable. Figure 2.14 shows the
locations of the 45 earthquakes for which the lower- and/or upper-bound number of
destroyed buildings is larger than 1,000, all with moment magnitude larger than 4.5. Of
these, twelve are cases of “Some of”, one of which has a NOAA range estimate of 100-
1,000 as number of damaged buildings. Seven of the remaining 33 cases correspond to
NOAA estimates of the same range as well. The problem with these is not only that they are
estimates and not observations, but also that the range is quite broad, with a difference of
one order of magnitude between the lower and upper bound. It is thus likely that the
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(unknown) real number of destroyed buildings be considerably smaller than depicted in
Figure 2.13 in all eight cases.

The earthquake with the largest reported number of destroyed buildings is a M5.46
earthquake that occurred in Liyang, China, on 9" July 1979, as depicted in Figure 2.13.
According to Chung et al. (1995), who cite a Chinese source, this earthquake resulted in
272,000 damaged and 113,909 collapsed houses. The same publication studied as well the
M5.28 event of 22" April 1974 that also occurred in Liyang and is another of the eleven
cases with numbers of destroyed buildings larger than 10,000 that can be observed in
Figure 2.13. Much smaller numbers of 21,709 damaged and 11,081 collapsed houses are
attributed to this earthquake. Through their study, Chung et al. (1995) concluded that the
stress drop of the 1979 event had been above average for intraplate events, while that of the
1974 event had been much lower. Interestingly, almost half of the 45 earthquakes with
lower- and/or upper-bound number of destroyed buildings larger than 1,000 were located in
China (see Figure 2.14).
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Figure 2.14 Reported numbers of destroyed buildings for the 45 earthquakes for which there are
reports indicating at least 1,000 destroyed buildings. Green circles indicate cases in which a number
or range of numbers are available, while purple rhombuses indicate the “Some of” cases with their
corresponding lower- and upper-bound numbers of damaged buildings.

Apart from the two Liyang earthquakes of 1974 and 1979, the cases of reported destroyed
buildings of 10,000 and above are:

e The 1966 M5.20 Tashkent (Uzbekistan, ex-USSR) earthquake. This is one of the
“Some of’ cases, with the number of reported damaged buildings ranging from
28,000 to 96,000 (e.g., Earthquake-Report, 2013a; Wright, 1971). Most sources
indicate the occurrence of instances of destruction, but Rasskazovsky &
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Abdurashidov (1969) explicitly mention that all buildings were heavily damaged but
not destroyed.

The M5.35 event of 10" August 2004 in Ludian (China). According to NOAA and the
USGS, it resulted in 65,601 damaged and 18,556 destroyed buildings. It affected the
same area as a quite damaging M5.6 earthquake that occurred in November 2003.

The M5.20 earthquake of 26" November 2005 in Jiujiang/Ruichang (China). The
numbers reported for this earthquake in different sources are somewhat
contradictory. While the USGS and NOAA report 150,000 houses destroyed and no
numbers of damage, a report of ReliefWeb (2005a) of the same day of the
earthquake mentions 18,000 collapsed and 15,000 damaged houses, citing the
Ministry of Civil Affairs as the source, while a report from two days later (ReliefWeb
2005b) speaks of 18,000 collapsed and 150,000 damaged “rooms” (which has been
interpreted herein as dwellings) citing information provided by the United Nations
Resident Coordinator’s Office in Beijing. Given that this last number is the same one
reported by the USGS and NOAA as destroyed houses, which seems unlikely,
18,000 destroyed and 150,000 damaged were adopted for the database. It is noted
that the consequences reported might result from the combined effect of this
earthquake and two other (mp=4.6 and mp=4.3) that occurred in the area on the same
day.

The M5.26 earthquake of 22" November 1991 in Ibb (Yemen). This is an interesting
case of uncertainty associated with potential progressive damage caused by
earthquakes in a sequence. A series of reports from ReliefWeb (1991) show how the
estimates of damaged and destroyed buildings build up from 17 destroyed and 87
partially-collapsed houses one day after the earthquake (which are the values
reported by the USGS and NOAA for this earthquake) all the way through 11,900
houses needing to be reconstructed and 2,600 houses deemed to be repairable, two
and a half months later. The report makes reference as well to an abundant number
of aftershocks, but their magnitudes do not appear to have been large (smaller than
3.5 on the Richter scale, according to ReliefWeb, though none of them appear in the
ISC Bulletin). In view of this and the fact that assessing the exact number of
damaged/destroyed buildings after an earthquake takes time, the estimates from one
day later were interpreted as preliminary results, and those of two and a half months
later as the final numbers to report.

Five “Some of” cases: 1984 M5.53 in Turkey (75,000), 1988 M5.24 in China (10,000),
1990 M5.55 in Indonesia (10,300), 1998 M5.08 in China (21,872), and 2004 M5.02 in
China (20,000).

While some of these cases appear to be related to relatively solid reporting of damage,
others illustrate the uncertainties that come inevitably associated with these figures. This
occurs as well with the numbers of damaged buildings shown in Figure 2.12, in which cases
of earthquakes with M smaller than 4.5 and more than 100 reported damaged buildings for
which the sources are somewhat uncertain are marked. These include:
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e Four earthquakes retrieved from the EID (2015 M4.32 China, 2016 M4.32 China,
2016 M4.32 China, 2017 M4.24 Peru) for which the original sources could not be
accessed, possibly due to the websites being no longer available.

e A M4.37 earthquake in 2017 in Brazil, for which the EID specifies that the number
provided is an estimate and not an observation.

e A M4 .44 earthquake that occurred on 11" August 2016 in Chongging, Chin, retrieved
from the EID as well but which the EID and the original source do not match. While
the EID reports 873 damaged buildings, the source cited therein vaguely describes
damage to around 34+ (Eastday.com, 2016). It may be possible that the number
reported by the EID stem from other uncited sources.

e A M4.32 earthquake that occurred on 23 November 2015 in North Molukka,
Indonesia. The EID reports 437 damaged buildings, but an article in the online news
portal Tempo.co (Siswadi, 2019) says “the earthquake also caused 934 houses to be
damaged, namely 237 heavily damaged, 193 moderately damaged and 504 slightly
damaged”. However, it is difficult to understand if these numbers correspond to this
earthquake or many, as the statement appears after referring to the earthquake
sequence having stared one week earlier. Moreover, the number reported by the EID,
437, nearly matches the sum of 237 and 193, which is suspicious, as it suggests that
the 504 slightly damaged houses were not considered by the EID. It is noted, though,
that the original source is being interpreted with the aid of Google Translate and,
consequently, inaccuracy in translation might have an influence as well, since such
automatic translation algorithms do not yet capture all the nuances of the original
language.

Some other earthquakes reported to have caused damage to large numbers of buildings
have been marked in the plots of Figure 2.12 too. Three of these have already been
discussed above, as they are associated as well with large estimates of numbers of
destroyed buildings: the 1966 M5.20 Tashkent earthquake, the M5.46 earthquake of 9™ July
1979 in China, and the M5.2 earthquake of 26" November 2005 in China. In the case of the
M4.80 Thilisi, Georgia, earthquake of 25" April 2002, the number of damaged buildings
ranges from 11,780 to 50,000. While Gabrichidze et al. (2004) presents detailed damage
statistics for around 16,000 damaged buildings, reported to be a subset of a stock of around
45,000 buildings, Varazanashvili et al. (2008) suggests that around 50,000 buildings were
damaged, and that this number represents 40% of the total. It is quite difficult to interpret
these contradictory pieces of information, as neither of the two sources specifies the exact
extent of the area over which damage was observed or assessed. The two simply mention
“Tbilisi”, whose administrative boundaries have changed through the years (e.g.,
Salukvadze & Golubchikov, 2016).

The case of a M4.0 earthquake reported to have caused damage to 807-1,300 buildings in
Figure 2.12 (label “A”) is the 2007 Folkestone earthquake in the United Kingdom, for which
most of the damage consisted of dislodgement/cracking/collapse of chimney clay pots
and/or bricks, with instances of damage inflicted to roof tiles and, rarely, roof structures, and
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cracking/falling of plaster. Infrequent minor structural damage was only observed within the
most damaged area (e.g., vertical cracking of walls and lintels, the fall of free-standing walls,
partial collapses of house walls) (Sargeant et al., 2008). This case illustrates the fact that
seemingly large numbers of damaged buildings should be interpreted bearing in mind that
the simple damaged/destroyed classification cannot reflect the degree of damage observed,
which may be quite low. The case labelled “B” in Figure 2.12 corresponds to a M.=4.2
rockburst that occurred at Mentougou coal mine in Beijing on 19" May 1994, for which Li et
al. (2007) report 5,318 damaged houses, while the case labelled “C” is a M4.21 earthquake
that took place in Sanshui, China, on 26" September 1997, which reportedly resulted in
1,639 damaged and 648 inhabitable houses (South China Morning Post, 1997).

The database contains 26 cases for which zero damaged buildings are specifically reported,
none of which contain details on economic losses, and 24 of which were directly retrieved
from the EID. Four of the 26 have numbers of destroyed buildings reported. Of the
remaining 22, three are reported to have affected infrastructure (one of which caused one
injury as well), and the remaining 19 are only associated with injuries in 17 cases and/or
deaths in two cases. The two deaths were reportedly caused by a landslide and a heart
attack allegedly attributed to the earthquake.

As mentioned earlier, Figures 2.15 and 2.16 gather information on the cases for which only
verbal descriptions were available: 948 earthquakes in the case of damaged buildings and
118 earthquakes in the case of destroyed buildings. There are five and one earthquakes
with verbal descriptions of damaged and destroyed buildings, respectively, that are not
depicted in Figures 2.15 and 2.16 due to their descriptions being too specific. These are four
cases in which a percentage of damaged buildings is given and two cases in which the
name of a village considered to have suffered damage/destruction to 100% of its buildings is
provided.

In Figure 2.15, the topmost nine descriptions (from “Widespread” until “Some”, inclusive)
refer only to quantities of buildings, while the rest make reference as well to the kind of
damage. It is clearly difficult to draw sound conclusions from verbal descriptions. However, it
is noted that, in general terms, the most negative wording (e.g., severe, serious, significant,
heavy, extensive, considerable, etc.) appears to be more commonly associated with larger
magnitudes than lower magnitudes, as would be expected. Of the 410 earthquakes for
which the description regarding damaged buildings is either “Non-structural”, “Limited” or
“‘Some, Minor” (which represent 43% of the total cases depicted in Figure 2.15), 97%
correspond to cases retrieved directly from the EID. It is interesting to note that, in general,
these three expressions—which correspond to translations from damage levels 1, 1-2 and 2
as per Table 2.4—are associated with the complete range of magnitudes, while “some,
severe” and “dozens”—damage levels 2-3 and 3—appear to cover the whole range as well
but become more dense for M>4.5, and there are only a few instances of “hundreds™—
damage levels 3-4 and 4—all with M>4.7.
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Figure 2.15. Descriptions of damage of damaged buildings as a function of moment magnitude for
the whole of the Database of Damaging Small-to-Medium Magnitude Earthquakes for which only
verbal descriptions were found (948 earthquakes). Green and lilac indicate events retrieved from the
EID and all other sources, respectively.

54



Somet @0 © © NURIEIREIEO O 1

Several

T
0]

©—0 @& -1

Numerous

Many

T

00000060 =

Hundreds

T
o
@

Dozens to Hundreds

T
®
|

Dozens o o0 @

A few : :
3.5 4.0 4.5 5.0 5.5 6.0
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the whole of the Database of Damaging Small-to-Medium Magnitude Earthquakes for which only
verbal descriptions were found (118 earthquakes). Green and lilac indicate events retrieved from the
EID and all other sources, respectively.

2.12.2. Infrastructure affected

The Database of Damaging Small-to-Medium Magnitude Earthquakes contains 177
earthquakes reported to have affected infrastructure, though it is noted that many sources
used for its compilation do not often report damage to infrastructure explicitly. It is therefore
possible that the number of earthquakes that have affected infrastructure may be larger.

Figure 2.17 shows the magnitude distribution of these 177 earthquakes. As can be
observed, around 75% of the cases correspond to events with magnitudes equal to or larger
than 5.0.
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Figure 2.17. Distribution of magnitudes of the 177 earthquakes from the Database of Damaging

Small-to-Medium Magnitude Earthquakes reported to have affected infrastructure. Direct, Retrieved
proxy, Calculated proxy as per description of Figure 2.8.
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2.12.3. Landslides and liquefaction

Figure 2.18 depicts the magnitude distribution of the 158 earthquakes in the database
reported to have caused landslides, rockslides, mudslides and/or snow avalanches. As in
the case of infrastructure, over 75% of these events had magnitudes equal to or larger than
5.0, which is consistent with the global database of earthquake-induced landslides compiled
by Rodriguez et al. (1999). A range of 577-871 deaths are associated with these 158
earthquakes, of which 339-393 deaths (45-59%) are attributed to the landslides themselves
while the rest reportedly had other causes. However, only around 21% of the 158
earthquakes are associated with landslide-caused deaths.
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Figure 2.18. Distribution of magnitudes of the 158 earthquakes from the Database of Damaging
Small-to-Medium Magnitude Earthquakes reported to have caused landslides, rockslides, mudslides
and/or snow avalanches. Direct, Retrieved proxy, Calculated proxy as per description of Figure 2.8.

The occurrence of liquefaction has been reported for only ten earthquakes in the database.
This is consistent with the findings of Green & Bommer (2019) regarding the smallest
earthquakes that cause liquefaction. These ten earthquakes are:

e 1903 Warrnambool (Australia, ML 5.30),

e 1989 Newcastle (Australia, M5.40),

e 1992 Milos (Greece, M5.19),

e 1992 Roermond (the Netherlands, M5.38),

e 1993 Pyrgos (Greece, M5.44),

e 1996 Epagny-Annecy (France, M4.80),

e 2002 Au Sable Forks (United States, M5.16),
e 2004 Garda Lake (ltaly, M5.07),

e 2009 Olancha (United States, M5.26), and

e 2010 Vitanovac/Kraljevo (Serbia, M5.52).
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As shown in Figure 2.19, all but one of these had magnitudes equal to or larger than 5.0.
The one case with magnitude smaller than 5.0, the 1996 Epagny-Annecy earthquake,
appears to have caused only small-scale liquefaction at one of the ends of the airport's
runway, in spite of the whole affected area being susceptible to liquefaction effects
(Dominique et al., 2008). It should be noted as well that there is lack of agreement regarding
the moment magnitude of this earthquake, with Dufumier (2002) estimating M4.80 and the
European-Mediterranean Seismological Centre (EMSC) and Bock (1997) reporting M5.30.
However, Dufumier (2002) state that the latter results from fixing the hypocentral depth to an
unrealistically shallow value, and results in the focal mechanism to be incompatible with the
local tectonics.
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Figure 2.19. Distribution of magnitudes of the 10 earthquakes from the Database of Damaging
Small-to-Medium Magnitude Earthquakes reported to have caused liquefaction. Direct, Retrieved
proxy, Calculated proxy as per description of Figure 2.8.

