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Common responses to induced seismicity are based on control of the 5 

anthropogenic activity causing the earthquakes, like fluid injection or withdrawal, 6 

in order to limit either the magnitudes of the events or the level of ground motion 7 

to within established thresholds. An alternative risk mitigation option is seismic 8 

retrofitting of the more vulnerable buildings potentially exposed to the ground 9 

shaking in order to reduce the risk to acceptable levels. Optimal mitigation 10 

strategies may combine both production control and structural strengthening, for 11 

which a probabilistic risk model is required that can estimate the change in hazard 12 

due to production or injection variations and the changes in fragility resulting 13 

from structural interventions. Such a risk model has been developed for the 14 

Groningen gas field in the Netherlands. The framework for this risk model to 15 

inform decision-making regarding mitigation strategies can be adapted to other 16 

cases of anthropogenically-induced seismicity. 17 

INTRODUCTION 18 

In recent years the societal impact of induced earthquakes resulting from human 19 

activities—especially the extraction or injection of fluids—has received increasing attention. 20 

This has largely been due to an increase in the public awareness and concern, as well as 21 

regulatory response to what is a risk induced by human activity rather than one arising from a 22 

natural hazard.  23 

Earthquake engineering has generally focused on the provision of seismic resistance to 24 

the built environment to protect society from the effects of naturally occurring tectonic 25 
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earthquakes; the hazard in terms of ground shaking is quantified to inform design decisions 26 

but cannot be modified. The response to induced seismicity, however, has tended to focus on 27 

the potential for controlling the seismicity—and therefore the seismic hazard—through 28 

modification (or suspension) of the human activity causing the earthquakes. Hence there has 29 

been a great emphasis on ‘traffic light systems’, especially for those operations associated 30 

with high-pressure injection of liquids such as enhanced geothermal systems (Majer et al. 31 

2012) and waste water disposal (Zoback 2012). The efficacy of such control schemes 32 

depends in part on a rapid response of the system to changes in withdrawal or injection 33 

operations. Moreover, in geothermal projects, for example, the largest induced earthquakes 34 

have tended to occur after shut-in of injection operations (Majer et al. 2007).  35 

For conventional natural gas production in a field as large as Groningen, uncertainty 36 

regarding the response to short-term production changes means that production measures in 37 

combination with selective building strengthening should be considered as a more effective 38 

risk mitigation strategy. Nonetheless, reduction of gas production levels is an option for 39 

limiting the induced earthquake activity and the consequent hazard and risk. However, it is 40 

not the only option to reduce seismic risk since the principles of earthquake engineering can 41 

also be applied to induced seismicity as they have been applied to natural earthquakes for 42 

several decades. Some studies, such as Douglas and Aochi (2014) and Mignan et al. (2015), 43 

have addressed the risk due to induced earthquakes, but the proposed responses are still 44 

focused on control of the seismic hazard. 45 

While options for controlling the driving force behind induced seismicity should clearly 46 

be considered in any risk management scheme, approaches focusing on hazard reduction do 47 

not need to be the unique focus since traditional earthquake engineering can be applied to 48 

reduce fragility as an alternative risk mitigation response (Bommer et al. 2015). Development 49 

of a quantitative probabilistic risk model that predicts the change in hazard resulting from 50 

modifications to production and the change in fragility resulting from structural upgrading 51 

can serve as the basis for designing a set of risk mitigation strategies.  Even if the focus 52 

remains primarily on hazard control, a probabilistic risk model considering the distribution 53 

and characteristics of the exposure provides a more complete basis for determining 54 

acceptable production levels based on safety norms which are provided by society.  55 

This paper presents a probabilistic hazard and risk model that has been developed to 56 

inform decision-making regarding mitigation options in the Groningen gas field in the 57 



 

 

Netherlands, where production-induced earthquakes have raised serious societal concerns. 58 

The hazard and risk model development has been supported by extensive new data collection 59 

in order to calibrate the model components to local conditions, but attention has also been 60 

paid to ensuring adequate capture of the inevitable uncertainty associated with modeling the 61 

effects of potential larger-magnitude earthquakes. The presentation of the complete risk 62 

model would clearly exceed the available length for a single journal article; this paper is the 63 

culmination of a series of papers in which individual elements of the risk model have been 64 

previously presented in the open literature (namely Bourne et al. 2015; Bourne et al. 2018; 65 

