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Executive Summary 

Introduction and Aim of This Report  

This report presents the results of an earthquake scenario-based seismic risk 
assessment undertaken by Arup for NAM to investigate the risk to buildings and 
the life safety of building occupants associated 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 (2013).  

¶ Structural Upgrading Strategy 
[1]

; 

¶ Seismic Risk (this report); 

¶ Structural Upgrading Study 
[2]

; and 

¶ Implementation Study 
[3]

. 

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

Scenario Earthquake Risk Assessment Methodology 

For this risk assessment a study area has been defined that covers the Groningen 
gas field. A database has been compiled for buildings in this study area along with 
the simplified engineering characteristics for each building, estimated usage of the 
buildings, estimated occupancy rates and a preliminary interpretation of their 
potential seismic fragility . There are approximately 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 earthquake scenarios have been considered: 

¶ A magnitude Mw =5 earthquake; 
¶ A magnitude Mw =3.6 earthquake; 
¶ A magnitude Mw =4 earthquake; and 
¶ A magnitude Mw =4.5 earthquake. 
 
An earthquake scenario of Mw Ó5 in this report is estimated to have a probability 
of occurring of less than 10% in the next 10 years

1
. The smaller magnitude 

earthquakes have higher probabilities of occurring in the Groningen area. 

                                                 
1
 NAM indicates: ñThe óReport to the Technical Guidance Committee (TBO) on Production 

Measures; Part 1: Depletion Scenarios and Hazard Analysisô reports that although considerable 

progress was made in the understanding of the seismic hazard, significant uncertainty remains at 

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 uncertainty. A MwÓ5 earthquake scenario in this report is estimated to have a 

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 further reduce 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 ground 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), moderate damage (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 used to 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 threatening; SL3 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 happen in a number of single possible future earthquakes 
of given magnitudes 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 earthquakes during 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 scenarios (Mw =3.6, 4, 4.5 and 
5) using median PGA ground motion input values are summarised in Figure 1. 

                                                                                                                                      
that geomechanical studies, explicitly modelling faults, can demonstrate a physical upper bound to 

the maximum magnitude.ò 
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Figure 1  Summary of estimated number of buildings damaged to each damage state 
(DS1to DS5) for earthquake scenarios with magnitude Mw =3.6, 4, 4.5 and 5 using 
median (50

th
 percentile) PGA input values. 

The estimated number of buildings that will potentially be damaged is expected to 
increase significantly with increasing magnitude of the earthquake. For a smaller 
magnitude earthquake, such as the Mw=4 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 extensively damaged. In 
the event of an earthquake of magnitude Mw =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 number of 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 scenarios (Mw =3.6, 4, 4.5 and 5) are summarised in Figure 2 below. 
For a smaller magnitude earthquake, such as a Mw =4 earthquake scenario, it is 
expected that 2 or 3 people will be injured. In the event of an earthquake of 
magnitude Mw =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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Figure 2  Summary of estimated number of casualties to severity of injury (SL1to SL4) 
for earthquake scenarios with magnitude Mw =3.6, 4, 4.5 and 5 using median (50

th
 

percentile) PGA input values. 

It is emphasised that these risk assessment results are preliminary and work 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 the buildings 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 
damage. Considerable effort is on-going 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 analyses are also described in 
the report. The sensitivity analyses include investigation of the effect of the 
uncertainty and spatial variability of the seismic hazard ground motion PGA 
values (16

th
 and 84

th
 percentiles). Sensitivity analyses have 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. 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 main earthquake scenarios (Mw =3.6, 4, 4.5 and 
5) using uniformly higher 84

th
 percentile PGA ground motion input values (rather 

than the median or 50
th
  percentile PGA values) are summarised in Figure 3. 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 sensitive the results are to 
changes in input values.  
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Figure 3  Summary of number of buildings damaged to each damage state (DS1to DS5) 
for earthquake scenarios with magnitude Mw =3.6, 4, 4.5 and 5 using 84

th
 percentile 

(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 higher 84

th
 percentile PGA ground 

motion input values (rather than the median or 50
th
 percentile PGA values) are 

summarised in Figure 4. The estimated numbers of casualties is also significantly 
higher but cannot be considered unrealistically high.  

 
Figure 4  Summary of estimated number of casualties to severity of injury (SL1to SL4) 
for earthquake scenarios with magnitude Mw =3.6, 4, 4.5 and 5 using 84

th
 percentile 

(median +1 sigma) PGA input values. 