2.12.4. Casualties

Table 2.10 summarises the number of total deaths and injuries contained in the Database of
Damaging Small-to-Medium Magnitude Earthquakes. Lower and upper bounds emerge from
the existence of ranges of values, either because different values were found in different
sources or because they stem from an estimate made by NOAA. The total numbers were
obtained by considering all lower and all upper bounds simultaneously, which clearly
represents to unlikely extreme scenarios. In the case of injuries, descriptive words such as
“a few”, “some”, etc., were assigned ranges according to the criteria used in the NOAA
database (Table A1.1 of Appendix |). “Slight” and “minor” were considered synonymous with
“few”, and “several” was considered synonymous with “some”. Deaths attributed to heart
attacks were withdrawn from the results presented hereafter for the reasons discussed in

Section 2.6.
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As can be observed from Table 2.10, the whole database comprises a total of 2,307-3,125
deaths (excluding 87-88 heart attacks) and 33,718-46,940 injuries. As discussed earlier,
uncertainty is present in reported deaths and injuries of many earthquakes, usually more in
the latter than in the former. However, there is a particularly peculiar case worth of notice:
the 1966 M5.2 Tashkent (Uzbekistan) earthquake. Due to the secrecy with which the Soviet
Union treated information of this kind, the exact number of casualties due to this earthquake
was never known. While the official death toll was only of 8-15, some estimates go up to
figures as large as 5,500-7,500 (Gurenko & Dumitru, 2009; Hutchings, 1987; Sims, 2007).
However, as it appears that these numbers may include at least hundreds of people who
died from traumatic stress and heart attacks during the aftershock sequence (Geo-Storm,
2013; Fergana News, 2006; RIA Novosti, 2016), only the 8-15 deaths were considered in
Table 2.10 and all the plots and statistics that follow hereafter.

Table 2.10. Summary of casualties observed for the whole database, excluding heart attacks
attributed to earthquakes.

Without EID From EID All
Casualties
Lower | Upper Lower | Upper Lower Upper
Total Deaths 2,269 3,087 38 38 2,307 3,125
Injuries 32,210 | 44,429 1,508 2,511 33,718 | 46,940

Figures 2.20 and 2.21 show the frequency with which an individual earthquake was
associated with a specific number of injuries and total deaths, respectively, and reveal that
zero deaths and/or zero injuries (per earthquake) are by far the most frequent outcome. This
outcome is in agreement with Table 2.11, which classifies earthquakes into four mutually-
exclusive groups: earthquakes causing (1) no casualties, (2) no deaths but some injuries, (3)
some deaths but no non-lethal injuries, and (4) both deaths and injuries. As can be
observed, around 59% of the total number of earthquakes that make up the whole of the
database are not reported to have caused human casualties at all. The proportion is larger
for earthquakes taken directly from the EID (78%) than for those taken from elsewhere
(43%), which may be expected, given that earthquakes that have caused no casualties and
only minor damage are less likely to appear in sources other than the EID. In this sense, it is
noticeable that the proportion of earthquakes from the EID that have caused deaths is very
small, 2.6%, against 14% of the total, or 23% of the non-EID events. Table 2.11 shows as
well that the proportion of earthquakes that have caused no deaths but some injuries (27%
of the total, 33% of the non-EID events) is larger than the proportion of earthquakes causing
deaths (14% of the total, 23% of the non-EID events).
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Figure 2.20. Number of earthquakes in the Database of Damaging Small-to-Medium Magnitude
Earthquakes causing a particular number of injuries, lower (left) and upper (right) bound. The
horizontal axis has been truncated at 50 but values go up to 8,000, albeit with very low frequencies.
Number of earthquakes not shown due to this truncation: 86 (left) and 121 (right).
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Table 2.11. Classification of earthquakes according to the existence or not of associated
casualties(*).

Number of Earthquakes Percentage (%) of Earthquakes
. Without Without
Casualties EID From EID All EID From EID All

Low | Up |Low | Up | Low Up |(Low | Up |Low | Up | Low | Up

No deaths &
no injuries

No deaths &
some injuries
Some deaths &
no injuries

Some deaths &
some injuries

475 | 475 | 676 | 676 | 1,151 | 1,151 | 43.5 | 43.5 | 77.9 | 77.9 | 58.7 | 58.7

369 | 362 | 170 | 170 | 539 532 | 33.8 332 |19.6 |19.6 | 275 | 271

62 62 11 11 73 73 57 | 57 | 13 | 1.3 | 3.7 | 37

186 | 193 | 11 11 197 204 | 170 (177 | 13 | 1.3 | 10.1 | 104

(*) The existence of cases in which the number of earthquakes is larger for the case in which lower
bound values of deaths and injuries are used than for the case in which upper bound values are used
instead is not an error. It stems from the simple fact of having ranges of values and different conditions
applying to each of them. For example, the table reports 539 and 532 earthquakes that caused some
injuries but no deaths. The difference is due to seven earthquakes for which the number of total deaths
is reported as a range from zero to up to three, all of which have non-zero lower and upper bound
injuries. When upper bounds are considered, these seven earthquakes do not fall under this category
and are removed, but are included when lower bounds are used instead.

Analogous to Figures 2.12 and 2.13, the plots in Figures 2.22 and 2.23 depict the number of
injured and dead against magnitude for the whole of the database. As can be observed, very
few earthquakes with magnitudes smaller than 4.5 are reported to have caused over 50
injuries, and most cases of earthquakes with M<4.5 lye significantly below this value. The
same magnitude appears to mark a jump between earthquakes causing less or more than
10 total deaths. The increase in the number of casualties with magnitude is clear in both
figures. As for the case of damaged/destroyed buildings, the plots concerning earthquakes
retrieved from the EID should be interpreted considering their magnitude distribution and the
fact that earthquakes with larger consequences tend to be reported in other sources besides
the EID. Figure 2.24 shows the magnitude distribution of the earthquakes reportedly
associated with injuries (top) and deaths (bottom). As can be observed, the number of
earthquakes associated with either of the two increases with magnitude.

In view of this, it is of interest to go back to an observation made in Section 2.3 regarding
cases of moment magnitudes equal to or larger than 5.5 but reported as a truncated 5.5 by
the GCMT, as these would fall in the right-most bins of the plots in Figure 2.24. A set of 30
earthquakes that fall into this category was identified, with values of M derived from the
GCMT seismic moment in the range 5.55-5.59. If included, this set would add 41-47 deaths
and 837-1,763 injuries to the database. Except for one heart attack, almost all of these
deaths are attributed or likely due to structural failures. This example illustrates the potential
impact of the uncertainty in magnitude discussed in Section 2.3, particularly around the
upper bound of the magnitude range.
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Figure 2.23. Number of total deaths as a function of moment magnitude for the whole of the
Database of Damaging Small-to-Medium Magnitude Earthquakes (left), for the events taken from
EID (right) and elsewhere (centre). Zero values not shown (1,683-1,690 earthquakes with zero

reported deaths).

Some earthquakes reported to have caused relatively large numbers of injuries despite their
small magnitude are marked in the plots of Figure 2.22. These include:

e A M3.98 (proxy, ML.=mp=4.0) earthquake in Ecuador, which is reported to have
caused an unspecified number of minor injuries due to broken glass (El Telégrafo,
2011). This was translated into 50-100 injuries.

e A M4.08 (proxy, mpb=4.0) seismic event in Iran, reportedly associated with 56 to 75
injuries due to escaping in panic (22 reported hospitalised) and one heart-attack
death (Breaking The News, 2017; Iran Front Page, 2017; News.am, 2017),

e A M4.09 (proxy, mv=3.8-4.1) earthquake in Turkey, which is reported to have resulted
in “many” injuries associated with people fleeing their homes or jumping off balconies
or out of windows. According to Earthquake-Report (2013b), the fact that it occurred
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on the 14" anniversary of the Izmit earthquake is likely to have had an influence on
the reaction of the population. This “many” injuries were translated into 100-1,000.

o A M4.29 (+/-0.30, Wilks et al., 2017) earthquake that occurred in Ethiopia, for which
the EID reports 150 injuries but sources cited therein point only at 100, reportedly due
to a stampede at a university campus (Earthquake-Report, 2016).

e A M4.56 (proxy, mpb=4.5) earthquake in Guatemala, to which NOAA attributes an
estimate of 100-1,000 injuries.
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Figure 2.24. Magnitude distribution of the earthquakes with associated injuries (top) and total deaths
excluding heart attacks (bottom), considering lower- (left) and upper-bound (right) figures. Direct,
Retrieved proxy, Calculated proxy as per description of Figure 2.8.
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As can be observed, the numbers plotted in Figure 2.22 correspond to the assignation of an
estimated range in three out of these five cases. Based on the descriptions for the first and
third cases (Ecuador and Turkey), it seems likely that the numbers may have been
significantly smaller. The only case of the five in which the injuries are likely to have been
related to damage to structures is that of the earthquake in Guatemala.

Something similar occurs with the total number of deaths depicted in the plots of Figure
2.23, in which outlying cases of higher fatalities due to causes other than structural failures
are marked. As can be observed, they correspond to either landslides or the consequences
of damage to mines. There are ten cases of earthquakes with magnitudes equal to or
smaller than 4.4 with one reported death. Of these, five are either attributed or likely due to
structural failures, one is a death due to falling from a bridge, another one is due to running
out of the house, and two others are due to snow- or landslides, while the cause of the tenth
event is unknown.

The database contains three cases of upper-bound deaths equal to or larger than 200. One
of them is a M5.5 earthquake that occurred in Iran in 1925, with 500 reported deaths.
According to PAGER-CAT (Allen et al., 2009a), these were shaking deaths. As its moment
magnitude value has been converted from Munk=5.50, which was retrieved from the NOAA
database, it is possible that its actual moment magnitude may have been larger. Another
one is a M5.44 (proxy, Ms=5.00) earthquake that occurred in Peru in 1943, with 75-200
reported deaths due to unknown causes. The third one is a M5.44 (proxy, Ms=5.00)
earthquake that occurred in China in 1933, with 200 reported deaths, most of which were
possibly due to landslides. It is noticeable how the three are relatively old events. This
tendency for larger numbers of reported deaths to seem to be associated with older events
can be observed in Figure 2.25.
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Figure 2.25 Number of injuries (left) and total deaths (right) as a function of date for the whole of the
Database of Damaging Small-to-Medium Magnitude Earthquakes. Zero values not shown.
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Though more unlikely, it is still possible to identify earthquakes with magnitudes smaller than
4.0 associated with deaths, even if they are not part of the present database. A quite
outstanding case is that of the 2017 M3.9 Ischia (ltaly) earthquake, which caused extensive
damage, 39-42 injured, and the death of two people. Other earthquakes include the 2001
M3.2 Lorraine (France), the 2005 M.=3.7 and 2014 M.=2.3 South Africa, 2014 M.=3.1
Czech Republic and 2016 ML=2.6 Silesia (Poland) ones, reportedly associated with 1, 5, 9,
3 and 1 deaths, respectively. While all of the latter occurred in mines rather than buildings,
those of Ischia were attributed to structural failures. However, the disproportionately large
consequences of the Ischia earthquake appear to have resulted not only to unusually large
ground motions and site effects but also to the extreme vulnerability of the building stock
(see Appendix A4.13).

The causes of death were gathered and classified under ten categories:

e Landslides: movements of masses of soil, rocks and/or snow.

e Structural failures: the behaviour of structural and non-structural components (e.g.,
ceilings) when subject to ground shaking.

e Mines: treated separately from structural failures due to them involving a very specific
kind of structure.

e Falling objects/debris: falling plaster or bricks (fall of small fragments, as opposed to
the collapse of a brick structure), as well as other elements falling from shelves.

e Escaping: jumping off balconies and out of windows, running out of buildings, “panic
reactions”.

e Tsunami: named as a cause in only one case, that of a M5.49 earthquake that
occurred in Indonesia in 1967.

e Other: other rather unusual known causes. Examples: four intoxications due to the
collapse of chimneys due to the 1983 Liége earthquake, one construction worker who
died electrocuted when the scaffolding swayed and hit an electric post during an
earthquake in the Philippines in 1999, one death due to falling off a bridge during the
shaking generated by an earthquake in India in 2011, etc.

e Probably structural failures: cases in which the extent of damage reported suggests
that the most likely cause of death was damage to buildings, but no specific
statements have been found.

e PAGER shaking: cases categorised as shaking deaths by PAGER-CAT (Allen et al.,
2009a).

e Unknown: no causes were found and details on the extent of damaged deemed as
insufficient to be classified as “probably structural failures”.

Whenever it occurred that deaths were categorised as shaking deaths by PAGER-CAT
(Allen et al., 2009a) and it was also possible to make a similar inference from the reported
extent of damage, the deaths were assigned to the “probably structural failures” category.

Figure 2.26 shows the proportions of deaths attributed to each cause, while Figure 2.27
shows the proportions of instances of deaths instead (in both cases excluding heart attacks).

Instances are defined herein as a mention of a cause. Deaths attributed to a particular
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earthquake may be all due to one cause, which translates into one instance, or X different
causes, which translates into X instances. For example, if a single earthquake is reportedly
associated with ten deaths, six due to structural failures and two due to landslides, then
there are two instances associated with this earthquake. An alternative approach could have
been that of introducing a category labelled “more than one cause (per earthquake)’.
However, such a category would obscure the specific causes involved and it was thus
preferred to present results in terms of instances. It is noted that there are only 17 (lower
bound) — 23 (upper bound) earthquakes with more than one cause listed (23-30 if heart
attacks were considered), which implies that the difference between the total number of
instances and total number of earthquakes is 17-23.
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Figure 2.26 Causes of death for all total deaths excluding deaths attributed to heart attacks reported
in the Database of Damaging Small-to-Medium Magnitude Earthquakes (top) and for earthquakes
retrieved from the EID (centre) and all other sources (bottom), in terms of proportions of the number
of deaths. Lower- and upper-bound values shown on the left and right, respectively. Total number of
deaths (for the whole database): 2,307, lower bounds; 3,125, upper bounds.
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Figure 2.27 Causes of death for all total deaths excluding deaths attributed to heart attacks reported
in the Database of Damaging Small-to-Medium Magnitude Earthquakes (top) and for earthquakes
retrieved from the EID (centre) and all other sources (bottom), in terms of proportions of the number
of instances. Lower- and upper-bound values shown on the left and right, respectively. Total number
of instances (for the whole database): 289, lower bounds; 305, upper bounds.

As can be observed from the plots on the top of Figure 2.26, structural failures account for
14.4 to 16.5% of the total number of deaths, with an additional 14.0-15.2% probably due to
the same reason, and 29.2-37.8% identified as shaking deaths by PAGER-CAT (Allen et al.,
2009). If the deaths classified as “probably structural failures” and “PAGER shaking” were,
indeed, due to structural failures, the latter would account for 59.7-67.4% of the total number
of deaths. Proportions change slightly when considering number of instances of causes of
death instead of number of deaths, as in Figure 2.27. The participation of causes such as
falling objects/debris, escaping and others acquire somewhat greater prominence. This
suggests that these causes tend to be associated with fewer deaths per instance than
landslides or damage to mines, which is expected.
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Given that most deaths are associated with earthquakes not retrieved from the EID (see
Table 2.10), the proportions stay relatively stable when only the latter are considered, both
in terms of number of deaths (Figure 2.26) and number of instances (Figure 2.27). They do
change significantly for those earthquakes retrieved from the EID, though, with only a total
31.6% of the deaths (37.5% of the instances) attributed to structural failures or likely
structural failures. It is noted, however, that the earthquakes retrieved from the EID
represent only 38 deaths and 24 instances, quite low numbers to be statistically sound.
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3. STRUCTURE OF CASE HISTORIES

In Appendices lll and IV of this report, numerous case histories of damaging earthquakes
are described in some detail. In this Chapter, the information presented for each earthquake
case history is briefly described together with an explanation of why the information is
relevant to the objectives of this study.

3.1. Tectonic and seismic setting

This section introduces the geographical setting of the earthquake in terms of the tectonics
of the region and the characteristics of the natural seismicity, if any, of the area affected by
the earthquake.

3.1.1. Tectonic setting

The tectonic setting of the earthquake is noted in simple terms such as whether the event
occurred in an active or stable region, and providing a brief description of the tectonic
structures present in the area of the earthquake. The location and characteristics of any
well-known faults are noted. The local stress field, if known at all from focal mechanisms or
other sources, is reported; this is of particular relevance for those cases reported as being
induced or triggered by anthropogenic activities.