Bommer et al. 2017a; Crowley et al. 2017; Crowley et al. 2018). Key features of the model 66 

elements are summarized herein and references provided for the reader interested in greater 67 

detail. The purpose of the present paper is to show how these model elements are combined 68 

into a comprehensive risk model (including the rigorous quality assurance procedures 69 

applied) and to demonstrate its capabilities in terms of quantifying the risk reductions 70 

achievable through different mitigation measures. While the risk estimates for the Groningen 71 

field will be of interest to some readers, the primary purpose of the paper is to present the 72 

general framework that can be adapted to other cases of induced seismicity. To our 73 

knowledge, this is the first presentation of a complete risk model for induced earthquakes.  74 

In closing this introduction, it is important to emphasize that decisions regarding risk 75 

mitigation strategies will also be influenced by many other considerations, including 76 

community perception of risk (Slovic 2000, 2010) and recurring building damage, potential 77 

for damage to heritage buildings, security of supply to the dedicated gas market for 78 

Groningen-quality gas consisting mainly of households and small industry, regulatory 79 

control, social trust in risk management (Cvetkovich and Löfstedt 1999, Siegrist et al. 2010), 80 

economics, and international energy security issues. Such contextual factors, both in 81 

Groningen and in general, are beyond the scope of this article. However, regardless of the 82 

specific details and sensitivities of any specific case of induced or triggered seismicity 83 

associated with human activities, a probabilistic risk model contributes to informed and 84 

balanced decision making.  85 

IMPLEMENTATION OF THE RISK MODEL 86 

This section introduces the main elements of the risk model for the quantitative 87 

estimation of seismic risk metrics in the Groningen field. Each of these elements will then be 88 

described in more detail in subsequent sections of this paper. 89 



 

 

RISK METRICS  90 

In early 2015, an advisory committee, Commissie Meijdam, was established to advise on 91 

risk policy related to Groningen earthquakes, including the selection of risk metrics. The first 92 

recommendation of this committee was that a local personal risk (LPR) metric, defined as the 93 

annual probability of fatality for a hypothetical person who is continuously present without 94 

protection inside a building, should be evaluated for all buildings within the assessment area. 95 

The capability to estimate this risk metric was thus the main priority for the development of 96 

the risk model, but a number of other risk metrics are also being implemented and 97 

investigated. These include group or societal risk presented through so-called F-N curves for 98 

both fatalities and damaged buildings (i.e., the frequency of occurrence F, of at least N 99 

fatalities or damaged buildings in a single event) and average annual loss due to repair of 100 

damage.  101 

RISK SIMULATIONS 102 

The risk model is evaluated by Monte-Carlo sampling of the aleatory variability within 103 

the causal sequence of conditional probability models (Figure 1), building on the hazard 104 

model by Bourne et al. (2015).  105 

106 
Figure 1. Schematic diagram of risk calculation process when focused on casualty estimation. 107 



 

 

For a given risk assessment period and a given gas production scenario, the spatial-108 

temporal development of reservoir pore pressure changes is forecast by using the reservoir 109 

fluid flow simulation model. Given these pressure changes, the seismological model forecasts 110 

probability distributions for the total number of induced earthquakes, the epicentral locations, 111 

origin times, and magnitudes, including contributions from aftershocks. Sampling these 112 

earthquake distributions creates a single simulated earthquake catalog.  113 

Given this simulated catalog, the ground motion model forecasts the probability 114 

distribution of base rock motions and near-surface amplifications for every simulated 115 

earthquake exceeding a given threshold and for every surface location within a dense surface 116 

grid of observation points. Sampling these ground motion distributions creates a single 117 

catalog of simulated ground motions.  118 

For the primary risk metric of local personal risk, spatial correlation is unimportant but 119 

for aggregate measures, such as group risk, the influence of spatial correlation of ground 120 

motions can be very important. In the current model, rules are imposed for sampling the 121 

variability distributions in order to produce near-perfect correlation of the ground motions at 122 

