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Executive Summary

Introduction and Aim of This Report

This report presents the results of an earthquake scévamea seismic risk
assessment undertaken by Arup for NAM to investigate the risk to builaimgs
the life safety of building occupamis®ciated with induced seismicity in the
Groningen region of the Netherlands.

This report forms part of a wider scope of services related to the structural
upgrading strategy for buildings in the Groningen region, described in a series of
reports by Arup (203).

1 Structural Upgrading StratedVy;

1 Seismic Risk (this report);

T Structural Upgrading Stud§/; and
7 Implementation Stud?’.

The seismic risk study is in support of the requsedlies outlined in the letter of
Minister Kamp to the Dutch Parliament of 11 February 2013

Scenario Earthquake Risk Assessment Methodology

For thisrisk assessment a study area has been definedavets the Groningen
gas field.A database has beennapiled for buildings in this study area along with
the simplified engineering characteristics for each buildasgimated usage of the
buildings, estimated occupancy rates amteliminary interpretation of their
potentialseismic fragility .There are pproximately 250,000 buildings in the

study area with a total population of approximately 500,000 with approximately
200,000 people in the city of Groningen alone.

Four earthquakecenarios have been considered:

1 A magnitudeM,, =5 earthquake;

1 A magnitudeM,, =3.6 earthquake;

1 A magnitudeM,, =4 earthquake; and
1 A magnitudeM,, =4.5 earthquake.

An earthquake scenariod,O5 i n this report is estimate
of occurring of less than 10% in the ndX year§ The smaller magnitude
earthquakesdve higher probabilities of occurring in the Groningen area.

!NAM indicatessfi The 6 Report to the Technical Guidance Comn
Measures; Part 1: Depl etion Scenarios and Hazard A
progress was made in the understanding of the seismic hazard, significant uncertainty egmains

present. The predictions of the seismic hazard range are believed to be conservative and NAM has

initiated a further data acquisition program to obtain additional field data, and a studies program

to reduce the uncertai nhthisreparidkstidatedeodhaved quake scena
probability of occurring of less than 10% in the next 10 years.

Further datagathering and further studies in the next years will be executed in order to reduce the
uncertainty range and may well in the future furthedluce the hazard. For example, it is expected
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For each of these earthquake scenarios the distribution of ground shaking hazard
in terms of peak horizontal ground acceleration (PGA) has been determined. The
distribution and amplitude of the@und shaking and the relevant fragility

functions that are assigned to each building are then used to estimate the amount
of potential building damage in the study area. Building damage is classified into
five damage states: slight damage (DS1), modeaateage (DS2), extensive

damage (or substantial to heavy) (DS3), complete (or very heavy) damage (DS4),
and collapse (or destruction) (DS5). The distribution and numbers of buildings
damaged (to each damage state) is then summarised and reported.

There is a strong correlation between the level of building damage and the
expected number and severity of injuries to the occupants of the buildings.
Therefore the number of buildings in each damage state and the population in
each of the buildings is udé¢o estimate the potential number and severity of
casualties in an earthquake scenario. Casualties are classified into four levels: SL1
injuries which require basic medical aid; SL2 injuries which require greater

medical care but are not life threateni®;3 injuries are life threatening if not

treated; and SL4 injuries in which an individual is mortally injured or
instantaneously killed.

The earthquake scenario risk assessment results presented in this report provide an
estimate of what could happenamumber of single possible future earthquakes

of givenmagnitudes in the Groningen region. The scenario assessments do not
provide an estimate of the cumulative damage and casualties that could potentially
arise from all possible future induced earthaqesaluring the life of the gas field

and after.

Scenario Earthquake Risk Assessment Results

The numbers of buildings estimated to be damaged to different damage states
(DS1 to DS5) in each of the four main earthquake scendips 3.6, 4, 4.5 and
5) usingmedian PGA ground motion input values are summariségjure 1.

that geomechanical studies, explicitly modelling faults, can demonstrate a physical upper bound to
the maxi mum magnitude. 0O
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Figurel Summary of estimated number of buildings damaged to each datatge
(DS1to DS5) for earthquake scenarios with magniMge3.6, 4, 4.5 and 5 using
median (58 percentile) PGA input values.