3.1.2. Regional and local seismicity

The previous seismicity in the immediate vicinity of the earthquake, as well as in the broader
region, is summarised. Here again the information is to provide context for the reported
event, since in an active of elevated seismicity it is less likely that a moderate magnitude
earthquake would attract much attention or be reported. Moreover, in a seismically active
area, building practices are likely to take some account of seismic loading thus reducing the
likelihood of damage from smaller earthquakes. On the contrary, events—particularly
induced earthquakes—that occur in seismically quiet areas are more likely to affect
vulnerable building stock and to be considered worthy of reporting.

3.1.3. Seismic hazard

A summary of existing seismic hazard assessments for the area, region or country where
the earthquake occurred fulfils a similar role of providing context. Seismic hazard studies
and seismic zonation maps are published for most parts of the world now, and wherever
such information can be retrieved it should be reported. In addition to stand-alone seismic
hazard maps, another source of relevant information are national building codes where
these include specifications for seismic design loads.

For ease of comparison, however, it is valuable to also include the hazard estimates
provided in regional maps such as that produced for Europe in the SHARE project
(Woessner et al., 2015), and global studies such as GSHAP (Giardini et al., 1999). While
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this provides global coverage, some caution should be applied since the map was compiled
from various national and regional studies of varying quality. Moreover, some areas were
not covered by these studies, such as the United Arab Emirates, and in order to fill these
gaps some interpolations and extrapolations were made that may have resulted in very
unreliable hazard estimates (e.g., Aldama-Bustos et al., 2009).

3.2. Earthquake source characteristics

This section presents the basic features that characterise the earthquake and which are
essential for its interpretation.

3.2.1. Location, depth and time

The location of the earthquake is defined by the geographical coordinates of the epicentre
and the focal depth reported in kilometres below the Earth’s surface. Estimates of these
parameters are generally be available from multiple sources, including national, regional and
global seismological agencies. The latter category includes the USGS and the ISC, the latter
providing source characteristics about two years after the occurrence of each event but
using more data and generally providing more reliable estimates. Additionally, there may be
estimates provided in special studies of the individual earthquake. All of the relevant
estimates are reported, together with their source, in the form of a table as well as a map
together with the affected locations.

The parameter that is generally most difficult to constrain is the focal depth, for which it is
necessary to have recordings from nearby seismographs. For this reason, a local network
may often provide the most reliable estimate of the focal depth even if the other source
parameters are more reliably determined by regional or global agencies. It is common to find
focal depths reported as 5, 10 or 33 km—without associated errors—which reflects the
practice of constraining the depth to one of these values in order to obtain convergence in
the location calculations. These values are not reliable indicators of the depth at which the
earthquake occurred. For larger earthquakes in which the fault ruptures through the full
depth of the seismogenic crust, the significance of the focal depth is relatively minor, but for
small-magnitude earthquakes where the rupture dimensions are small in comparison to the
seismogenic thickness, the depth can be a controlling factor in the nature of the surface
motions.

The origin time of the earthquake is presented in both UTC and local time, the former (which
is equivalent to GMT) being the global standard for reporting earthquakes. Local time is also
important, however, for interpreting the impact of the event, especially since the number of
casualties will be related to where the population is located, and may be more numerous at
night for example, particularly in those cases where damage was experienced mainly by
dwellings. This is discussed further in Section 3.6.3.
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3.2.2. Magnitude

The basic measure of the strength of an earthquake, in terms of the total seismic energy
radiated from the source, is the magnitude or the seismic moment. Magnitudes may be
reported by several agencies and also on multiple scales, including local (or Richter)
magnitude, ML, and its variants based on the length of the signals, coda magnitude, MC,
and duration magnitude, Mp. These measures are commonly available for small
earthquakes that are only recorded by local or regional seismograph networks. In some
cases, regional and global agencies also report magnitudes on teleseismic scales such as
body-wave magnitude, mp, and surface-wave magnitude, Ms. The best indication of
earthquake size is generally considered to be seismic moment, Mo, which may be converted
to moment magnitude, which is represented by the symbol M or Mw (the former being strictly
more correct for smaller earthquakes). All of the magnitude values reported for the
earthquake in terms of M, mp, Ms and ML by relevant sources are reported, again in tabular
form.

No attempt has been made to homogenise the magnitudes of the different case histories.
The moment magnitude value used to characterise the earthquake (for example, in the title
of each report) has been selected based on the relevance of the different sources for each
particular earthquake and discussions found in the literature regarding their precision and
credibility.

3.2.3. Style-of-faulting

Should centroid moment tensor (CMT) of fault plane solutions be available for the
earthquake, these are clearly reported. Although it is now common practice to include style-
of-faulting in predictive equations for tectonic earthquakes (e.g., Bommer et al., 2003), the
significance of style-of-faulting on the resulting motions from small-magnitude earthquakes
has not been clearly established. However, knowledge of the style-of-faulting—and if known,
the strike, dip and rake of the fault rupture—is useful for placing the earthquake in the
context of the tectonic environment and the inferred causes of the event.

3.2.4. Stress drop

Inversions of the Fourier amplitude spectra of earthquake recordings can be used to
estimate the source, path and site parameters that characterise the attenuation source
spectrum defined according to a model such as that of Brune (1970). These parameters
include the stress parameter, Ao, often—and not entirely correctly (Atkinson & Beresnev,
1997)—referred to as the stress drop. The value of the stress parameter is an indicator of
the strength of the high-frequency radiation from the source (Figure 3.1). Since the
parameters estimated from such inversions are invariably subjected to various trade-offs
(e.g., Edwards et al., 2008), the extraction—and even more so, comparison between one
inversion study and another—of individual parameter values requires some caution.
However, whenever the stress drop has been estimated, it is reported given its implications
for the strength of the resulting ground motions. This is particularly relevant for induced
seismicity, since a number of studies have suggested that shallow earthquakes—both
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induced and tectonic—tend to be associated with lower than average stress drops (e.g.,
Allen, 2012; Hough, 2014).
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Figure 3.1. Fourier amplitude spectra of acceleration for earthquakes of M 6.5 and 7.5 and two
values of stress drop (Boore, 2003)

3.2.5. Foreshocks and aftershocks

The document notes any felt foreshocks and aftershocks. When possible, the locations are
shown on a map. The primary reason for identifying felt foreshocks is that such events can
prompt evacuation of buildings that results in fewer casualties when the main event strikes.
The interest in aftershocks stems from both the possibility that these may compound any
damage from the main shock and the fact that any prolongation of the disturbance is more
likely to make it worthy of attention and reporting. Both foreshocks and aftershocks are
useful to constrain the source location of the main shock, and to delineate the causative
fault.

3.2.6. Nature of earthquake

In this section, we simply note whether the event was natural (i.e., of tectonic, or possibly
volcanic, origin) or whether it was reported to have been induced or triggered. The report
does not attempt to make the discrimination between events of natural and anthropogenic
origin—following published guidelines such as those proposed by Dahm et al. (2013)—but
rather accept on face value the conclusions made in the available reports. However, in those
cases where the classification has been controversial, this is noted.
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3.3. Geology and ground conditions in the affected area

The geological context of the earthquake is summarised very briefly, the focus being
primarily on how this may influence the effects of the earthquake rather than its bearing on
the origin of the earthquake; the latter is already addressed in Section 3.1.1.

3.3.1. Regional geology and topography

The general geological setting of the earthquake location and the affected areas is briefly
described. If there are well-known faults mapped in the area, these are noted—and shown in
map form where possible—with a note as to whether any role of these structures in the
event has been inferred. The key features of interest, however, are the general age and
nature of the local geology and the setting of the affected areas (e.g., valleys, mountainside,
plains, etc.). These factors are significant since they can influence both the nature and
intensity of the ground shaking (Section 3.4) and can lead to collateral hazards triggered by
it (Section 3.5).

3.3.2. Site conditions in the affected area

In addition to noting the general geological and topographical setting of the earthquake, this
section focuses specifically on the nature of the surface materials in the affected areas. This
is important because of the influence of the site conditions—whether hard rock or deep
layers of soft soils—can have on the nature of the ground motions. The subsequent
interpretation of the earthquake effects is greatly enhanced when the recorded motions
and/or the structural damage can be related to the near-surface geo-materials.

If the descriptions of the near-surface deposits in the vicinity of the epicentre and/or the
affected areas indicates the presence of sand deposits, whether at the surface or at some
depth, this is noted, together with any available information regarding the depth to the
phreatic level (water table). The key interest here is related to liquefaction, since it has been
raised as a potential hazard in the Groningen field. Reporting of liquefaction from small-to-
moderate magnitude earthquakes is rather rare (e.g., Holzer et al., 2010) hence a very
useful by-product of this database may be ‘negative evidence' regarding liquefaction
triggered by such earthquakes. If in this section the presence of potentially liquefiable
deposits is recorded but no liquefaction is reported (Section 3.5.3), then this may be
interpreted to indicate that either liquefaction did not occur or else that the impact of any
liquefaction was sufficiently small to pass unnoticed.

3.4. Ground motions
Damage due to earthquake shaking reflects that the seismic demand (i.e., strength of the
shaking) exceeded the seismic capacity (or resistance) of the exposed buildings. Damage

may therefore occur under low levels of shaking if the affected buildings are exceptionally
susceptible, just as damage to buildings of high seismic resistance would be indicative of
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very intense shaking. Therefore, meaningful interpretation of damage reports is greatly
enhanced by information regarding the strength and nature of the induced shaking.

3.4.1. Intensity observations

Macroseismic intensities are reported, whether these are just mentions of values at specific
locations, mapped intensity data points (IDP) or isoseismal maps. The origin of such
macroseismic data is clearly identified since practices related to the assigning of intensities
varies greatly from country to country and from agency to agency, and these procedures
often diverge appreciably from what might be considered good practice as defined, for
example, by Musson & Ceci¢ (2002). There have even been cases of authors of reports on
a single earthquake documenting their divergent views on the assessment of intensity (e.g.,
Sargeant et al., 2008; see Folkestone earthquake in Appendix 4.9).

The scale on which the intensities have been defined is also recorded since there are subtle
differences among the various scales in use globally. Even if most of the 12-point scales are
broadly comparable in their definitions, it has been found that some tend to yield different
results in their application, particularly the MCS scale widely used in Italy (Musson et al.,
2010). In view of such differences, no attempt is made to convert intensity observations to a
common scale in the database; each data set is reported in the scale in which the original
assessment was made.

While macroseismic intensities determined from a combination of field surveys and
questionnaires distributed among the population are ideal, these are not always available. In
these cases, the ShakeMaps (Worden et al., 2017) elaborated by the USGS become
particularly useful for gaining some understanding on the intensities that might have been
experienced. However, ShakeMaps should be interpreted with caution, as they combine
information coming from: (i) Did You Feel It? (DYFI) questionnaires, i.e., online
macroseismic questionnaires spontaneously filled in by the public when they have felt an
earthquake, and from which intensity is inferred; (ii) macroseismic intensity questionnaires or
specific macroseismic studies, particularly for older earthquakes; (iii) conversion of
instrumental ground motion into intensities at stations where the earthquake has been
recorded; (iv) ground motion and intensity prediction models. Whenever there is not enough
data in terms of the first two or three sources, the ShakeMap is dominated by predictive
models and, thus, does not necessarily represent observed effects. When showing
ShakeMaps in this section, as much information as possible is provided so as to understand
the quality of the intensity estimates.

3.4.2. Ground motion recordings

Clearly, the best possible insights that can be obtained regarding the nature of the ground
shaking are obtained from accelerograph recordings. If such instruments were installed and
operational in the affected areas, the characteristics of the recorded motions are reported
together with as much information as possible regarding the locations of the recording
instruments and the site conditions at those locations. The proximity of the recordings to
both the earthquake epicentre and to the areas where damage is reported to have occurred
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is a key piece of information in this regard. Whenever possible, this information is
summarised on a map.

When accelerograms can be accessed, acceleration histories as well as response spectra
are calculated and presented, but failing this any published plots of acceleration and velocity
time-series and response spectra are reproduced in the report, as well as any comparisons
against relevant ground motion prediction models.

3.4.3. Inferred shaking levels

In the absence of any recordings of ground shaking in the epicentral region, there is a
temptation to infer levels of ground shaking. One option would be to use empirical
correlations between macroseismic intensity and instrumental ground-motion parameters to
infer values of PGA, PGV and even spectral accelerations from the intensities (Dangkua &
Cramer, 2011; Worden et al., 2012). However, the uncertainties associated with such
correlations is such as to render the results of limited value and very possibly to make them
misleading. This is particularly the case when the correlations of intensity and ground-motion
parameters have been derived using recordings of larger magnitude earthquakes. For this
reason, this approach has not been followed herein.

Other options for inferring ground-motion levels include ShakeMap approaches (Worden et
al., 2017) and the application of GMPEs judged to be applicable to the region and
magnitude range of the earthquakes. All such practices are subject to great uncertainty and
with the possible exception of a well-established (and hence well calibrated) local ShakeMap
facility, are likely to yield results of limited value. Nevertheless, ShakeMaps in terms of peak
ground acceleration are included in the reports when available, acknowledging that their
limitations are related to the origin of the information and their associated uncertainties, as
described in Section 3.4.1, with the additional issue that DYFI and macroseismic intensity
points need to be converted into PGA using a conversion model.

In some cases it has been possible to find acceleration histories derived from physical
modelling of the source and rupture process and these have been included in the reports,
together with any inferences on ground shaking made by others, including a brief
explanation of how these inferences were made.

3.4.4. Duration of ground shaking

For both the assessment of damage to structures that experience degradation of strength
and stiffness under cycling loading (e.g., Bommer et al., 2004) and the assessment of
liquefaction hazard, the duration of the ground shaking is an important parameter.
Therefore, reports of the duration of shaking are a useful addition to the case history and are
included when available. However, it is only when these have been directly calculated from
recordings that they hold their greatest value, as reports based on subjective experiences of
the shaking tend to exaggerate its length. Given how many definitions of duration have been
proposed and how different are the results that these can yield even from a single
accelerogram (Bommer & Martinez-Pereira, 1999), the definition of duration is clearly stated.
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Where possible, data on the duration of shaking observed during the seismic event under
study is compared with the significant duration predicted by the models of Bommer et al.
(2009) and Afshari & Stewart (2016). As described by Bommer et al. (2009), the significant
duration of a waveform is defined as the time lapse between the instants at which the
release of certain specified values of Arias intensity is attained. These values are, most
commonly, 5% and 75%, or 5% and 95%, the former being more representative of the
energy from the body waves, and the latter corresponding to the full wave train. The 5-75%
of Arias definition is used in the case histories, and estimations are provided irrespective of
whether measured values are available or not.

3.5. Collateral earthquake hazards

While the primary focus in this study is damage due to ground shaking—since this is
generally the main cause of building damage (Bird & Bommer, 2004) and is also expected to
be the primary hazard in Groningen—it is worthwhile giving brief consideration to other

earthquake hazards (Figure 3.2). Some of these—in particular liquefaction in the case of
Groningen—could pose a threat to infrastructure and lifelines (Bird & Bommer, 2004).
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Figure 3.2. Potentially damaging earthquake effects (rectangles) associated with earthquake
processes (ellipses). From Bommer & Boore (2004).

Amplified ground shaking is already covered by Sections 3.3.2 and 3.4. Clearly the
possibility of tsunami hazard in the Groningen field can be safely dismissed and it is well
established that the magnitude threshold for tsunamigenic earthquakes is larger than the
upper limit of 5.5 considered in this review. However, the other collateral hazard are worthy
of consideration and these are briefly discussed in the following three sub-sections.
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3.5.1. Surface rupture

If the fault rupture associated with an earthquake reaches the Earth’s surface, the resulting
offsets can pose a very serious threat to any structures straddling the fault trace, particularly
if the offset is vertical. However, the probability of surface rupture associated with
earthquakes in the magnitude range covered by this study is rather low (Figure 3.3) hence
this hazard is not reported very often for the earthquakes studied herein. Even in those rare
cases where such surface expression of the faulting was noted, it is possible that the actual
displacements may be sufficiently small to not necessarily pose a particularly onerous
threat. Nonetheless, for each earthquake in the database it is noted whether or not any
surface rupture was reported and, in any cases where this phenomenon was observed, if it
contributed to the reported damage. The observation of ground fractures is also reported in
this section, even if not directly related to the fault rupture.
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Figure 3.3. Probabilities of surface rupture as a function of earthquake magnitude. From Youngs et
al. (2003).