all grid points within a site response zone. The resulting distribution of highly-correlated 123 

ground motions within each zone and no correlation between zones provides a good first-124 

order approximation to a more realistic model for the variation of spatial correlation with 125 

separation distance (Stafford et al., 2018).  126 

Given the simulated catalog of ground motions, the fragility model forecasts the 127 

probability distribution of building damage states for each recognized structural system for 128 

each ground motion event at each observation point. Sampling these probability distributions 129 

for each exposed building yields a catalog of damaged buildings.  130 

Given this catalog of damaged buildings, the fatality model forecasts the probability 131 

distribution of loss of life for each exposed building and collapse mechanism. Sampling these 132 

consequence distributions creates a single catalog of simulated fatality probabilities. 133 

Repeating this sampling process a sufficiently large number of times yields a collection of 134 

simulated catalogs that closely approximate the fatality probability distribution. Risk metrics 135 

that summarize this distribution are then readily computable. 136 



 

 

INDUCED EARTHQUAKES IN THE GRONINGEN FIELD 137 

The Groningen gas field (Figure 2), was discovered in 1959. Initially, gas reserves were 138 

estimated at some 2900 billion cubic meters (bcm).  139 

140 
Figure 2. Location map with earthquake epicenters (all events with ML≥1.5 between 1995 and 2017) 141 
shown as red circles (local magnitudes in legend) from the KNMI catalog, overlain on a base map 142 
showing the Groningen field outline, mapped geological faults, seismometer stations (blue triangles) 143 
and building locations (gray dots); major urban settlements are labeled. Coordinates are in 1000s of 144 
meters in the Dutch RD system.  145 

Gas production started in 1963 and a peak annual production rate of 88 bcm was reached 146 

in 1976. The remaining gas volume that could potentially still be produced is estimated at 147 



 

 

800 bcm. Between 1995 and 2014, annual production varied with demand between 23 and 54 148 

bcm, but has since been successively cut on the instruction of the Government, in response to 149 

growing concerns about the induced earthquakes. Production from the center of the field 150 

started being reduced in January 2014; total annual volumes were 53.87 bcm (2013), 42.41 151 

bcm (2014), 28.10 bcm (2015), 27.59 bcm (2016) and 23.58 bcm (2017). 152 

The Groningen reservoir consists of high quality reservoir sandstone with a thick gas 153 

column. The field is heavily faulted with more than 1,500 faults identified on the 3D seismic 154 

data. The field is produced from 20 production clusters and two satellite clusters. At the 155 

production clusters, the gas is compressed and processed (removal of small amounts of 156 

produced water and condensate). The clusters are connected via a pipeline network through 157 

which gas is supplied to the national grid.  158 

The first earthquake recorded in the north of the Netherlands was in December 1986 and 159 

since 1993 it has been accepted that seismicity in the area is induced by production from the 160 

northern gas fields – Groningen (Figure 2) and others. The 1986 event occurred close to the 161 

Assen field whereas the first production-related earthquake detected within the Groningen 162 

field was in 1991. To date there have been 17 Richter local magnitude (ML) ≥3.0 earthquakes 163 

in the northern Netherlands: nine in the Groningen field, four in the Bergermeer field and 164 

three in the Roswinkel field (KNMI 2017).  165 

The triggering of tectonic events is considered to be very unlikely, given the very low 166 

level of natural seismicity as revealed by historical and instrumental records, which would 167 

suggest that the crust in this region is not critically stressed. Houtgast’s (1992) catalog of 168 

historical earthquakes in the Netherlands lists only one candidate event – on 28 January 1262 169 

– in the north of the Netherlands prior to the first instrumentally-recorded event in 1986. The 170 

seismological service of KNMI, however, now interprets the effects attributed to an 171 

earthquake in the 13th century as being of meteorological origin (B. Dost, personal 172 

communication, 2017).  173 

In August 2012 the area’s largest induced earthquake occurred close to the village of 174 

Huizinge, in the center of the Groningen field. This ML 3.6 event was widely felt and led to 175 

numerous claims for minor damage to buildings and long-running public and political debate. 176 