The estimated number of buildings that will potentially be damaged is expected to
increase significantly with increasing matgiie of the earthquake. For a smaller
magnitude earthquake, such asMye4 earthquake scenario, it is expected that
hundreds of buildings will be slightly damaged, tens of buildings will be
moderately damaged and less than 10 buildings will be exedpnsiamaged. In

the event of aearthquake of magnitud#,, =5, it is expected that thousands of
buildings will be slightly or moderately damaged, hundreds of buildings
extensively to completely damaged and approximately 50 buildings will collapse.

The numbepf potential casualties that are estimated to be caused by each of these
scenario earthquakes is also expected to increase significantly with increasing
magnitude. The numbers of casualties estimated to occur in each of the four main
earthquake scenari@sl, =3.6, 4, 4.5 and 5) are summarisedrigure2 below.

For a smaller magnitude earthquake, suchMg a4 earthquake scenario, it is
expected that 2 or 3 peoplélvbe injured. In the event ofreearthquakef

magnitudeVl,, =5, it is expected that approximately one hundred people will
potentially be injured with almost ten life threatening injuries or direct fatalities.
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Figure2 Summary of estimated number of casualties to severity of injury %Stho SL4)
for earthquake scenarios with magnitddg=3.6, 4, 4.5 and 5 using median {50
percentile) PGA input values.

It is emphasised that these risk assessment results are preliemdamprk is still

in progress. There are very significant uncertainties in the input parameters to the
risk assessment calculations. There are significant uncertainties in seismic hazard
ground motion PGA values, the fragility functions assigned to theitgs and
therefore the estimation of the amount of potential building damage and also
uncertainty in the estimation of casualties given the expected levels of building
damageConsiderable effort is egoing through research and development tasks

to reduce the uncertainty in all areas.

In order to investigate the potential impact of these large uncertainties on the risk
assessment calculation results a series of sensitivity analyses have been
undertaken and the findings from these sensitivity analyseslso described in

the report. The sensitivity analyses include investigation of the effect of the
uncertaint%/ and sgatial variability of the seismic hazard ground motion PGA
values(16" and 84 percentiles) Sensitivity analyses have also been unéterta

to investigate the effect of assigning different fragility functions to account for the
uncertainty in the performance of the Groningen region building stock under
seismic ground shaking. In particular, the effect of use of alternative fragility
functions to account for the potential effect of shorter duration ground shaking on
the expected level of building damage has been investigated.

The numbers of buildings estimated to be damaged to different damage states
(DS1 to DS5) in each of the four mainrsguake scenario$A, =3.6, 4, 4.5 and

5) using uniformly higher 84percentile PGA ground motion input values (rather
than the median or 80percentile PGA values) are summariseéigure3. The
estimated numbers of damaged buildings using this uniformly higher level of
PGA is significantly higher but cannot be considered unrealistically high at this
stage. These analyses do serve to emphasise how sensitiauttsear® to
changes in input values.
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Figure3 Summary of number of buildings damaged to each damage state (DS1to DS5)
for earthquake scenarios with magnitddg=3.6, 4, 4.5 and 5 using Bgercentile
(median +1 sigma) PGA input values.

The number of potential casualties that are estimated to be caused by each of the
scenario earthquakes but using the uniformly highBr@tcentile PGA ground
motion input values (rather than the medias@t percentile PGA values) are
summarised ifrigure4. The estimated numbers of casualties is also significantly
higher but cannot be considered unrealistically high
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Figure4 Summary of estimated number of casualties to severity of injury (SL1to SL4)
for earthquake scenarios with magnitddg=3.6, 4, 4.5 and 5 using Bgercentile
(median +1 sigma) PGA input values.

Sensitivity analysebave also been undertaken to investigate the effect of
assigning different fragility functions to account for the uncertainty in the
performance of the Groningen region building stock under seismic ground
shaking. Three sets of fragility functions aredisene Arup fragility functions are
based on empirical damage statistics from earthquakes elsewhere in the world
calibrated for the Groningen region building stock. The fragility functions adopted
by Pinho and Crowley use shake table test data from elsewhthe world
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calibrated for the Groningen region building stock (Pinho and Crowley

Aunmodi fiedo) . Pinho and Crowley al so deve
account for the potential effect of small magnitedethquakée short duration

ground motbns on the performance of Groningen region building stock (Pinho

and Crowley Aduration modifiedo). The c¢omg
that are estimated to be damaged in an earthquake scenarid,whhusing the

median or 50 percentile PGA valueand the higher 8%percentile PGA values

and with the different fragility function sets are summarisdéigare5 and

Figure®6.
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Figure5 Summary of estimated number of buildings damaged to each damage state

(DS1to DS5) for an earthquake scenario with magniMgle 5 using median (30

percentile) PGA input values and comparing the results obtained using different sets of
fragility functions proposed by Arup, Pineon d Cr owl!l ey afd®inhmandi f i edo
Crowleyfi d ur at i o rfor Gronohger regeod kuilding stock.