3.5.2. Landslides

Earthquake-triggered landslides can lead to additional damage if they affect the foundations
of any structures located on the slope that becomes unstable or if they impact on or bury
structures located downslope from the instability. Given the very flat landscape in the
Groningen region—and indeed in the whole of the Netherlands—Ilandslides are not expected
to be a relevant hazard. Therefore, any damage or casualties that were associated with
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landsliding can be noted as examples of events that would not be expected to manifest in
Groningen.

Overall relatively few landslides would be expected from earthquakes in the magnitude
range of interest to this study (Figure 3.4) but this does not mean that they are impossible.
Indeed, given that landslides can and do occur under static conditions, the lower bound
magnitude of earthquakes that could trigger slope instability is likely to be rather small,
provided that the geotechnical and hydrological conditions in the slope were sufficiently
unfavourable. In summary, any landslides associated with the earthquake are reported, with
as much information as possible regarding their location, size, run out or volume, and the
material in the slide as well. Any damage directly associated with landslides is clearly
documented. Otherwise, this section simply records the absence of such reports.
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Figure 3.4. Areas affected by landsliding as a function of earthquake magnitude. From Rodriguez et
al. (1999)

3.5.3. Liquefaction

This section records any observations of liquefaction and, should such cases be
encountered, the nature of any damage attributable to liquefaction. For those earthquakes
where the presence of potentially liquefiable soils was noted (Section 3.3.2), the absence of
liquefaction reports may also be noted since this contributes useful data for the
characterisation of liquefaction hazard in the Groningen field.

3.5.4. Settlements

Another possible effect of ground shaking on soil deposits is the further compaction of
different strata. Uneven settlements below a certain structure can lead to damage as a
consequence of the stresses developed in the structure when accommodating such relative
displacements. Foundation settlements can result from liquefaction, but also from simple re-
accommodation of the soil layers and/or deformation of underground structures such as coal
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mines. Whenever reported, information regarding observed settlements is included in this
section.

3.6. Exposed population

This section presents the main characteristics of the population that was exposed to the
seismic event under consideration.

3.6.1. Socio-economic setting

The socio-economic conditions of the population of a certain region can exert a significant
influence on the quality of construction of buildings and infrastructure. In prosperous regions
and countries, people and authorities tend to carry out appropriate maintenance work, which
is sometimes poor or even non-existent in under-developed areas. Further, other needs
such as water, employment or security generally take precedence over seismic safety in
poor regions. The socio-economic setting can thus end up controlling the vulnerability of the
building stock and, by extension, whether it represents or not a threat to life. Nevertheless,
the relationship between prosperity and maintenance can be far more complex than this. It is
not uncommon to find less well-maintained buildings in prosperous regions with low
seismicity, simply because of the lack of awareness that not being exposed to high levels of
hazard can entail. This latter factor can be of particular relevance for putting the influence of
socio-economic settings in context when studying regions of low natural seismicity like the
Netherlands.

Defining the socio-economic setting is not a trivial task. For the sake of simplicity, the
Human Development Index (HDI) and the Inequality-adjusted Human Development Index
(IHDI) are the two main indices used herein as main indicators. The HDI is a composite
statistic that combines indicators of life expectancy, education and per capita income. Its
inequality-adjusted version takes into consideration inequality in these three indicators
among the population. In addition to these, a brief description regarding the economic
development of the region is provided, including data such as gross domestic product (GDP)
per capita and unemployment rates.

3.6.2. Population density and distribution

Interpretation of the impact of an earthquake obviously depends on the number of people
and buildings exposed to the strong ground shaking. The distribution of the population and
population density need not only be described in broad regional and epicentral terms but
also, and more importantly, in terms of occupancy of the different building typologies within
the affected areas. If the majority of the population lives and works in modern buildings
constructed using a modern seismic design code, it is possible that the number of casualties
observed would be less than if the population was concentrated within old pre-seismic-code
constructions. However, this information is seldomly available for small-to-medium
magnitude earthquakes and, thus, this section focuses on describing the population density
in simple terms that provide sufficient context to understand the level of exposure to the
earthquake.
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The main sources of data for this section are, consequently, national and regional censuses,
as well as global data sets of population distribution such as Gridded Population of the
World (GPW; CIESIN 2005; CIESIN 2016). In some cases, specific journal publications or
technical reports can contain information on the exposed population as well. Where relevant,
information regarding population density and distribution is presented on a map.

Whenever available, the number of people estimated to have been exposed to different
macroseismic intensities according to the EXPO-CAT catalogue of human population
exposure Allen et al. (2009b) is also reported. It is highlighted, though, that these numbers
are not observations but estimations based on intensity prediction equations and models for
population distribution.

3.6.3. Time of day of earthquake

The time of the day at which an earthquake occurs has a large influence on the number of
people exposed within building typologies of varying vulnerability. For example, it is broadly
recognized that the 2011 Christchurch earthquake could have caused many more casualties
had it occurred during the daytime, as most of the buildings that collapsed were located in
the business district of the city (e.g., Galloway et al., 2014). By contrast, the opposite was
true in the case of the 2003 Bam earthquake, which also occurred during night time but
during which residential buildings were heavily damaged and thus a high number of
casualties was observed (lbrion et al., 2015). Further, climate and seasons can have an
analogous effect, with warm pleasant weather encouraging more people to be outside and,
therefore, less exposed to structural failure, or holiday periods resulting in low occupancy of
industrial buildings and offices. This information is relevant for understanding whether a
large/small number of dead or injured people is due to the characteristics of the seismic
event and the exposed building stock, or to the daily and seasonal variation of occupancy of
the different structures.

3.7. Characteristics of exposed building stock
A description of the buildings exposed to the seismic events under study is provided herein.
3.7.1. Seismic design codes

Whether the building stock has been designed to some seismic code or not has a significant
influence on the level of damage to be expected during a seismic event. Structural
engineering practice evolved during centuries from not explicitly considering any kind of
seismic load, to prescribing that buildings should be able to resist a lateral load equivalent to
a pre-established percentage of its own weight, to developing proper seismic design codes
based on more advanced knowledge of hazard and structural dynamics. The latter only
became common practice in the second half of the twentieth century. This means that a very
large proportion of the building stock worldwide has not been designed following a seismic
code and, therefore, can be found to be relatively vulnerable to seismic actions. Relevant
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exceptions to this conclusion are those regions for which strong winds have always
represented a significant hazard: buildings in these areas can be found to be able to
withstand low-to-moderate levels of ground shaking due to their lateral load resistance
coming from wind design considerations. All this is particularly relevant for the case of the
Groningen field, a region with a low level of natural seismic hazard but constant relatively
strong winds. However, the existence of seismic design codes does not necessarily
translate into safe buildings, for lack of official governmental control of code-compliance can
be a fundamental failure in the seismic design process and contribute significantly to the
vulnerability of the building stock, as pointed out by Gulkan (2000).

Determining whether the status of the building stock exposed to the seismic events under
study is comparable to that of the Netherlands in terms of the implementation of seismic
design codes and exposure to other kinds of hazard is relevant to understanding to what
extent the consequences observed for these events could be expected in the Groningen
field.

3.7.2. Building typologies

Not all buildings are expected to behave in the same way during a seismic event.
Combinations of different factors such as types of materials, geometry and construction
quality, will lead to buildings with different degrees of vulnerability and different
replacement/repair costs. This sub-section contains detailed descriptions of the building
typologies present at the time of the seismic events under study, at the site of interest. This
information is used to understand if the building stock of the Netherlands is comparable to
that of the events in the database in terms of vulnerability, which will dictate the level of
damage to be expected.

Numerous building taxonomies (i.e., building classification schemes) have been proposed
and used to describe building stocks in different countries and at different points in time.
HAZUS (FEMA, 2003), EMS-98 (Grunthal, 1998), the World Housing Encyclopedia (EERI,
2000), and the GEM Building Taxonomy (Brzev et al., 2013) are only some of the many
examples. Damage statistics are directly related to the taxonomy used, as the percentages
of buildings in each damage state will normally be sub-classified according to each building
type, and damage scales may be specific to the typology. Given the difficulties that trying to
re-classify buildings starting from a certain taxonomy entails, the original data being usually
inaccessible, the exposed building stocks are characterised in this section as found in the
literature.

3.7.3. Prior damage and retrofit

When describing the characteristics of the exposed building stock, it is not only relevant to
include information on the buildings as they were designed, but also to understand if that
original design has been strengthened by some degree of retrofit or weakened by un-
repaired prior damage or lack of maintenance. This is very difficult to assess in many cases,
though there are others in which such observations were made by those carrying out the
field study after the earthquake. Whenever available, this information is reported herein.
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3.8. Damage observations

This section, together with the upcoming one, are the core of the present study. All the
information gathered in previous sections acquires a more significant meaning in light of the
consequences of the events being described. Damage to the exposed building stock is
extensively described herein, with the aim of achieving a comprehensive understanding of
the impact of these small-to-moderate earthquakes and the factors contributing to the extent
of their consequences.

3.8.1. Damage states

The damage state of buildings affected by seismic events is better described by means of
standardised damage scales, such as the European Macroseismic Scale (EMS-98;
Grlnthal, 1998), FEMA 356 (FEMA, 2000) and HAZUS (FEMA, 2003), just to name some. It
is not unusual to find publications from older events that do not report damage levels directly
but describe the severity of the shaking by means of macroseismic intensity scales such as
the Medvedev-Karnik-Sponheuer (MSK; Musson & Ceci¢, 2012) scale, the Mercalli-
Cancani-Sieberg scale (MCS-1930; Sieberg, 1930) and the Modified Mercalli scale (MMI;
Musson & Ceci¢, 2012). If no detailed information is available, macroseismic intensity can
be used to infer the level of damage.

Depending on the location and date of the events under study, information is available in
terms of one scale or another. In view of the potential drawbacks of converting reported
damage from one scale to a different one, no attempt has been made to carry out such
conversion. As in the case of Section 3.4.1, damage state data is reported in the scale in
which the original assignment was made. Sufficient description of the scale used is
provided, so that the meaning of each damage state can be fully understood from the
contrast against the whole range of damage states covered by the scale.

Immediately after a damaging earthquake has occurred, it is common practice that trained
engineers carry out a visual inspection of the building stock in order to determine the degree
of habitability of each structure. This is indicated by means of a colour tag, which can be
green, yellow or red, each symbolizing unrestricted, restricted and no access, respectively.
A green tag is assigned to a structure that has either not suffered any damage or has
suffered only from minor superficial damage. A yellow tag indicates that significant actions
need to be put in place for the building to be fully inhabitable again but that, until that occurs,
occupants can access it briefly to gather essential belongings, and technicians and
engineers can access it to carry out the reparations. Finally, a red (or sometimes black) tag
is assigned to those structures which have suffered extensive damage and are at risk of
imminent collapse.

The European Macroseismic Scale (EMS-98; Grunthal, 1998) classifies damage into five
grades, defined separately for masonry and reinforced concrete buildings. The Medvedev-
Sponheuer-Karnik scale (MSK-64; Medvedev et al., 1965) scale defines five grades as well,
though these are defined without consideration of the structural typologies. Detailes on
these two damage scales and on the relationship between macroseismic intensity levels and
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damage to buildings for the two and for the Modified Mercalli Intensity scale are provided in
Appendix Il of this report.

3.8.2. Damage statistics and description

The proportion of buildings that can be assigned to each damage state are reported here.
Due note is taken of whether the damage observed was caused directly by ground shaking
or if it was a consequence of collateral earthquake hazards such as those listed in Section
3.5. Given that landslides are not expected to represent a significant hazard in Groningen,
while liquefaction could be, and other forms of collateral hazards may be totally discarded in
the Groningen field, this distinction is of great relevance for the present study.

It is noted that the proportion of the total building stock that is damaged during an
earthquake is often not reported. Nevertheless, an effort has been made to describe as
thoroughly as possible the damage observed as well as to convey the extent of the impact of
the earthquake in the affected area.

Apart from specific publications that can exist reporting the consequences of each seismic
event in the database, relevant sources of information for this section are the International
Events Database (EM-DAT), the Significant Earthquake Database of the National Centers
for Environmental Information of the National Oceanic and Atmospheric Administration
(NOAA) of the United States, the PAGER-CAT losses database of Allen et al. (2009a), and
the descriptions found in the USGS catalogue and the ISC Bulletin.

As reports on damage in terms of statistics and damage scale cannot always be found, this
section is used as well to qualitatively describe the damage observed. Even in the cases
where statistics are available, qualitative descriptions are relevant to convey more details
regarding the consequences of the earthquake and an encompassing picture.

While for many of the case histories information on damage is scarce, for some others the
opposite is true. It should be noted that, in those cases, a summary of the most relevant
findings is presented herein.

3.8.3. Observed weaknesses

In those cases for which information regarding specific structural weaknesses that might
have had a significant influence on the extent of damage observed is available, this
information is included herein. Structural weaknesses to be considered include, but are not
limited to, soft-storeys (i.e., the stiffness of one storey being significantly lower than the
others), vertical and horizontal irregularities, insufficient width of seismic joints leading to
pounding of neighbouring buildings, short-column effects (i.e., columns with shorter effective
heights than others in the structure, and consequently more prone to shear failure), lack of
verticality of walls, lack of anchorage of facades, out-of-plane failure of unreinforced
masonry walls, inadequate confinement of reinforced concrete members, and corrosion of
reinforcement. In addition, special attention is paid to damage of non-structural components
such as chimneys and parapets, which are commonplace in ordinary buildings in the
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Netherlands, in view of the potential threat these elements can pose to human life. The
influence of eventual systematic weaknesses on the damage observed for a specific event
needs to be accounted for when interpreting the possible extrapolation of consequences
from earthquakes of the database to the case of the Groningen field.

3.8.4. Damage distribution

The geographical distribution of physical damage caused by the seismic event is reported
here, in the form of a map when sufficient data are available. Due note is taken of cases in
which a concentration of damage was observed within a certain area, identifying, where
possible, the reasons for such trend. For example, if more extensive damage was observed
in structures located over a hill than in those of similar characteristics located at a similar
distance from the epicentre but on a plain, the influence of topographic effects may be
suspected. Furthermore, even though there is still some controversy around the question of
whether small-to-moderate magnitude earthquakes can be associated to directivity effects, a
number of recent publications has shown that there is evidence of high frequency directivity
for moderate magnitude earthquakes (e.g. Chen et al., 2014; Boatwright, 2007). No attempt
has been made to study the potential directivity effects of the earthquakes in the present
database, but note has been taken of those cases for which bibliographical sources suggest
their existence.

3.9. Casualties and losses

As the primary focus of this study is life safety, this is one of the core sections of the present
study. The number and causes of casualties, as well as estimates of the overall economic
losses, are provided. Relevant sources are the same as those used for the description of
damage to buildings.

3.9.1. Numbers of dead and injured

The number of people who died or were injured by the seismic event is reported here,
ideally related to building typologies and their damage states, or to any other relevant
context, though this information is seldom available. These numbers should be interpreted
jointly with the causes reported in the next sub-section.