Furthermore, the number of earthquakes per unit gas production was seen to be increasing 177 

with cumulative gas production (Bourne and Oates, 2017). These considerations have driven 178 

the densification of the earthquake monitoring network over the field as described below.   179 



 

 

DATA ACQUISITION FOR FIELD CHARACTERIZATION 180 

In order to provide the best possible constraint on the hazard and risk estimates for the 181 

Groningen region, the production and exploration company Nederlandse Aardolie 182 

Maatschappij B.V. (NAM) has invested in a comprehensive collection of new data to 183 

characterize both the subsurface of the Groningen field, the near-surface conditions, the 184 

nature of shaking caused by induced earthquakes, and the exposed building stock. The 185 

following sections summarize these data collection activities.  186 

For completeness, however, it is noted that, in addition to the data collection activities 187 

described below, a gravity survey was carried out to better calibrate gas and water movement 188 

in the reservoir, a fiber-optic cable was installed over the reservoir section to measure 189 

compaction and a core has been taken over the reservoir section to do compaction and 190 

rupture experiments; the latter refer to lab tests whereby rock specimens are moved alongside 191 

each other, under controlled pressure and temperature conditions, while friction is measured 192 

(Spiers et al. 2017, Hunfeld et al. 2017, Pijnenburg et al. 2018).   193 

SEISMOLOGICAL AND STRONG-MOTION MONITORING 194 

KNMI, the Royal Netherlands Meteorological Institute, monitors seismicity in the 195 

Netherlands. Following the onset of detectable seismicity in the north of the Netherlands, a 196 

near-surface seismic monitoring network was deployed over the NE Netherlands by KNMI 197 

and by 1995 was fully operational. This network, with additions in 2009 and 2010, was 198 

relatively sparse with six stations over or close to the Groningen field, each with three-199 

component geophones deployed at four depths in 120 to 300 m deep boreholes. The 200 

magnitude of completeness for events located by this array is taken to be ML 1.5, starting in 201 

April 1995 (Dost et al. 2012). A small number of surface accelerographs was also deployed 202 

in the field, which recorded several earthquakes including the 2012 Huizinge ML 3.6 event. 203 

The largest horizontal component of acceleration recorded in the event was 0.08g, which 204 

remained the maximum PGA in the Groningen database until exceeded by a peak of 0.11g 205 

recorded by a much denser network during an earthquake of ML 3.4 on 8 January 2018.  206 

The public and political response to the 2012 Huizinge earthquake and the escalation of 207 

seismic activity within the field necessitated more detailed monitoring to better characterize 208 

the induced seismicity. It was decided to increase the density of the earthquake monitoring 209 

network over the field to lower the detection and location thresholds and improve location 210 



 

 

accuracy (Dost et al. 2017). Between 2014 and 2016 some 70 stations were added with an 211 

average spacing of between 4 and 5 km. The completeness of the expanded network is close 212 

to ML 0.5, epicenters are located with an accuracy of 100 to 300 m and depths can be 213 

estimated for most events with an accuracy of about 300 m. However, in routine locations, 214 

KNMI generally constrains the focal depths to 3000 m, which is the approximate average 215 

depth of the gas reservoir (Figure 3). With the exception of a few small-magnitude events, 216 

most earthquake hypocenters have been placed within the Rotliegend sand layer that contains 217 

the reservoir and is between 200 and 300 m thick over most of the field (Spetzler and Dost 218 

2017). For events of ML 2.5 and larger, ML values determined by KNMI are, on average, 219 

equivalent to moment magnitudes (Dost et al. 2018). The recordings obtained from the 220 

accelerograph and geophone networks have provided the basis for the derivation of the 221 

ground-motion prediction model.  222 

To complement the near-surface network, geophone strings were deployed in wells, some 223 

3 km below the surface in the Rotliegend reservoir. Placing geophones at reservoir level, 224 

close to the most seismically active part of the field, enables detection of many of the micro-225 

earthquakes not detectable at surface. Additionally, some 300 accelerometers have been 226 

deployed close to foundation levels in public buildings and private houses in the region 227 