18000 : ‘ ‘ ,
16373 [ JArup
16000 15141 [ Pinho\Crowley "unmodified” _
I Pinho\Crowley "duration modified"
14000+ _
11847
12000 —— |
2]
o
£
T 10000} 9210 il
= —
a
‘e 8000 |
s
6000+ _
4000+ 3351 _
2471 2714
1841
2000 1750 1362 1286 1038 .
867
0

D81 DS2 DS3 DS4 DS5

Figure6 Summary of estimated number of buildings damaged to each damage state

(DS1to DS5) for an earthquake scenario with magniMge 5 using 8% percentile

PGA input values and comparing the results obtained using different sets of fragility

functions proposed b& r u p , Pinho and Crowley Aunmodifiedo
Adur at i o rfor Grenthgem regiod luilding stock.
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The comparison of the number of casualties estimated to occur in an earthquake
scenario withVly =5 using the medianr&d" percentile PGA values and the

higher 84" percentile PGA values and with the different fragility function sets are
summarised ifrigure7 andFigure8.
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Figure7 Summary of estimated number of casualties to severity of injury (SL1to SL4)

for an earthquake scenario with magnitiwlg= 5 using mediags0d"” percentile) PGA

input values and comparing the results obtained using different sets of fragility functions

proposed bAr u p , Pinho and Crowley fAunmodifiedo and
mo d i ffar @rahihgen region building stock.
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Figure8 Summary of estimated number of casualties to severity of injury (SL1to SL4)

for an earthquake scenario with magnitiie= 5 using 84 percentile PGA input values

and comparing the results obtained using different sets olfitiydginctions proposed by

Arup, Pinho and Crowley Aunmodi fiefbo and Pinh
Groningen region building stock.

It is not possible at this stage to judge which set of fragility functions is most
suitable for the Groningen rexgi building stock and, therefore, three separate sets
of fragility functions have been used to represent the uncertainty of the expected
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building performance under earthquake ground shaking. It is recommended that
the range of results using these threeassp sets of fragility functions be
considered as providing a reasonable estimate of expected number of damaged
buildings and casualties.

It is emphasised throughout this report that there is considerable uncertainty in the
input parameters for the rislssessment and therefore there will be significant
uncertainty in the estimated numbers of potentially damaged buildings and
numbers of potential casualties presented for different earthquake scenarios. It is
therefore recommended that the range of rebeltsonsidered as providing a

good indication of the possible levels of damage and numbers of casualties that
could occur in future earthquakes in the Groningen region.

The scenario earthquake risk assessment using the median PGA values as input
(seeFigurel andFigure?2) are considered to provide a reasonable estimate of the
potential building damage and number of casualties. These median results appear
to be consistent with the levels of damage and casualties resulting from similar
magnitude tectonic earthquakes elsewhere in the world. However, median PGA
values by their very nare mean that the ground shaking could be higher or lower.

If the variability of the input ground motion is used (i.e. possible higher or lower
PGA values) and the range of possible fragility functions are used then the
estimated levels ofainage and caalties are highehesehigherbuilding

damage and casualty estimatesparssiblebut appear to be higher than observed
levels of damage and casualties from tectonic earthquédlsamilar magnitude
elsewhere in the world.

Uncertainty Reduction

A key asct of ongoing risk management work is uncertainty reduction through
research and development. Key areas for uncertainty reduction include; improved
understanding of the ground motion hazard including the amplitude, frequency
content and duration; improgleinderstanding of the effect of the local geology on
the earthquake ground motions; improved definition and classification of the
building structural typologies in the region; improved understanding of the
vulnerability of the building stock to ground $ivag; improved estimation of the
amount of building damage that can potentially occur by better understanding of
the response of the buildings to potentially higher frequency and shorter duration
ground motions; and improved casualty estimation methodaisigyg building
damage and casualty statistics from elsewhere in the world but that are most
relevant to the situation in the Groningen region.