3.9.2. Causes of casualties

The causes of the observed casualties are fundamental to understanding what sort of
intervention would be needed to reduce the induced seismic risk in the Netherlands, if any.
As a first step, it is established whether the casualties were a direct consequence of ground
shaking or of a collateral hazard such as landslides or surface ruptures, or, even further, if
they were due to subsequent physical and/or emotional trauma triggered by the stress and
panic caused by the seismic event. Within those caused directly by ground shaking, it is
then further determined if they had their origin in the severe structural damage or collapse of
specific structural typologies, or if they were the consequence of non-structural elements or

83



equipment moving or falling. The first case would suggest the possible need for some kind
of structural intervention in the building stock, while the latter would indicate that attention
should be focused more on non-structural components than on structural ones.

3.9.3. Estimates of economic losses

Estimates of economic losses made by others are reported here, and no attempt is made to
make new estimates. Monetary values are given, in most cases, as originally calculated at
the time of the event, though it is not always possible to be certain of what the sources
themselves are reporting, especially when new papers and studies are published regarding
older earthquakes.

Ideally, the overall economic losses should be subdivided into material losses (i.e., repairing,
rebuilding, etc.), downtime losses (i.e., losses due to the period of time in which industries
and businesses of the region affected by the seismic event could not continue normally with
their economic activities) and losses due to the "value of life" (i.e., the economic value
assigned to fatalities). However, this kind of information is rarely available.

3.10. Discussion and conclusions

In this closing section, a brief summary is given of the impact of the particular earthquake,
and an attempt is made to explain the main factors contributing to damage, casualties and
losses associated with the event.

3.11. Note

The compilation and analysis of all the case histories presented in this work was carried out
over a period of some years. Consequently, values and references to the present time

cover, approximately, the years 2015-2018. Whenever the time of writing is of relevance to
what is being stated, it has been clearly noted.
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4. OVERVIEW AND DISCUSSION OF CASE HISTORIES

Twenty-one earthquakes have been studied in detail in the present report, including eight
believed to be of induced origin. Their locations and magnitudes are depicted in Figure 4.1
and Tables 4.1 and 4.2. This is towo small a sample to allow any general conclusions to be
drawn that would be applicable to the potential effects of moderate-magnitude seismicity,
but nonetheless several significant observations can be made regarding the nature and
impact of these earthquakes. The detailed case histories are contained in Appendices Il
and IV.
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Figure 4.1. Epicentral locations of the earthquakes studied in detail as case histories. Rhombuses
and circles indicate induced/triggered and tectonic origins, respectively. Colour scale indicates
moment magnitude, from M3.4 (light purple) through M5.8 (dark purple).

Of the seven cases of anthropogenically-caused earthquakes, six were triggered by high-
pressure fluid injection and one by groundwater extraction. The latter was the 2011 M5.1
earthquake that occurred close to the town of Lorca, Spain, and which caused the most
damage and casualties of the seven. It should be acknowledged, though, that, apart from
Basel, which deserves a separate comment, it was also the one event of this group that
occurred close to a large human settlement, as opposed to the five induced earthquakes
that occurred in relatively scarcely populated areas of the United States. A peak ground
acceleration of 0.36 g was recorded on firm soil in the town of Lorca itself, and it is believed
that both directivity effects and site amplification had an important influence on the level of
shaking to which the structures were subject. The most affected typologies were mainly the
city’s aged building stock as well as a few more modern buildings with significant structural
deficiencies. The earthquake left 9-10 dead and hundreds of injured, nearly all of these the
result of the collapse of non-structural elements. While causing landslides, these do not
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seem to have greatly influenced the extent of damage, as they only affected roads and a
courtyard wall. Despite being attributed to triggering as a result of groundwater extraction, it
occurred in a region with appreciable natural seismicity.

Table 4.1. Summary of consequences observed for the induced/triggered earthquakes studied in
detail, as reported in the Database of Damaging Small-to-Medium Magnitude Earthquakes.

Date & Deaths 3 Buildings Losses
Time Place M El (108
(UTC) Total | Shaking £ | Damaged | Destroyed | USD)
08/12/2006 | Basel, 3.2 0 0 0 40- 0 6.5-8.3
16:48 Switzerland 2,000

28/02/2011 Guy-Greenbrier 4.8 0 0 0 14 0 1.0
05:00 (Arkansas), USA

11/05/2011 Lorca, 51| 910 9-10 300 6,052 331 200.0
16:47 Spain -400 -1,600.0
23/08/2011 | Trinidad 5.4 0 0 0 44 2 0.1-5.0
05:46 (Colorado), USA

06/11/2011 Prague 5.7 0 0 2 14-94 0 1.0
03:53 (Oklahoma), USA *) -12.0
03/09/2016 | Pawnee 5.8 0 0 1 14 0 >0.6
12:02 (Oklahoma), USA

07/11/2016 | Cushing 5.0 0 0 1 50-80 2 1.0
01:44 (Oklahoma), USA -20.0

(*) Upper bound likely includes the effects of a M4.8 aftershock.

The five induced earthquakes from the United States studied herein occurred in three areas
known to be experiencing significantly high rates of seismicity in the last years: Oklahoma,
north Arkansas and the Raton Basin (Colorado/New Mexico) (Petersen et al., 2017). As
shown in Table 4.1, there are no deaths associated with any of these five events, and no
injuries associated with the 2011 M4.7 Guy-Greenbrier (Arkansas) and 2011 M5.3 Trinidad
(Colorado) earthquakes. Four injuries are associated with the three Oklahoma earthquakes,
only that of the 2016 M5.8 Pawnee shock being the consequence of damage inflicted to
buildings (collapse of a chimney). The two injuries reported for the 2011 M5.7 Prague
earthquake were the case of a person hitting their head when trying to flee a building and a
case of a foot cut by broken glass, while that of the 2016 M5.0 Cushing event is a hand
laceration of unknown origin. It is noted that both the 2011 Prague and 2016 Pawnee
earthquakes are above the upper limit of the magnitude range for this study but were
included nonetheless because of their importance as highly-publicised cases of induced
seismicity. Interestingly, only the M5.8, whose energy release is 2.8 times that of a M5.5,
caused an injury due to a structural failure. The M5.8 Pawnee earthquake was also the only
one of the five to cause sand blows associated to liquefaction, though these do not seem to
have caused significant damage. A reduced number of rockfalls affected some roads after
the M5.3 Trinidad and M5.7 Prague earthquakes.
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Table 4.2. Summary of consequences observed for the tectonic earthquakes studied in detail, as
reported in the Database of Damaging Small-to-Medium Magnitude Earthquakes.

D_ate & Deaths g Buildings Losses
Time Place M . 3 (106 USD)
(UTC) Total Shaking £ Damaged | Destroyed
18/03/1957 | Port Hueneme 4.8 0 0 0 Some 1 N/A
18:56 (California), USA (M)

25/04/1966 | Tashkent, 5.2 8-15 N/A 200 28,000 Some of 300.0
23:22 Uzbekistan (USSR) *) -1000 -96,000 *)

03/09/1978 | Albstadt, 5.2 0 0 23-35 5,000 1-60 140.0
05:08 Germany -11,500 -170.0
08/11/1983 | Liége, 4.8 6 1 25-30 13,000 25-205 50.0
00:49 Belgium -16,000 -80.0
27/12/1989 | Newcastle, 5.4 13 12 100 50,000 300 1,000
23:26 Australia (x) -162 -486 -2,500
13/04/1992 | Roermond, 5.4 1 0 45 1,300 5-100 125.0
01:20 the Netherlands -206.0
26/03/1993 | Pyrgos, 5.4 1 0 2-16 600 100 160.0
11:58 Greece - 1,800 - 360

15/07/1996 | Epagny-Annecy, 4.8 0 0 1 11,800 3 70.0
00:13 France -100.0
20/04/2002 | Au Sable Forks 5.1 0 0 0 900 0 16.0
10:50 (New York), USA

25/04/2002 | Thilisi, 4.8 6-8 4 30-70 11,780 2,319 180.0
17:41 Georgia -50,000 -4,208 -350.0
24/11/2004 | Garda Lake/Salo, 5.0 0 0 5-12 4,147 40 150.0
22:59 Italy - 1,200 -260.0
28/04/2007 | Folkestone, 4.0 0 0 1 807 0 60.0
07:18 United Kingdom -1,300

17/05/2014 | Darmstadt, 3.6 0 0 0 154 0 1.36
16:46 Germany

21/08/2017 | Ischia (Napoli), 3.9 2 2 39-42 349 688 8.0
18:57 Italy - 1,000 -140.0

(*) 8-15 are the official numbers. Some estimates reach 5,500-7,500, but these probably include many
occurred during the aftershock period and/or related to secondary effects (e.g. deaths due to heart

attacks).

(") “Some of” implies that the reported number of damaged buildings includes those destroyed.

(x) It has been suggested by Klose (2007) that the 1989 Newcastle earthquake may have been

induced by the de-watering of coal mines in the region, but the idea has been challenged by other
scientists (see Appendix A4.5).

It is interesting to note that the M5.0 Cushing earthquake, with the second smallest
magnitude after Guy-Greenbrier, appears to have caused more damage than the other four,
as the upper bound of 94 damaged buildings for Prague might be an overestimation (see
Table 4.). The M5.3 Trinidad (Colorado) earthquake could, perhaps, be deemed as the
closest case in terms of magnitude and damage, the one of Cushing being smaller but
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closer to urbanised areas and the latter being bigger but farther away. The M4.7 Guy-
Greenbrier event of 2011 in Arkansas was smaller in magnitude than the other four in
Colorado and Oklahoma and caused only very minor damage, likely due not only to its
smaller magnitude but also to it occurring in a scarcely populated area.

All these five earthquakes were triggered by wastewater injection and caused shaking that
was damaging to local buildings mostly in quite sparsely-populated areas. The damage was
almost exclusively to unreinforced masonry and was consistent with classical patterns of
seismic response for such buildings observed in many earthquakes. Damage include the
collapse of gable walls, parapets, chimneys and brick fagades, as well as cracking of plaster
and drywalls. Accelerations generated by the 2011 Guy-Greenbrier and Trinidad
earthquakes are somewhat uncertain, as near-field records do not exist for the former and
very low values were recorded for the latter over 25 km from the epicentre; estimates from
USGS ShakeMaps seem to vary significantly whenever their background calculations are
reviewed and a new map is generated. For the 2011 Prague and the 2016 Pawnee
earthquakes, PGA values of around 0.06 and 0.09 g were recorded at 25 and 50 km from
the epicentres, respectively, and the USGS ShakeMaps suggest maximum median
accelerations of around 0.45 g in both cases. The 2016 Cushing earthquake is the best
recorded of all these five, with values around 0.6 g registered in the very near-field, but no
records available within the city of Cushing itself, though the epicentral distance to the
record and to the city are comparable.

The final induced case is the 2006 Basel earthquake, which was associated with an
enhanced geothermal project in this Swiss city and for which a geometric mean horizontal
PGA of 0.1 g was recorded around 7 km away from the epicentre. With a local magnitude of
only 3.4 (M3.2), this earthquake is actually below the range to be considered in this study,
but it was included since it has been a high-profile and controversial case, which has raised
significant concerns regarding anthropogenically-generated seismicity. The Basel
earthquake is often cited as an example of a damaging small-magnitude shallow-focus
earthquake. However, the detailed study of this event has shown that at most it caused a
large number of non-structural—and generally very superficial—cracking, and the large
insurance claims paid out following this earthquake grossly exaggerated the actual physical
impact of this earthquake on the built environment. Together with the 2012 M3.5 Huizinge
earthquake in the Netherlands, Basel is an example of the concept of “moral hazard”, that is,
the punishment of companies carrying out seismically-inducing activities by claiming
damage of unknown origin was caused by a particular earthquake (e.g., Bommer et al.,
2015).

Except for the 2016 Pawnee event, for which there were almost no foreshocks and fewer
than expected aftershocks, the aforementioned earthquakes occurred within a sequence of
foreshocks and aftershocks or a swarm, in some cases with the total number of events
numbering tens or even hundreds.

The fourteen tectonic earthquakes studied herein are varied in terms of their locations and
consequences, those occurring in Roermond (the Netherlands), Liege (Belgium), Albstadt
(Germany), Darmstadt (Germany), Folkestone (UK), Epagny/Annecy (France) and
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Newcastle (Australia) being the most representative for Groningen in terms of their relatively
similar building stock and socio-economic settings. Of these, the M3.6 Darmstadt
earthquake caused no casualties, while the M4.0 Folkestone and M4.8 Epagny earthquakes
only caused one injury each, due to falling masonry and broken glass, respectively.
Dislodged, cracked or collapsed chimneys were one of the most frequent forms of damage
in all three earthquakes, together with dislodged roof tiles and cracked plasterwork and
masonry, their extent clearly increasing with magnitude. A maximum horizontal PGA of 0.12
g was recorded during the Folkestone earthquake, 5 to 8 km away from its epicentre.

The remaining four earthquakes, M4.8 Liége, M5.2 Albstadt, M5.4 Roermond and M5.4
Newcastle, were more significant in terms of their casualties. The Albstadt earthquake only
caused injuries, two dozen of which were reportedly due to the collapse of walls during an
aftershock that occurred a couple of hours after the main shock. One death due to a heart
attack is attributed to the Roermond earthquake, while its 45 injuries are believed to be due
to falling chimneys, masonry and tiles, as well as broken windows. The death toll is higher
for Liége, but only one out of the six deaths reported was due to a falling ceiling, while four
occurred after the earthquake, as a consequence of intoxications with carbon monoxide due
to the collapse of chimneys, and one is a heart attack. Most of its 25-30 injured were
allegedly hit by masonry elements falling on the roads and while running out of buildings. Of
the four, the Newcastle earthquake certainly caused the largest number of casualties.
Having caused the notorious collapse of a 17-year-old structure housing an auditorium, it
resulted in the death of nine people due to this cause. Three additional deaths attributed to
this earthquake were caused by the collapse of parapets and awnings, while a last one was
associated to a heart attack. Hundreds of injuries were likely due to similar causes. It is
noted, though, that the aforementioned auditorium was found to have significant structural
deficiencies, and that the death toll would have probably been much larger had the
earthquake occurred during a performance with a full audience.

These four earthquakes also caused the cracking or collapse of chimneys and parapets, as
well as the cracking of masonry and plaster, though the extent of the damage appears to
have been much larger than for Darmstadt, Folkestone and Epagny. Moreover, the collapse
of roofs and walls as well as the complete collapse of roof tiles instead of simple
dislodgements appear to have been more common for Liége, Albstadt and Roermond. This
is not surprising, considering that the magnitudes of the former range between M3.6 and
M4.8, while those of the latter group range from M4.8 to M5.4. In the case of Newcastle, the
dislodgement and overturning of chimneys appears to have been relevant only for older
structures, as newer ones did not tend to possess them. The failure of suspended awnings
stood out in Newcastle instead. However, all these seven earthquakes share one additional
feature. In all cases, the most damaged typologies have been masonry structures built
before the introduction of seismic codes in the respective areas, while more modern
reinforced concrete structures and better-built masonry buildings are only reported to have
suffered from more than non-structural damage in cases in which poor design or
construction errors were relatively apparent. Additional factors that were mentioned to have
an effect on the extent of the damage observed were poor maintenance (e.g., Folkestone,
Newcastle) and the introduction of structural modifications in time (e.g., Epagny/Annecy,
Newcastle).
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One important feature of the Roermond earthquake was that the shaking caused significant
liquefaction, which is a factor of relevance to Groningen, although it is important to keep in
mind that the Roermond earthquake was almost two units in magnitude greater than the
largest induced earthquake in Groningen to date and, hence, several hundred times more
energetic. In any case, no building damage at all was attributed to liquefaction due to the
Roermond earthquake, which is also an important observation for the Groningen case. Of
the other six earthquakes, only that of Epagny/Annecy appears to have caused small-scale
liquefaction at one of the ends of the airport’s runway, in spite of the whole affected area
being susceptible to liquefaction effects. In the case of Newcastle, settlements believed to
have caused damage to buildings have been attributed to liquefaction, though no sand boils
were observed. A general finding from an independent study is that liquefaction that could
pose a threat to the built environment has generally been limited to earthquakes of M5 and
greater (Green & Bommer, 2018).