(Borsje et al. 2016). 228 

 229 
Figure 3. East-west cross-section through the northern part of the Groningen field, intersecting the 230 
deep ZRP1 well, indicating the main stratigraphic intervals marked by black lines; the gas reservoir is 231 
in the Rotliegend Slochteren sandstone. Colors indicate P-wave velocities in m/s, shown in the legend 232 
(ranging from 1,600 to 4,500 m/s). Source: NAM.   233 



 

 

GEODETIC MONITORING 234 

Groningen gas production lowers the pressure of gas contained within the reservoir pore-235 

space causing the reservoir to compact and the overlying Earth’s surface to subside. Repeated 236 

geodetic observations measure this surface subsidence allowing us to image the spatial-237 

temporal evolution of reservoir compaction. This reservoir compaction history loads the pre-238 

existing intra-reservoir faults and governs their accumulation of stress and induced 239 

seismicity. Utilizing this information, we reduce uncertainty about the spatial-temporal 240 

evolution of induced seismicity with decreasing gas pressure within the seismological model. 241 

Three independent geodetic monitoring systems have measured the spatial-temporal 242 

development of these induced surface displacements with a precision of 1-2 mm/year. First, 243 

optical-levelling surveys began in 1964 and thereafter were repeated about every 5 years to 244 

yield estimates of surface elevation changes up to about 8 mm/year (Bourne et al. 2014). 245 

Second, space-borne interferometric synthetic aperture radar (InSAR) monitoring began in 246 

1995 (Ketelaar 2008, 2009) to measure the monthly time series of line-of-sight 247 

displacements. Third, a sparse, field-wide network of 13 permanent Global Positioning 248 

System (GPS) sensors began in 2014 to measure the daily time series of three-dimensional 249 

vector displacements. The surface subsidence in the field resulting from the reservoir 250 

compaction is shown in Figure 4. Recently, monuments have been installed with a satellite 251 

reflector, levelling marker and GPS station to allow better reconciliation of these three 252 

measurement techniques.   253 

VELOCITY PROFILES AND NEAR-SURFACE SOIL CHARACTERISTICS 254 

A key element of the risk model is ground-motion predictions that account for the 255 

variations in near-surface shear-wave velocity (VS) profiles and nonlinear soil properties 256 

across the field. The base of the Lower North Sea formation at a depth of about 800 m 257 

(Figure 3) is treated as the reference rock horizon, with site response analyses conducted to 258 

determine the amplification factors of the overlying layers (Rodriguez-Marek et al. 2017). 259 

Kruiver et al. (2017) describe in detail the construction of the VS profiles for the entire gas 260 

field using a geological model for the uppermost 50 m, sonic logs for the deeper profiles and 261 

surface-wave inversions for the intervening depth range. The shallow portion of the VS 262 

profiles have been validated through in situ measurements at the permanent KNMI 263 

accelerograph stations (Noorlandt et al. 2018) and inversion of geophone records from the 264 



 

 

borehole stations (Spica et al. 2018).  The time-averaged 30-meter VS values (VS30) across 265 

the field range between 156 and 269 m/s.  266 

Low-strain damping of the near-surface layers have been estimated from borehole 267 

geophone recordings and used to adjust standard damping vs. shear strain curves for soils 268 

(Rodriguez-Marek et al. 2017). Peats are present in much of the field area and NAM has 269 

commissioned a campaign of undisturbed sampling and laboratory testing of the shallow 270 

peats in order to estimate their dynamic characteristics. 271 

 272 
Figure 4. The network of optical levelling benchmarks (circles) and the surface subsidence measured 273 
by this network from 1972 to 2011 in relation to the outline of the Groningen gas field (black 274 
polygon) and mapped reservoir faults (black lines)    275 

BUILDING AND POPULATION DATABASE 276 

Each building within the assessment area, a 5 km buffer around the field outline (as 277 

shown in Figure 2), has been uniquely identified using the governmental BAG 278 

(Basisregistratie Adressen en Gebouwen) dataset, which also provides the building 279 

coordinates, year of construction, footprint area, useable floor area and number of addresses 280 

(i.e., each geographic location made up by street name, house number, letter, postal code and 281 



 