Risk Management

The findings from this risk assessment study can betosefbrmrisk

management decisions. k#nforced masonry buildings constitute 75% to 85% of
the building stock in the Groningen regiand therefore particular attention

should be given to understanding, and improving when necessary, the
performance of these buildings under earthquake grchatkdrgy. The risk

analyses indicate it is not only the older unreinforced masonry buildings but also
the newer unreinforced masonry buildings that contribute most to the risk. Severe
injury and potential loss of life is predominantly associated with bgjldaillapse

and therefore strengthening of buildings particularly the unreinforced masonry
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buildings for collapse prevention should form a key component of the risk
management strategy. The risk assessment results can also behepddentify

the priorties forrisk management activities. Priority should be given to buildings
in highest risk areas (high hazard x high exposure x high vulnerability) along with
buildings of high importance (e.g. hospitals), high occupancy (e.g. schools), and
high culturalvalue (e.g. churches and museums) as well as facilities where there
may be secondary hazards (e.g. chemicals storage facilities) and facilities where
systems failure might have adverse cascading impacts (e.g. failure of electrical
distribution or water sygy).
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1 Introduction

1.1 Background

Arup has been appointed by Nederlandse Aardolie Maatschappij B.V. (NAM) to
carry out consultancy services in relation to induced seismicity hazard and risk
assessment, and the design of strengthening measures for buildings in the
Groningen region of the Nleerlands.

Arup is a global firm of professional consultantis report has been
commissioned by NAM, and produced using information, instructions and
directions from NAM. However the findings reached are the product of our
independent professionaldgement, on the basis of our scientific knowledge at
the date of writing this report.

For the original scope of work for the earthquake scefms®d risk assessment,
Arup were requested to consider a study area with a 15 km radius around the
epicentre othe August 2012 Huizinge earthquake. As more information became
available on the location of induced earthquakes in the Groningen region the
scope of work was increased and the study area was expanded to cover the full
extent of the Groningen gas fielthe spatial extent of the extended study area is
also shown offrigure9. In this report the extended study area is adopted only for
the purposes of the damage estimmatwhile the initial building database (15 km
radius) is adopted for the casualty estimatidre compilation of all required
information on all buildings and the occupants in the extended study area is still in
progress.

The Netherlands has large-tamd gas reservoirs, which have been exploited since .

the 1960s. Numer ou MyamdagHhallow mélgmi t ude (O 3. ¢
earthquake events have been induced as a result of this gas exploitation (van Eck

et al, 2006). The location of earthquakes eventstisaimorth of the Netherlands

and predominantly associated with the Groningen gas field which is the largest of

the gas fields in the region (segure10). The indued earthquakes have caused

damage to buildings in the region and are the subject of concern to the population.

This report describes the results of the earthquake scdrem®al risk assessment

for the Groningen region being undertaken by Arup for NAMn3&cde

earthquake risk assessments provide an estimate of what could happen in terms of
building damage and casualties in single possible future earthquakes of a given
magnitude (e.g. what could happen in a magniMge5 earthquake located near

the town ofHuizinge). The scenario earthquake risk assessments do not provide

an estimate of the cumulative damage and casualties that could potentially arise
from all possible future induced earthquakes during the life of the gas field and
after.
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Figure9 Groningen region location plan.
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Figure10 Seismicity of the Groningen region (from Van Eck et al., 2006).

1.2 Seismic Risk Assessment Methodology

The seismic risk assessment methodology can be divided intsénr
components:

1 Seismic hazard assessment;

1 Building exposure assessment;

1 Building vulnerability assessment; and
1 Building risk calculation.

This report provides a summary of the scenbased methodology that has been
used for the initial damage assessment only and provides a description of the
proposed methodology to be undertaken in the future to enhance the risk
assessment.

Figurell explains the relationship between the basic components of hazard,
exposure and vulnerability considered in determination of seismic risk. Each of
these components is disged in more detail in the following sections of this
report.
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http://earthquake.usgs.gov/earthquakes/
http://www.ga.gov.au/hazards.html
http://www.ngdc.noaa.gov/nndc/struts/results?eq_0=5505&t=101650&s=13&d=22,26,13,12&nd=display

































http://www.bridgis.nl/product/geodata/



http://dx.doi.org/10.1193/082911EQS210M
http://earthquake-report.com/2012/01/09/catdat-damaging-earthquakes-database-2011-annual-review/
http://www.istructe.org/resources-centre/technical-topic-areas/eefit/
http://www.istructe.org/resources-centre/technical-topic-areas/eefit/
http://www.istructe.org/resources-centre/technical-topic-areas/eefit/
http://www.istructe.org/resources-centre/technical-topic-areas/eefit/
http://www.fema.gov/hazus.%20Access%20June%202013
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