It is interesting to note that the 2014 Darmstadt earthquake, only 0.4 magnitude units above
Basel and still below the M4.0 threshold, is documented to have caused damage to more
buildings and to a greater extent than the latter, despite its monetary loss estimate being
much lower. This observation, together with the almost no damage reported for the
geothermally-induced M3.4 St. Gallen (Switzerland) earthquake of 20" July 2013 (Edwards
et al., 2015; not studied herein), supports what was said before about the consequences
reported for Basel being unrealistically high.

On the other extreme of the spectrum of the fourteen tectonic earthquakes studied lie the
1966 M5.2 Tashkent (Uzbekistan) and the 2002 M4.8 Thbilisi (Georgia) earthquakes, both
having taken place in ex-Soviet nations, albeit very different from each other and distant in
time and space. The consequences of these two earthquakes appear as significantly more
extreme than those of all other earthquakes studied. During the 1966 Tashkent earthquake,
it was mostly pre-1917 adobe houses with shallow or no foundations and fired brick masonry
buildings that suffered the most, all of which are suspected to have sustained previous
damage, besides not having been designed for seismic action and being built with poor-
quality materials and workmanship skills. Similarly, pre-1950 masonry buildings with no
seismic design, lack of maintenance and frequent low-quality vertical extensions were the
most affected by the 2002 Tbilisi earthquake, for which a maximum horizontal PGA of 0.11 g
was recorded on bedrock within the city itself, 6 km away from the epicentre. Many of these
buildings are expected to have been damaged already by armed conflicts that took place in
the 1990s as well as the consequences of subsidence. It is acknowledged, though, that the
consequences reported for the 2002 Thbilisi earthquake may have been aggravated by
continuous heavy rains that followed the earthquake with the arrival of the summer and
subsequent snow in the winter, in the same way that the long sequence of aftershocks that
followed the 1966 Tashkent earthquake are believed to be responsible for additional
damage to buildings. While many other factors have a role in the consequences of seismic
events, the relevance of these cases to Groningen lies in that they both highlight the
influence of the quality of construction and maintenance on the performance of structures
subject to seismic loading. Most of the buildings affected by the six European earthquakes
discussed above also lacked seismic design and were still more capable of withstanding the
shaking.
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Regarding casualties, the 2002 Tbilisi earthquake caused three deaths due to falling debris,
one death due to the collapse of a roof, and two deaths due to heart attacks, as well as 30 to
70 injuries due to unspecified reasons. For the 1966 Tashkent earthquake the number of
people reported injured varies from 200 to 1,000. More than half of the 200 reported by
some sources are attributed to impulsive reactions of people as a consequence of fear, such
as jumping out of windows, while one third were caused by falling plaster or bricks, as well
as household items, and only one tenth was reported to be due to the collapse of roofs or
walls. The official death toll for Tashkent was 8-15, but the Soviet authorities never revealed
the real figures, and estimates rise to several thousands. The composition of such numbers
is, however, not clear in the sources. Statements regarding hundreds of elderly people dying
from post-traumatic stress and especially from heart attacks during the occurrence of
aftershocks suggest that figures in the order of thousands might be including a large number
of deaths only indirectly related to the earthquake (and possibly hard to verify).

Similar to the six European earthquakes already discussed, the 1993 M5.4 Pyrgos (Greece)
and 2004 M5.0 Garda/Salo (ltaly) affected mostly relatively old masonry structures. In the
first case, adobe, mixed masonry and stone masonry buildings lacking a seismic design
philosophy were the most damaged, while the second greatly affected pre-World War Il non-
engineered masonry buildings, in some cases up to 200-300 years old. Cracking of masonry
and plaster, partial (and total only in Pyrgos) collapses were observed. A maximum
horizontal PGA of 0.43 g and a maximum vertical PGA of 0.15 g were recorded on rock 3
km away from the epicentre of Pyrgos earthquake. For Sald, a maximum horizontal PGA of
0.07 g was recorded on rock around 13 km from the epicentre, relatively close to several of
the affected towns, though simulations suggest a possible maximum of 0.2-0.25 g that could
have been amplified even further due to site effects. In both earthquakes, engineered
structures performed better, though they were not fully exempt of damage. No deaths
occurred during the Sald earthquake, and the one death reported for Pyrgos appears to
have occurred while a person was trying to flee a building, though it is not clear if the death
was due to falling debris, for example, or to an accident that occurred during the act of
fleeing itself. Between two and sixteen people were injured during the Pyrgos earthquake
due to unknown causes, though the damage extent suggests they may have been related to
the performance of the buildings. Some of the injuries associated to the Sald earthquake
appear to have occurred while people tried to prevent paintings or furnishings to get
damaged, while others were due to running away and falling debris. Both earthquakes are
reported to have caused liquefaction, Sald only at one location that resulted in localised
lateral spreading and a crack along the harbour, Pyrgos more extensively and influencing
the extent of damage, particularly due to the resulting subsidence. The relatively large
magnitude of Pyrgos earthquake (the same as that of Roermond) needs to be highlighted in
this respect, together with the very high susceptibility to liquefaction of the affected area.
The landslides and rockfalls associated to these two events do not appear to have had a
large influence on the damage suffered by buildings.

While the consequences of the M5.0 Sald earthquake are not extremely surprising for an
earthquake of that magnitude in northern Italy, those of the much smaller and recent 2017
M3.9 Ischia (southern lItaly) earthquake were disproportionately high and enough reason to
include it in this study despite its magnitude being lower than the considered range. A
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maximum horizontal PGA of 0.28 g and vertical PGA of 0.27g were recorded less than 1 km
away from the epicentre, within one of the most affected urban settlements. At least three
total collapses and several partial collapses occurred, amongst many other instances of
extensive diagonal cracking and failure of chimneys, cornices and connections between
perpendicular walls. While site effects and large ground motions are largely responsible for
the damage observed, it is the vulnerability of the building stock, which consisted mostly of
unreinforced masonry, that is pointed out as one of the main reasons for the damage having
been so extensive. Discussions in the media, political and scientific circles refer to the lack
of control of construction activities in the region, which led to many illegal extensions and
new structures being built with poor-quality materials and lack of proper structural design.
Two deaths occurred due to damage to buildings, and 42 injured are likely to have been
consequence of the same. As with Sald and Pyrgos, the landslides caused by the M3.9
Ischia earthquake do not appear to have influenced the extent of damage to buildings.

Quite different from all the earthquakes already described is the case of the ML=4.8 Port
Hueneme event of 1957, which may join Basel (and Huizinge) in the list of earthquakes with
potentially misinterpreted consequences, though for very different reasons. The Port
Hueneme earthquake has been often described as having caused “heavy” damage, though
a closer look reveals that such a statement was most likely only related to contents falling off
shelves in stores. Damage to buildings appears to have consisted mostly on cracks in walls
and plaster, and the fall of the latter as well as loose bricks or cornices. Due to a lack of
more detailed information, it is difficult to compare the Port Hueneme earthquakes against
the rest, though the descriptions found suggest that the consequences were much more
limited.

Finally, the 2002 M5.1 Au Sable Forks (New York, USA) earthquake provides an interesting
example in which the consequences to the road and electrical infrastructure appear to have
accounted for a very large percentage of the overall monetary losses, though the minor to
moderate damage suffered by around 900 buildings in a very vast area should not be
overlooked. Several roads were affected by the occurrence of liquefaction in the filling soils
used beneath them. The electricity supply was interrupted for up to 10 hours in some areas,
as three transmission towers were severely damaged by a rockslide, and several pieces of
equipment were damaged due to the shaking. While rockslides are not a problem in
Groningen, liquefaction and the failure of electrical equipment could be.

It is worth noticing that, besides the evident influence of the quality of construction,
maintenance and overall (lack of) seismic design philosophy, site amplification due to lose
unconsolidated deposits is a common factor in most of the case histories studied, an
observation that is of great importance for Groningen, in view of its own susceptibility to site
effects (e.g., Rodriguez-Marek et al., 2017).
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5. CONCLUSIONS

The compilation of the Database of Damaging Small-to-Medium Magnitude Earthquakes
alongside the study of 21 case-history earthquakes has provided some interesting insights
on the characteristics of these kinds of events. It is noted, however, that the statistics
presented herein cannot be deemed to represent verified scientific measurements or
observations but are rather those resulting from various sources of undetermined reliability.
Moreover, they are dependent on the criteria used to compile the database, as different
choices regarding, for example, the treatment of unknown magnitude scales or moment
magnitudes derived empirically from other parameters could lead to the inclusion or
exclusion of events and, thus, to a change in the statistics presented. In this sense, it should
be noted as well that the database is organic and can grow both as time goes by and as
new information regarding past events emerges.

To begin with, it has been noted that the geographical distribution of events that make up
the database follows, overall, the patterns of global seismicity, except for the fact that areas
with high seismicity but low exposure are missing and some areas with low seismicity, such
as the north-eastern USA and Brazil, acquire more prominence. The distribution of the
damaging earthquakes in time clearly illustrates the influence of both, detectability of small-
magnitude earthquakes and availability and accessibility to damage records. The biggest
jump in the number of earthquakes is observed in 2013, the first year for which the
Earthquake Impact Database (EID) has been compiled in near-real time. The rate of around
190 damaging earthquakes in the range M4.0-5.5 per year reported for the 2013-2017
period suggests, for example, that less than 20% of the damaging earthquakes of the 2000s
may have been captured in the database for said decade, with this percentage reducing
further back in time. While it is not possible to know if the rate observed for 2013-2017 is
“‘complete” or even accurate in the long-term, and around 6% of the total of entries from the
EID could not be matched with earthquakes reported in the ISC Bulletin (and were thus not
included in the database), it is noted that the EID appears to contain even earthquakes that
caused minimal damage.

The number of damaging earthquakes contained in the database increases with magnitude
and reaches its maximum within the M5.25-5.50 bin. However, when considering that this
bin is slightly wider than the preceding one due to the rounding of events with 5.5<M<5.55
down to 5.5, the peak occurs in the M5.00-5.25 bin instead. In any of the two cases, either
the latter in which the peak is slightly shifted or the former, in which the relative increase
from the 5.00-5.25 to the 5.25-5.50 bin is very small, this suggests that the higher likelihood
of larger earthquakes to cause damage or casualties appears to be counterbalanced by the
decreasing frequency with which these larger events occur. The magnitude distribution of
the database may potentially be influenced by accessibility to data, as it is likely that
unreported damaging earthquakes not included in the database be on the lower side of the
M4.0-5.5 range.

For those earthquakes for which numerical data is available, only earthquakes with
magnitudes above around M4.7 appear to have caused 10,000 or more buildings to be
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damaged, and very few values above 1,000 are observed below this magnitude as well.
More than 2,000 destroyed buildings are observed only for magnitudes of almost M4.8 and
above. Six out of the 21 case-history earthquakes are associated with 10,000 damaged
buildings or more: 1966 M5.2 Tashkent, 1978 M5.2 Albstadt (upper bound only), 1983 M4.8
Liége,1989 M5.4 Newcastle, 1996 M4.8 Epagny-Annecy, and 2002 M4.8 Thbilisi. Only two of
the case-histories are reported to have resulted in more than 2,000 destroyed buildings:
1966 M5.2 Tashkent, for which the exact number and/or the extent of damage is not really
known, and 2002 M4.8 Thbilisi. The lack of proper seismic design, the poor quality of
workmanship and construction materials and the existence of previous damage and/or
weaknesses—due to settlements and/or preceding seismic events and/or armed conflicts—
prior to the earthquake feature in both cases as having had an influence over the extent of
the resulting damage.

Less than 10% of the earthquakes in the database are reported to have affected
infrastructure, though it is noted that many sources used for its compilation do not often
report damage to infrastructure explicitly and it is thus possible that the real number be
larger. Of the 177 identified earthquakes, around 75% have magnitudes equal to or larger
than M5.0. The 2002 M5.1 Au Sable Forks (USA) case-study is an excellent example of an
earthquake whose consequences to the road and electrical infrastructure appear to have
accounted for a very large percentage of the overall monetary losses.

A similar proportion of earthquakes with magnitude above M5.0 can be observed within the
158 earthquakes reported to have caused landslides. These 158 earthquakes are reported
to have caused 339-393 deaths due to the landslides themselves and are associated with
577-871 deaths overall, including seven heart attacks. Liquefaction has been reported only
for ten of the 1,960 earthquakes of the database, all of which had magnitudes equal to or
larger than M5.0 except for one, the 1996 M4.8 Epagny-Annecy earthquake, which is
reported to have caused only small-scale liquefaction at one of the ends of the airport's
runway, in an area clearly prone to such phenomena. Apart from Epagny-Annecy, other five
of the 21 case-studies are within the 10 earthquakes identified within the database as having
caused liquefaction: M5.1 Au Sable Forks Yes, involving geotechnical fillings and possibly
influenced by a previous flood, M5.0 Salo, after which a 30-cm fissure was attributed to
lateral spreading due to liquefaction, M5.4 Newcastle, for which no sand boils or mud
volcanoes were observed but settlements of houses were attributed to liquefaction, M5.4
Roermond for which sand boils were observed at three sites (though they did not cause
structural damage), and M5.4 Pyrgos, for which sandboils were observed and subsidence
affected the extent of damage. A report for the M5.4 Trinidad earthquake mentions a
description of the ground seemingly rotating as a sign of possible liquefaction, but most
likely being Rayleigh waves. As a consequence, the M5.4 Trinidad case was not flagged as
causing liquefaction in the database. Clearly above the upper-bound magnitude of M5.5, the
M5.8 Pawnee was reported to have caused sand blows at two or three locations.

Within the whole database it was possible to identify 55 earthquakes with reported fatal
victims associated with deaths due to heart attacks (87-88 deaths). These represent around
15% of the earthquakes in the database associated with deaths and 2.7-3.8% of the number
of deaths. In approximately 77% of these 55 earthquakes the only reported deaths were

94



those attributed to the heart attacks, while for six of these earthquakes the heart attacks
were the only reported consequence found (i.e., there were no further reports on damage,
injuries or the occurrence of liquefaction or landslides). In view of this, a brief literature
research was carried out to understand the extent to which heart attack deaths can be
unequivocally linked to earthquakes. While some existing studies have identified a
statistically significant increase in the number of cardiac-related deaths after an earthquake
or a positive correlation between this number and epicentral distance or seismic intensity of
the aftershock sequence, establishing an unambiguous connection between the occurrence
of a small-to-medium magnitude earthquake and a heart attack appears to be difficult. Due
to this, deaths reported as heart attacks, cardiorespiratory arrests, fright, or any similar
wording were removed from the statistics presented in this report.

Apart from the aforementioned 87-88 heart attacks, the Database of Damaging Small-to-
Medium Magnitude Earthquakes comprises a total of 2,307-3,125 deaths and 33,718-46,940
injuries. However, around 59% of the earthquakes caused neither injuries nor deaths. A
further 27% caused no deaths but some injuries, while 4% caused some deaths but are not
reported to have caused further injuries, and only around 10% reportedly caused both
deaths and injuries. As would be expected, the number of earthquakes that have reportedly
caused injuries and/or deaths increases progressively with magnitude. For example, 46
earthquakes with magnitudes 3.95<M<4.25 are reported to have caused injuries, but the
number of earthquakes with magnitudes in the range 5.25sM<5.55 is over five times larger.
The difference between these two extreme bins is bigger in the case of deaths, with 9 and
116-121 earthquakes reported to have caused fatalities in each case. The number of injuries
and deaths caused by any individual earthquakes also tends to increase for increasing
magnitudes. Very few earthquakes with magnitudes below M4.5 are associated with more
than 50 injuries or 10 total deaths. Albeit with some exceptions, outlying large numbers of
injuries or deaths for the corresponding earthquake magnitudes are generally not associated
with structural failures but rather to secondary effects or reasons such as cuts due to broken
glass, scaping in panic, jumping off balconies or out of windows, landslides, or the collapse
of mines. Based on the available information, structural failures account for 14.4 (lower
bound) to 16.5% (upper bound) of the total number of deaths, although these values could
be as large as 59.7-67.4%, if suspicions regarding the remaining cases—for which existing
reports allow to infer structural failures as a cause—were true. Other causes of death apart
from the aforementioned landslides, damage to mines and accidents occurred while
escaping are falling objects/debris and a tsunami associated with a M5.49 earthquake in
Indonesia. Causes of death were not found for 14.0-24.7% of the deaths. Proportions
change slightly when considering number of instances instead of number of deaths, with
causes such as falling objects/debris, escaping and others acquiring somewhat greater
prominence.