 

town) within each of the approximately 260,000 buildings (Arup 2017a). The use of each 282 

building is also available from the BAG dataset, and this is further verified using a number of 283 

additional datasets including the national registries of schools (Dienst Uitvoering Onderwijs), 284 

of public health buildings (Nationale Atlas Volksgezondheid), and national monuments 285 

(Rijksdienst voor het Cultureel Erfgoed). The height of the buildings has been estimated from 286 

a detailed height model of the Netherlands obtained from laser altimetry (Actueel 287 

Hoogtebestand Nederland).  288 

For a large number of buildings within the center of the field, GIS spatial analysis 289 

techniques have also been used to extract parameters such as roof span length, roof steepness, 290 

and adjacency, which are used, together with the geometrical and height data, to help classify 291 

the structural layout of each building. The validation of this approach is discussed further in 292 

Arup (2017a). Examples of structural layouts include houses, barns, warehouses, apartment 293 

blocks, and sheds. The structural layout, together with the age of the building, is then used to 294 

infer the structural system, discussed further in the Exposure Model section. In order to better 295 

understand the range of structural systems used to construct buildings within the region, a 296 

large number of Extensive Visual Screening (EVS) inspections have been carried out and 297 

structural drawings of many buildings have been obtained from local municipalities.  298 

The data related to the population living and working within the region has been obtained 299 

from a number of sources including the Central Statistical Office of the Netherlands (CBS) 300 

and the Nationaal Coördinator Groningen (NCG). The distribution of the population between 301 

buildings with different usage categories during the day and night has been estimated using 302 

data from the Dutch Ministry of Education (OCW), the National Register of Childcare and 303 

Children's Playgrounds, and the Social Cultural Planning Bureau (who produce reports on 304 

how people in the Netherlands spend their time). Of the 260,000 buildings in the region, only 305 

around 150,000 are populated as many of the buildings in the original database refer to small 306 

sheds that are not regularly occupied. The population data indicates that there are between 307 

425,000 and 470,000 people living and/or working within the region during the night and 308 

day, respectively.   309 

STRUCTURAL TESTING AND ANALYSES 310 

The construction culture and practice in the, until recently aseismic, Groningen region 311 

(e.g., Figure 5) is understandably and naturally distinct from that typically found in areas of 312 

the world that have a long history of damaging earthquakes. As such, neither experimental 313 



 

 

data nor verified numerical models for the characterization of the seismic response of these 314 

types of structures were available at the start of the current endeavor. Consequently, an 315 

extensive structural testing campaign and numerical validation and calibration program had 316 

to be deployed in order to obtain data to constrain the derivation of the fragility models, as 317 

described in the following.  318 

To start with, material characterization efforts were first initiated, leading to the in situ 319 

destructive and non-destructive testing of several tens of (mainly masonry) samples, the 320 

results of which were then compared with companion material tests on more than 200 321 

laboratory specimens featuring calcium silicate bricks, clay bricks, mortar, concrete and steel 322 

materials. This effort allowed the development of a database of typical material mechanical 323 

properties for the region, to be used in the subsequent structural modeling activities (e.g., 324 

Graziotti et al. 2016a, 2018b).  325 

Cyclic and dynamic (shake-table) testing on a large number of structural components 326 

such as masonry panels (e.g., Graziotti et al. 2016b, 2018a) and reinforced concrete precast 327 

panels and connections (e.g., Brunesi and Nascimbene, 2017) then followed, with a view to 328 

gather data necessary for the initial efforts on verification and calibration of numerical 329 

models (Figure 6). 330 

331 
Figure 5. Examples of reinforced concrete construction (with masonry cladding) in the Groningen 332 
region: cast-in-place (above), precast (below) 333 



 

 

 334 

Figure 6.  Comparisons between the recorded response of a calcium-silicate wall specimen tested 335 
under cyclic loading and the corresponding numerical prediction (i.e., before model calibration) and 336 
post-diction (i.e., after model calibration) (Malomo et al. 2017).  337 

Finally, the cyclic and dynamic testing of nine full-scale specimens was performed, 338 

involving four cavity wall terraced houses (e.g., Figure 7), two solid wall detached houses, 339 

three RC cast-in-place and precast wall-slab-wall frames (e.g., Graziotti et al. 2017a; 340 