Sensitivity analyses have 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 are used. The 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 elsewhere in the world 
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calibrated for the Groningen region building stock (Pinho and Crowley 
ñunmodifiedò). Pinho and Crowley also developed fragility functions amended to 
account for the potential effect of small magnitude earthquake / short duration 
ground motions on the performance of Groningen region building stock (Pinho 
and Crowley ñduration modifiedò). The comparison of the number of buildings 
that are estimated to be damaged in an earthquake scenario with Mw=5 using the 
median or 50

th
 percentile PGA values and the higher 84

th
 percentile PGA values 

and with the different fragility function sets are summarised in Figure 5 and 
Figure 6. 

 
Figure 5  Summary of estimated number of buildings damaged to each damage state 
(DS1to DS5) for an earthquake scenario with magnitude Mw = 5 using median (50

th
 

percentile) PGA input values and comparing the results obtained using different sets of 
fragility functions proposed by Arup, Pinho and Crowley ñunmodifiedò and Pinho and 
Crowley ñduration modifiedò for Groningen region building stock. 

 
Figure 6  Summary of estimated number of buildings damaged to each damage state 
(DS1to DS5) for an earthquake scenario with magnitude Mw = 5 using 84

th
 percentile 

PGA input values and comparing the results obtained using different sets of fragility 
functions proposed by Arup, Pinho and Crowley ñunmodifiedò and Pinho and Crowley 
ñduration modifiedò for Groningen region building stock. 
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The comparison of the number of casualties estimated to occur in an earthquake 
scenario with Mw =5 using the median or 50

th
 percentile PGA values and the 

higher 84
th
 percentile PGA values and with the different fragility function sets are 

summarised in Figure 7 and Figure 8. 

 
Figure 7  Summary of estimated number of casualties to severity of injury (SL1to SL4) 
for an earthquake scenario with magnitude Mw = 5 using median (50

th
 percentile) PGA 

input values and comparing the results obtained using different sets of fragility functions 
proposed by Arup, Pinho and Crowley ñunmodifiedò and Pinho and Crowley ñduration 
modifiedò for Groningen region building stock. 

 
Figure 8  Summary of estimated number of casualties to severity of injury (SL1to SL4) 
for an earthquake scenario with magnitude Mw = 5 using 84

th
 percentile PGA input values 

and comparing the results obtained using different sets of fragility functions proposed by 
Arup, Pinho and Crowley ñunmodifiedò and Pinho and Crowley ñduration modifiedòfor 
Groningen region building stock. 

It is not possible at this stage to judge which set of fragility functions is most 
suitable for the Groningen region 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 three separate 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 risk assessment 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 results be considered 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 
(see Figure 1 and Figure 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 nature 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 of damage and casualties are higher. These higher building 
damage and casualty estimates are possible but appear to be higher than observed 
levels of damage and casualties from tectonic earthquakes of similar magnitude 
elsewhere in the world. 

Uncertainty Reduction 

A key aspect of on-going 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; improved understanding 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 shaking; 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 methodology using 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 be used to inform risk 
management decisions. Unreinforced masonry buildings constitute 75% to 85% of 
the building stock in the Groningen region and therefore particular attention 
should be given to understanding, and improving when necessary, the 
performance of these buildings under earthquake ground shaking. 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 building collapse 
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 be used to help identify 
the priorities for risk 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 cultural value (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 supply).   
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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 Netherlands.  

Arup is a global firm of professional consultants.  This 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 professional judgement, on the basis of our scientific knowledge at 
the date of writing this report. 

For the original scope of work for the earthquake scenario-based risk assessment, 
Arup were requested to consider a study area with a 15 km radius around the 
epicentre of the 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 field. The spatial extent of the extended study area is 
also shown on Figure 9. In this report the extended study area is adopted only for 
the purposes of the damage estimation, while the initial building database (15 km 
radius) is adopted for the casualty estimation. The compilation of all required 
information on all buildings and the occupants in the extended study area is still in 
progress.  

The Netherlands has large on-land gas reservoirs, which have been exploited since 
the 1960s. Numerous small magnitude (Ò 3.6 Mw) and shallow (< 4 km) 
earthquake events have been induced as a result of this gas exploitation (van Eck 
et al, 2006).  The location of earthquakes events is in the north of the Netherlands 
and predominantly associated with the Groningen gas field which is the largest of 
the gas fields in the region (see Figure 10). The induced 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 scenario-based risk assessment 
for the Groningen region being undertaken by Arup for NAM. Scenario 
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 magnitude Mw=5 earthquake located near 
the town of Huizinge). 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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Figure 9 Groningen region location plan. 
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Figure 10 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 into four main 
components: 

¶ Seismic hazard assessment; 
¶ Building exposure assessment; 
¶ Building vulnerability assessment; and 
¶ Building risk calculation.  

This report provides a summary of the scenario-based 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.  

Figure 11 explains the relationship between the basic components of hazard, 
exposure and vulnerability considered in determination of seismic risk. Each of 
these components is discussed in more detail in the following sections of this 
report. 
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