The 21 detailed case-history earthquakes studied herein can aid to achieve a deeper
understanding of the specific features that may lead to deaths or injuries. The four total
injuries associated with the M4.8 Epagny-Annecy, M5.7 Prague and M5.0 Cushing
earthquakes were reportedly due to broken glass (2), hitting the head while running outside
(1) and a hand laceration of unknown origin (1), while the one death reported for the M5.4
Pyrgos earthquake is that of an elderly woman trying to flee from a building. No deaths were
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reported for any of those three earthquakes either, just as neither deaths nor injuries were
reported for the M4.8 Port Hueneme, M5.1 Au Sable Forks, M3.2 Basel, M4.8 Guy-
Greenbrier, M5.4 Trinidad and M3.6 Darmstadt earthquakes. For other earthquakes such as
M5.2 Tashkent, M4.8 Liége, M5.4 Roermond, M4.8 Tbilisi and M5.0 Sald, causes of death
and/or injury appear as a mix of structural and non-structural reasons. Perhaps the most
unusual within this group include at least one injured while attempting to prevent damage to
paintings or furnishings (Salo) and four deaths due to intoxications with carbon monoxide
after the collapse of chimneys (Liége). Within the remaining six cases (M5.2 Albstadt, M5.4
Newcastle, M4.0 Folkestone, M5.1 Lorca, M5.8 Pawnee and M3.9 Ischia), the collapse of
parapets and a chimney as well as falling debris feature prominently alongside the collapse
of walls and buildings. While the failure of structures is a clear cause of injuries and deaths
in these examples and the database as a whole, the role played by the training of the
population on how to react in case of an earthquake (i.e., calmly, seeking protection, etc.)
should not be underestimated.

Factors contributing to the extent of the damage observed that appeared repeatedly in the
different case-studies include:

e the vulnerability of the building stock, often not designed to withstand earthquake
loading, and/or built with poor-quality materials and workmanship, and/or lacking
proper maintenance, and/or modified in time without the supervision of an engineer;

e the larger vulnerability of particular components of buildings, such as chimneys,
parapets, suspended awnings (in the case of the Newcastle earthquake) and non-
structural fagades;

e the proximity of the hypocentre to the built environment;

¢ site amplification of ground motions.

Where a mix of older and newer building typologies were exposed to one of the 21 case-
study earthquakes, a better performance of the more modern structures designed with some
kind of earthquake-resistant philosophy was observed, with extreme exceptions usually due
to design or construction flaws, such as the case of the collapse of a 10-year old reinforced
concrete building during the M5.1 Lorca earthquake due to short-column effect or the
collapse of the 17-year-old auditorium of the Workers Club—Ilater found to have suffered
from significant structural deficiencies—during the M5.4 Newcastle event.

The 21 case-study earthquakes shed some light as well over the need to interpret the
number of damaged buildings with caution. Very prominent examples of this are the up to
2,000 damage claims resulting from the geothermally-induced 2006 M3.2 Basel earthquake,
or the up to 1,300 buildings reported damaged by the 2007 M4.0 Folkestone earthquake.
For the former, it is extremely difficult to prove whether the very minor non-structural
damage observed was caused by seismic shaking or not, and it is thus misleading to refer to
unverified insurance claims as ‘damage’. For the latter, most of the damage consisted of
dislodgement/cracking/collapse of chimney clay pots and/or bricks, instances of damage to
roof tiles and, rarely, roof structures, cracking/falling of plaster, and infrequent minor
structural damage such as vertical cracking of walls and lintels, with very few falls of free-
standing walls and partial collapses of house walls reported only within the most damaged
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area. These two examples illustrate that large numbers of reported damaged buildings can
refer to relatively mild damage. Moreover, the distinction between damaged and destroyed
buildings made in the database should only be considered as indicative, as most sources do
not describe in detail what is meant by one term or the other. Developed countries with low
levels of natural seismicity tend to classify as damage what in many countries with higher
seismic activity or many developing countries would not even receive attention. The media
reflects this tendency quite clearly, often finding extensive non-structural damage being
described as “destruction”, even when the structure has remained mostly unaffected. The
seemingly objective numbers of the monetary losses should not be taken as the final word
either, as these are usually estimations and it is often not clear what kind of losses they
include. In the case of induced seismicity the relevance of the concept of “moral hazard™—
which played a significant role in the number of insurance claims after the Basel
earthquake—should not be overlooked, as societies tend to pay more attention to the
consequences of earthquakes when the hazard is perceived as non-natural and,
consequently, avoidable (e.g., Bommer et al., 2015).

Along similar lines, plots of resulting damaged and destroyed buildings for the whole of the
database should be handled with care. For example, of the 45 earthquakes for which the
reported lower- and/or upper-bound number of destroyed buildings is larger than 1,000, all
of which have magnitudes larger than 4.5, twelve (26.7%) are cases in which no actual
number is specified in the source but it is reported that “some of’ the damaged buildings
would be better described as destroyed. Another eight (17.8%) of these 45 cases are not
associated with an observed number of destroyed buildings but with an estimate by NOAA
in the range of 100 to 1,000, which is very broad and, still, an estimate.

In closing, it is important to emphasise that while this work is of great value for providing a
frame of reference for the management of induced seismic risk in the Groningen field, none
of the cases can ever be considered a direct analogue. We therefore counsel against the
use of such information as the basis for empirical risk assessments, supporting instead the
development of analytical models for hazard and risk calibrated to data and measurements
from Groningen. However, the results presented in this report provide a frame of reference
for assessing the credibility of results of either scenario-based estimates of earthquake
damage in Groningen or of dominant scenarios contributing to probabilistic risk estimates.

The present database is a key component of a statistical study carried out separately
(Nievas et al., 2017, 2019a, 2019b), in which the percentage of all the earthquakes that
occur globally in the 4.0-5.5 magnitude range and sufficiently close to human settlements do
have some kind of consequence has been investigated.
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I. APPENDIX I: The Database of Damaging Small-to-Medium Magnitude
Earthquakes

The pages that follow contain a description of the fields that make up the Database of
Damaging Small-to-Medium Magnitude Earthquakes compiled within the context of this
work. Further explanations and examples regarding how it was compiled can be found in
Chapter 2 of this report.

The fields of the database are the following:

1) Date (UTC)

2) Time (UTC)

3) Country

4) Name/Location

5) Latitude of epicentre

6) Longitude of epicentre

7) Depth (km)

8) Mw: moment magnitude.

9) Mw (alt): an alternative estimate of moment magnitude, if more than one value of
moment magnitude is found in the literature.

10) ML.: local (Richter) magnitude.
11) mb: body-wave magnitude.
12) Ms: surface-wave magnitude.

13) Munk: unknown magnitude scale. There are cases in which the reports of damage are
not clear in stating the magnitude scale reported. The NOAA database of significant
earthquakes, for example, contains events for which the magnitude scale is marked as
unknown. For events added from the Earthquake Impact Database (EID), this column
contains the values of magnitude reported therein.

14) Mw case: Source of the moment magnitude values reported, in order, first for Mw, then
for Mw (alt). Agencies' acronyms as listed in the ISC Bulletin. "Direct" and "proxy" used
with ISC-GEM, WPG16, CPTI15 and FACT-17 sources to indicate direct calculation or
calculation via other parameters. “Converted from [original scale]=[value in original
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scale]” implies that we the conversion into moment magnitude was conducted using the
models described in Section 2.3.

15) Max. Intensity: Modified Mercalli Intensity (MMI), unless specified otherwise. Caution is
needed when intensities are below |V as they are likely to be erroneous, given that the
first degrees of MMI do not imply damage or even the fall of objects. Whenever detailed
studies of macroseismic intensity were readily available, the reported maximum intensity
corresponds to these. In all other cases this column refers to values from the USGS
ShakeMaps or reported in the ISC Bulletin or any other relevant agency. Possible
intensity scales other than MMI are:

EMS-98: European Macroseismic Scale (Grinthal, 1998)
MSK-64: Medvedev-Sponheuer-Karnik scale (Medvedev et al., 1965)

MCS: Mercalli-Cancani-Sieberg scale (Sieberg, 1932), predecessor of the MMI and
used in Italy, for example.

GOST-52: official seismic scale used in the Soviet Union until 1995, consisting of
macroseismic intensities VI through IX of the GEOFIAN seismic scale of Medvedev
(1953) (Gorshkov & Shenkareva, 1960).

16) Induced Flag: If “I”, the earthquake has been reported as having an anthropogenic
origin.

17) Exposed Population: In most cases, the values reported correspond to the population
estimated to have been exposed to MMI equal to or larger than IV (according to EXPO-
CAT, Allen et al., 2009, or PAGER). In some cases, particularly for older events, the
values are those reported by the sources as being the population of the most affected
localities.

18) Total Affected: As the definition of “affected” can be subjective, this column contains
the number of people reported as “affected” in the sources, where this exact term has
been used.

19) Total Deaths: The number of people reported as having died due to the earthquake,
either directly or indirectly, related to ground shaking or not. The kinds of deaths include,
but are not limited to, deaths due to the collapse of structures, the fall of non-structural
components, heart attacks, running in panic, and landslides.

20) Shaking Deaths: The number of people reported to have died as a consequence of the
behaviour of engineering structures (including non-structural components) during the
earthquake, but not due to secondary effects (such as landslides), panic reactions or
heart attacks. By definition, this number is equal to or smaller than that of Total Deaths.
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21) Injured: The number of people reported as injured. The causes of the injuries can be
any, including panic reactions, landslides, and, of course, the behaviour of engineered
structures.

22) Homeless: The number of people whose residences have been damaged beyond
repair.

23) Evacuated: The number of people who have left their residences due to the
earthquake. This number may include those that can safely return after structural
inspections have been carried out to determine the integrity of the buildings.

24) Causes of Death/Injury: Not all deaths and injuries should be interpreted as being due
to the failure of buildings. This field aims at clarifying the circumstances under which the
casualties occurred. Apart from the structural failure of buildings, common causes of
death/injury include falling objects and/or non-structural elements, heart attacks,
landslides, cuts with broken glass and accidents occurred while reacting in panic to the
shaking (falling, jumping out of windows, hitting heads against walls while running,
stampedes, etc). “Panic reactions” in this field should, thus, not be interpreted as post-
traumatic consequences of the earthquake but as the latter. The keyword
"PAGERshaking" implies that no sources specifying the cause of the deaths were found,
but that they were listed as shaking deaths in PAGER-CAT (Allen et al., 2009a).
“possibly due to structural failures” implies that the causes of death were not found but
the extent of the damage observed suggests that structural failures is the likely cause. If
the extent of the damage was not totally clear from the sources so as to make such an
inference, causes of death were left as unknown.

25) Buildings Damaged: The number of buildings reported as damaged. For earthquakes
retrieved from the EID by means of the algorithm described in Section 2.9 and for which
specific numbers of damaged and destroyed buildings were not reported therein,
damage levels were converted into damaged and destroyed buildings as per the
equivalences shown in Table 2.4.

26) Buildings Destroyed: The number of buildings reported as destroyed. For earthquakes
retrieved from the EID by means of the algorithm described in Section 2.9 and for which
specific numbers of damaged and destroyed buildings were not reported therein,
damage levels were converted into damaged and destroyed buildings as per the
equivalences shown in Table 2.4.

Note that the number of damaged and destroyed buildings should be interpreted with
care, as most of the sources used for the compilation of the database do not provide
sufficient information about the damage states observed. Of the many factors that may
influence the consideration or not of a building as damaged, its location is probably one
of the main ones. In more developed countries, what is reported as damaged buildings
is more often the damage claims, while in developing countries what is referred to as
damaged buildings will more often be more significantly damaged (e.g., cracks would
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not be referred to as damage). In countries with censorship (for example, ex-Soviet
nations), these numbers are unlikely to be accurate.

The keyword “Some of” is used in this field to denote that some of the buildings
enumerated as damaged were destroyed, though the exact number is unknown.

27) Economic Loss: In United States dollars at the time of the earthquake, unless specified
otherwise.

28) Infrastructure Affected: If Y (yes), reports have been found stating that either
transportation, electricity, telephone, internet, gas, water, and/or sewage networks, as
well as healthcare facilities, were affected, even if momentarily or with minor damage.

29) Landslides: If Y (yes), reports have been found stating the occurrence of landslides,
rockslides, mudslides or snow avalanches.

30) Liquefaction: If Y (yes), reports have been found stating the occurrence of liquefaction.

31) Clustering: By means of different keywords, this field indicates whether the event
should be considered a main shock (MS, this includes events that are not part of
clusters), a foreshock (FS), an aftershock (AS) or part of a swarm (SWARM), the latter
implying a series of earthquakes of relatively similar magnitude that are not an
aftershock sequence of a larger main shock. If AS or FS are followed by the ID of
another earthquake of the database, the named earthquake is the corresponding main
shock. If AS or FS are followed by NULL, the corresponding main shock is not part of
the damaging database due to its magnitude being too large. If followed by ND, the
corresponding main shock is not part of the damaging database because, despite lying
within the magnitude range of interest, it has not been found to have caused any
damage. This could be due to different reasons: (i) the original damage report might be
assigning all damage and casualties to an aftershock even though both aftershock and
main shock caused damage, but it is difficult to separate the effects of the two (i.e.,
cumulative damage); (ii) the locations and depths were such that the main shock was
sufficiently distant from urbanised areas but an aftershock/foreshock was not; (iii) a
misclassification of the event due to the inherent limitations of the clustering algorithm. If
SWARM is followed by the ID of other earthquakes in the database, the latter are
earthquakes that belong to the same cluster. Square brackets (e.g., [AS]) indicate that
the classification is that resulting from the declustering algorithm and no manual
verification has been carried out. This field should be interpreted together with
Consequences.

32) Consequences: The purpose of this column is to convey whether the consequences
reported for an event were only caused by said event or if they were related to others. A
detailed discussion can be found in Chapter 2, the following being a summary of
possible contents of this field:
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Additional damage: The damage reported occurred after a previous event had already
caused damage in the same area.

Additional damage likely: The sources do not explicitly mention the occurrence of
damage over an already damaged area, but visual inspection of the characteristics of
past events suggests that this is likely.

Pre-weakened: This is very similar to “additional damage”. The difference lies in the
level of damage observed in the previous event. “Pre-weakened” would make reference
to cases in which previous events are suspected to have caused minor damage, and
that this minor damage had an influence on the consequences of the second event
being larger than could have been. “Additional damage” is then reserved to more explicit
and significant damage having been observed during the first event, or cases in which
separate reports exist for each event.

Seem separate: The consequences appear to be due only to the earthquake listed,
within reasonable limits.

Possibly of many: The consequences are likely to be due to more than one earthquake.
Of many: Same as above, but with a higher level of certainty.

Of [number]: The number makes reference to the number of events believed to have
caused the consequences reported.

Includes aftershocks/foreshocks: The earthquake in the database is a main shock, but
the consequences correspond as well to at least one of the aftershocks/foreshocks.

May include aftershocks/foreshocks: When the aforementioned is suspected, but not
found explicitly stated.