Kallioras et al. 2018; Brunesi et al. 2018a, 2018b). Both for reasons of shake-table control as 341 

well as to monitor damage/limit states evolution, these test specimens are subjected to 342 

earthquake loading of increasing intensity, all the way up to either a full- or a near-collapse 343 

response condition.  344 

345 
Figure 7. Left: Terraced house full-scale specimen on shake-table; Right: observed damage pattern 346 
(Graziotti et al. 2017a) 347 



 

 

For each of these full-scale tests, a number of structural modeling teams, each using 348 

different modeling approaches, were invited to carry out, first, blind-predictions of the tests 349 

results, and then calibrated “post-dictions” (e.g., Arup et al. 2015; 2016; 2017). This cross-350 

modeling validation exercise served to calibrate the structural analysis software tools that are 351 

being employed in the modeling of a large number of actual buildings representative of the 352 

different building typologies present in the region (Arup 2017b, Mosayk 2017). The results 353 

of the modeling are then used in the derivation of fragility functions, as described in 354 

subsequent sections of this paper. 355 

ELEMENTS OF THE GRONINGEN RISK MODEL 356 

This section describes the development of the individual elements of the risk model 357 

(presented previously in Figure 1), forming a chain from gas production scenarios through 358 

induced events, shaking scenarios, building response, and consequences (loss of life) for 359 

building inhabitants. In each case, the models are validated and calibrated using all available 360 

data from the field while also capturing the remaining epistemic uncertainty that is not 361 

removed through the additional data collection.  362 

GAS PRODUCTION SCENARIOS 363 

Gas is produced from some 200 wells grouped across 20 cluster locations. The production 364 

capacity of the wells at these locations is limited both by declining reservoir pressure and the 365 

capacity of the installed compressors. 366 

The first step in the process of hazard and risk forecasting is modeling of the reservoir 367 

fluid flow for a range of anticipated future production scenarios. The underlying reservoir 368 

model is history-matched by imposing the historical gas production data from the wells at the 369 

clusters against the reservoir pore-pressure measured by in-well sensors, production of 370 

formation water, gravity measurements at surface and compaction from inversion of the 371 

subsidence measured at surface (van Oeveren et al. 2017). The pressure depletion maps 372 

generated by these simulations of future production are then used to generate reservoir 373 

compaction maps, according to a linear compaction model estimated from geodetic 374 

monitoring data, which in turn will be the primary input to the seismological model described 375 

below. Hazard and risk forecasts can be run for any gas production scenario as defined by a 376 

total annual production rate and the distribution of this production over the production 377 

clusters withdrawing gas from the different areas of the field.  378 



 

 

Since induced seismicity over the Groningen field is ultimately caused by reservoir 379 

pressure depletion, the seismic hazard should change in response to changes in the volume 380 

and spatial distribution of gas production. Indeed, the operator was tasked by the authorities 381 

to investigate whether an alternative distribution of production could reduce the seismic 382 

hazard or risk. The scope to redistribute the production is, however, limited both by 383 

regulatory constraints and by constraints in the production system itself.  384 

The production reductions of around 90% for the five production clusters near 385 

Loppersum were imposed in January 2014 and were initially successful in temporarily 386 

arresting the pressure decline – and hence compaction – in that region. However, the 387 

imbalance in offtake rates has resulted in a pressure gradient driving flow of gas from this 388 

region in the northwest of the field to the southeast of the field. With continued production in 389 

the south and east of the field, the pressure decline in the Loppersum area will revert to the 390 

field average. This pressure equilibration typically takes several years and the onset of the 391 

reduction in the effectiveness of this production measure is currently observed. Production 392 

from these five clusters has currently ceased.  393 

A more sophisticated computational scheme which minimizes a chosen measure of 394 

seismic risk across the field by finding an optimal distribution of a given total produced 395 

volume has also been developed. 396 

SEISMOLOGICAL MODELS 397 

The seismological models developed for the Groningen field (Bourne and Oates 2017, 398 