Includes main shocks: The earthquake in the database is a foreshock or an aftershock,
but the consequences correspond as well to the main shock. This is more common for
foreshocks, as for aftershocks it is more common to find the main shock being reported
with its consequences covering some of the aftershocks.

Nothing: Nothing is stated.

33) Comments: Any additional information that might be of relevance for interpreting the
characteristics of a particular earthquake.

34) NOAA deaths: If Y (yes), the range given in the “Total Deaths” column is an estimation

made by NOAA whenever actual values were not available in their sources. See
explanation below and Table A1.1
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35) NOAA injuries: If Y (yes), the range given in the “Injured” column is an estimation made
by NOAA whenever actual values were not available in their sources. See explanation
below and Table A1.1

36) NOAA damaged: If Y (yes), the range given in the “Buildings Damaged” column is an
estimation made by NOAA whenever actual values were not available in their sources.
See explanation below and Table A1.1

37) NOAA destroyed: If Y (yes), the range given in the “Buildings Destroyed” column is an
estimation made by NOAA whenever actual values were not available in their sources.
See explanation below and Table A1.1

38) NOAA economic: If Y (yes), the range given in the “Economic Loss” column is an
estimation made by NOAA whenever actual values were not available in their sources.
See explanation below and Table A1.1

39) From EID: If Y (yes), the earthquake has been incorporated from the Earthquake Impact
Database, as per the procedure described in Section 2.9. Data on damage and
casualties has been taken at face value from EID, and the entry has been associated
with an event from the ISC Bulletin by means of an automatic computer code designed
for this purpose.

A reported number of 0 (zero) implies that sources have been found sustaining zero is the
corresponding number, while an empty field implies that no explicit statements have been
found. For example, many reports say “15 injured”, but do not say anything about deaths.
While it would be possible to infer that if injuries have been reported but deaths have not
then there were probably no deaths, the fields have been left blank. This is even more
important for the case of the potential difference between total deaths and shaking deaths.
In many cases it is not possible to know the causes of the deaths and, consequently,
whether the number of shaking deaths is equal to the number of total deaths. In these
cases, the number has been reported under “Total Deaths”, without specifying anything
under “Shaking Deaths”.

Deaths, injuries, monetary losses, damaged and destroyed buildings reported in terms of
standard ranges correspond to estimates made by NOAA whenever actual values were not
available in their sources, as per the criteria described in Table A1.1. Other ranges reported
in the database that do not conform to this scheme correspond to different estimates found
in different sources for a particular earthquake. The columns “NOAA deaths”, “NOAA
injuries”, “NOAA damaged”, “NOAA destroyed” and “NOAA economic” indicate whether the
values shown correspond to estimates from the NOAA database. Monetary losses estimated
by NOAA correspond to 1990 United States dollars (i.e., not at the time of occurrence of the
earthquake).
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Table A1.1. Ranges of deaths, injuries, damaged buildings and destroyed buildings (left) as
well as monetary losses (right) used by the Significant Earthquakes Database of the
National Centers for Environmental Information of the National Oceanic and Atmospheric
Administration (NOAA).

Code Description Range Code Description Range (USD)
0 None 0 0 None 0
1 Few ~1-50 1 Limited ~ <1,000,000
2 Some ~50-100 2 Moderate ~ 1,000,000 - 5,000,000
3 Many ~100 - 1,000 3 Severe ~ 5,000,000 - 25,000,000
4 Very Many ~>1,000 4 Extreme ~>25,000,000

To download the database:

The Database of Damaging Small-to-Medium Magnitude Earthquakes can be downloaded
from the NAM website:
https://nam-onderzoeksrapporten.data-app.nl/reports/download/groningen/en/e4fd80e4-
2e86-495¢c-97a4-d00954abcdff
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Il. APPENDIX II: Damage and Macroseismic Intensity Scales

Macroseismic intensity scales are only described herein in terms of their relationship with
vulnerability classes and damage scales. For full descriptions of the intensity scales please

refer to the original publications.

A2.1 The European Macroseismic Scale (EMS-98)

The European Macroseismic Scale (EMS-98; Grunthal, 1998) classifies structures into six
vulnerability classes labelled from A (most vulnerable) through F (least vulnerable). For each
kind of structure, a most likely vulnerability class and a probable and less-probable range

are given, as per Figure A2.1.1.

Type of Structure

Vulnerability Class
A B CDEF

MASONRY

rubble stone, fieldstone
adobe (earth brick)

simple stone

massive stone

unreinforced, with
manufactured stone units

unreinforced, with RC floors

reinforced or confined

O
O
|-

1
O
-
O
a

frame without
earthquake-resistant design (ERD)

frame with moderate level of ERD
frame with high level of ERD
walls without ERD

walls with moderate level of ERD

walls with high level of ERD

+ 0O+ i 0oL oL
O_L
1

steel structures

WOOD | STEEL |REINFORCED CONCRETE (RC)

timber structures

Omost likely vulnerability class; = probable range;
==:range of less probable, exceptional cases

Figure A2.1.1. Classification of structural typologies into vulnerability classes. From Grunthal

(1998).
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Damage is classified into five grades, defined separately for masonry and reinforced
concrete buildings. Figures A2.1.2 and A2.1.3, extracted from Grunthal (1998), define said
damage grades.

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 1n very few cases.

Grade 2: Moderate damage
(shght structural damage, moderate
non-structural damage)
Cracks in many walls.
Fall of fairly large pieces of plaster.

Partial collapse of chimnevs.

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 hine; failure of mdividual non-struc-

tural elements (partitions. g}able walls).

Grade 4: Very heavy damage
{(heavy structural damage,
verv heavy non-structural damage)
Senious failure of walls; partial structural

farlure of roofs and floors.

Grade 5: Destruction
(very heavy structural damage)

Total or near total collapse.

Figure A2.1.2. Definition of EMS-98 damage grades for masonry buildings. From Grinthal
(1998).
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Classification of damage to buildings of reinforced concrete

Grade 1: Negligible to slight damage
(no structural damage,
slight non-structural damage)
Fine cracks mn plaster over frame members

or mn walls at the base.

Fine cracks in partitions and infills.

Grade 2: Moderate damage

(slight structural damage,

%%’\,_ — = "-"":.-_‘H moderate non-structural damage)
%ﬁﬂ;ﬂ|ff|?m Cracks in columns and beams of frames
% Emerd e sy and in structural walls.

{Cracks in partition and infill walls: fall of

brittle cladding and plaster. Falling mortar

from the jomnts of wall panels.

Grade 3: Substantial to heavy damage
{(moderate structural damage,
heavy non-structural damage)
Cracks in columns and beam column joints
of frames at the base and at joints of

coupled walls. Spalling of conrete cover,

buckling of reinforced rods.
Large cracks in partition and mfill walls.

failure of mndividual infill panels.

Grade 4: Very heavy damage
(heavy structural damage,

very heavy non-structural damage)

—— Large cracks m structural elements with
e T A

"o

e L T T ] L K] T
e =i - -
I&#ilrr ol i f_l.'-

compression failure of concrete and

fracture of rebars: bond failure of beam

I=Z3siavr St NSy s aal ; A8
o o ETe Sl L ey reinforced bars: tilting of columns.

Collapse of a few columns or of a single
upper floor.

Grade 5: Destruction
(veryv heavy structural damage)

Collapse of ground floor or parts (e. g

wings) of buildings.

Figure A2.1.3. Definition of EMS-98 damage grades for reinforced concrete (RC) buildings.
From Grunthal (1998).
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Depending on the number of buildings that fall into each damage grade, macroseismic
intensities can then be assigned. EMS-98 intensities | through IV imply no damage, and
intensities V and above relate to damage grades and vulnerability classes as described in
Table A2.1.1. Definitions for “few”, “many” and “most” are given in Figure A2.1.4.

Table A2.1.1. Relation between macroseismic intensity levels and number of buildings of
different vulnerability classes suffering from different damage grades in EMS-98 (Grunthal,

1998).
EMS-98 Intensity Description
\' _— -
(Strong) Damage of grade 1 to a few buildings of vulnerability class A and B.
Vi Damage of grade 1 is sustained by many buildings of vulnerability class A and B; a few
(Slightly damaging) of class A and B suffer damage of grade 2; a few of class C suffer damage of grade 1.
Many buildings of vulnerability class A suffer damage of grade 3; a few of grade 4.
Vi Many buildings of vulnerability class B suffer damage of grade 2; a few of grade 3.
(Damaging) A few buildings of vulnerability class C sustain damage of grade 2.
A few buildings of vulnerability class D sustain damage of grade 1.
Many buildings of vulnerability class A suffer damage of grade 4; a few of grade 5.
VIl Many buildings of vulnerability class B suffer damage of grade 3; a few of grade 4.
(Heavily damaging) 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.

Many buildings of vulnerability class A sustain damage of grade 5.

IX 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; a few of grade 3.
A few buildings of vulnerability class E sustain damage of grade 2.

(Destructive)

Most buildings of vulnerability class A sustain damage of grade 5.
Many buildings of vulnerability class B sustain damage of grade 5.
X Many buildings of vulnerability class C suffer damage of grade 4; a few of grade 5.
(Very destructive) 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.

Most buildings of vulnerability class B sustain damage of grade 5.
XI 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.

(Devastating) 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.
uildings of vulnerability class A,
Xl All buildings of vul bility class A, B
(Completely devastating) and practically all of vulnerability class C are destroyed.
P y 9 Most buildings of vulnerability class D, E and F are destroyed.
. few

e many
I 1 Ost
[ T T T T T T T T T

1
0 10 20 30 40 &0 60 70 80 90 100%

Figure A2.4. Definitions of quantity in EMS-98. From Grunthal (1998).
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A2.2 The Medvedev-Sponheuer-Karnik scale (MSK-64)

The Medvedev-Sponheuer-Karnik scale (MSK-64; Medvedev et al., 1965) defines three
structural typologies, as per Table A2.2.1, and five damage grades, as per Table A2.2.2.

Table A2.2.1. Structural typologies as per MSK-64 scale (Medvedev et al., 1965).

Structural s
. Description
typologies
Type A Buildings in field-stone, rural structures, adobe houses, clay houses.
Tvpe B Ordinary brick buildings, buildings of the large block and prefabricated type, half-timbered
yp structures (i.e., load-bearing timber frames with infills), buildings in natural hewn stone.
Type C Reinforced buildings, well-built wooden structures.

Table A2.2.2. Classification of damage as per MSK-64 scale (Medvedev et al., 1965).

Damage grades Damage description
Grade 1 Slight damage Fine cracks in plaster; fall of small pieces of plaster.
Grade 2 Moderate damage Small cracks in wal!s; fa!l of falr!y large pieces of plaster; pantiles slip off; cracks
in chimneys; parts of chimneys fall down.
Grade 3 Heavy damage Large and deep cracks in walls; fall of chimneys.
Grade 4 Destruction Gaps in walls; parts of buildings may collapse; separate parts of the buildings

lose their cohesion; inner walls and filled-in walls of the frame collapse.

Grade 5 Total damage Total collapse of buildings.

Similar to EMS-98, macroseismic intensities are assigned as a function of the number of
buildings that fall into each damage grade, quantities being defined in Table A2.2.3. MSK-64
intensities | through IV imply no damage, and intensities V and above relate to damage
grades and vulnerability classes as described in Table A2.2.4.

Table A2.2.3. Definitions of quantity in MSK-64 (Medvedev et al., 1965).

Descriptor Meaning
Single, few About 5%
Many About 50%
Most About 75%
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Table A2.2.4. Relation between macroseismic intensity levels and number of buildings of
different vulnerability classes suffering from different damage grades in the MSK-64 scale.

From Medvedev et al. (1965).

MSK-64 Intensity

Description

" . . - .
(Awakening) Slight damage of grade 1 in buildings of type A possible.

\'/] Damage of grade 1 is sustained in single buildings of type B and in many of type A.
(Frightening) Damage in a few buildings of type A is of grade 2.

Vi Many buildings of type C suffer damage of grade 1; in many buildings of type B damage

(Damage to buildings)

is of grade 2. Many buildings of type A suffer damage of grade 3, few of grade 4.

Vil
(Destruction of buildings)

Many buildings of type C suffer damage of grade 2, few of grade 3. Many buildings of
type B suffer damage of grade 3 and a few of grade 4, and many buildings of type A
suffer damage of grade 4 and a few of grade 5.

IX Many buildings of type C suffer damage of grade 3, a few of grade 4. Many buildings of
(General damage to type B suffer damage of grade 4 and a few of grade 5, and many buildings of type A
buildings) suffer damage of grade 5.
X - -
. Many buildings of type C suffer damage of grade 4, a few of grade 5. Many buildings of
(Genersllji?;?]g:;:tlon of type B suffer damage of grade 5. Most buildings of type A suffer damage of grade 5.
(Catagi:ophe) Severe damage even to well-built buildings, bridges, water dams and railway lines.
Xl

(Landscape changes)

Practically all structures above and below ground are greatly damaged or destroyed.

A2.3 The Modified Mercalli Intensity scale (MMI)

The classification of structural typologies in the Modified Mercally Intensity scale (Richter,
1958) focuses only on four types of masonry, which are described in Table A2.3.1.

Table A2.3.1. Structural typologies as per the MMI scale (Richter, 1958).

Structural s
. Description
Typologies
Masonrv A Good workmanship, mortar, and design; reinforced, especially laterally, and
ry bound together by using steel, concrete, etc.; designed to resist lateral forces.
Good workmanship and mortar; reinforced, but not designed in detail to resist
Masonry B
lateral forces.
M Ordinary workmanship and mortar; no extreme weaknesses like failing to tie in at corners, but
asonry C . : . ; )
neither reinforced nor designed against horizontal forces.
Masonry D Weak materials, such as adobe; poor mortar;
y low standards of workmanship; weak horizontally.

Modified Mercalli intensities equal to or below V do not imply damage to buildings, while
intensities VI and above relate to the damage suffered by different typologies of masonry as
described in Table A2.3.2. The Modified Mercalli scale does not define damage grades.
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Table A2.3.2. Relation between macroseismic intensity levels and the damage sustained by
different typologies of masonry, according to Richter (1958).

MMI Scale Description

\ Weak plaster and masonry D cracked.

Damage to masonry D, including cracks. Weak chimneys broken at roof line. Fall of plaster, loose bricks,

Vil : . ; :
stones, tiles, cornices (also unbraced parapets and architectural ornaments). Some cracks in masonry C.

Damage to masonry C; partial collapse. Some damage to masonry B; none to masonry A. Fall of stucco
VIII and some masonry walls. Twisting, fall of chimneys, factory stacks, monuments, towers, elevated tanks.
Frame houses moved on foundations if not bolted down; loose panel walls thrown out.

Masonry D destroyed; masonry C heavily damaged, sometimes with complete collapse; masonry B
IX seriously damaged. (General damage to foundations.)
Frame structures, if not bolted, shifted off foundations.

Most masonry and frame structures destroyed with their foundations.
Some well-built wooden structures and bridges destroyed.
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lll. APPENDIX lll: Case histories of induced earthquakes

A3.1 December 2006 M3.2 Basel Earthquake, Switzerland

This earthquake occurred on 8" December 2006, at 16.48 UTC (17.48 local time), right
under the city of Basel, northern Switzerland, six days after the start of the injection of a
large volume of water at high pressures for the creation of an enhanced geothermal
system (EGS) for the Deep Heat Mining Project in said city. It was the largest of a series of
events that were induced in the area, and was preceded by a ML 2.6 event that occurred in
the early morning of the same day, and which led to the premature halt of the injection,
and by a ML 2.7 event in the afternoon. The creaking of woodwork and rattling of doors
and windows caused by the main shock alarmed the population, though consequent
damage was limited mostly to hairline cracks. The geothermal project was finally cancelled
in December 2009.

A3.1.1 Tectonic and seismic setting
A3.1.1.1 Tectonic setting

Basel 