Bourne et al. 2018) include the joint conditional probability distributions of earthquake origin 399 

times, epicenters, and magnitudes given the reservoir deformations induced by pore-pressure 400 

decreases. Future reservoir pressure decreases are forecast using the reservoir fluid flow 401 

model for a given production schedule and assessment period. Reservoir pore pressure 402 

changes induce poro-elastic reservoir stress changes that govern the frictional stability of 403 

geological faults as measured by the Coulomb stress. The total Coulomb stress model 404 

depends on a stochastic model for the unresolved initial stress state of faults and a 405 

deterministic model for the resolved incremental Coulomb stresses induced by pore pressure 406 

depletion. Initial Coulomb stresses are treated stochastically as they depend on unresolved 407 

heterogeneities such as fault roughness and diagenesis. Incremental Coulomb stresses are 408 

treated deterministically as they depend on geometric and elastic heterogeneities resolved by 409 

reflection seismic imaging and geodetic monitoring, respectively.  410 



 

 

Induced seismicity depends on the probability distribution of largest total Coulomb 411 

stresses and leads to an exponential-like increase in activity rates (Bourne and Oates 2017) 412 

and an inverse power-law-like decrease in b-values (Bourne et al. 2018). The distribution of 413 

maximum possible magnitudes used was proposed by a panel of experts after reviewing all 414 

the available data (Bommer and van Elk 2017). Aftershocks are included using the Epidemic 415 

Type Aftershock Sequence model (Bourne et al. 2018). 416 

Bayesian inference is used to obtain the distribution of history-matched models given the 417 

observed history of reservoir pressure depletion, strain and induced seismicity. To evaluate 418 

forecast performance, the distribution of models obtained by history-matching observations 419 

from 1995 to 2012 are used to compute the likelihood of the observed seismicity from 2012 420 

to 2017 given the model-based forecast for this same period. The results indicate that the 421 

best-performing seismological models yield pseudo-prospective forecasts1 consistent with 422 

observations (Figure 8). 423 

 424 

Figure 8. Temporal and spatial density of observed and simulated M≥1.5 events. Simulated temporal 425 
densities are represented by the median and the 95% prediction interval. Simulated spatial densities 426 
are represented as the median density map, and the normalized residuals relative to the observed 427 
density map where the 95% prediction interval corresponds to normalized residuals in the range -2 to 428 
2.  429 

                                                 
1 A pseudo-prospective forecast is made by splitting the observed earthquake catalogue into two separate time 

intervals. The first catalogue interval is used to condition the seismological model, and the second is used to 

evaluate its forecast performance. This contrasts with a prospective forecast that is made before the second time 

interval starts and then requires waiting for it to end. 



 

 

These models include the effects of reservoir geometry, elastic stiffness, initial stress, and 430 

aftershocks on the spatial-temporal evolution of reservoir stress. Sensitivity tests with 431 

alternative simpler models all exhibit significantly lower forecast performance for the rates 432 

(Bourne & Oates 2017) and magnitudes (Bourne et al. 2018) of induced seismicity. 433 

GROUND MOTION MODELS 434 

In view of the shallow focus of the Groningen earthquakes, the travel paths to the surface 435 

that traverse the high-velocity Zechstein salt layer (Figure 3), and the thick layers of soft 436 

deposits at the surface, it was considered necessary from the outset to develop a locally 437 

calibrated ground-motion prediction model (Bommer et al. 2016). Source, path and site 438 

parameters for the reference rock horizon at 800 m depth were estimated from inversions of 439 

recorded motions and these were then used as input to finite-fault simulations of spectral 440 

accelerations (for periods from 0.01 to 5 s) and peak ground velocity for events from ML 2.5 441 

to greater than 7 (Edwards et al. 2018). The upper limit is determined by the Mmax 442 

distribution, whereas the lower limit of magnitude considered in the risk calculations depends 443 

on the desired risk metric, with lower values being more appropriate for damage estimation 444 

than those used for calculations in terms of casualties (Bommer and Crowley 2017). In order 445 

to accommodate the uncertainty associated with extrapolations from the upper limit of ML 446 

3.6 in the database to magnitudes in excess of ML 7, the model includes four branches for the 447 

stress parameter (taking values of 75, 140, 220 and 300 bars for ML 5 and greater, and values 448 

of 50, 70, 70 and 100 bars in the range of the Groningen data), with the uppermost branch 449 

designed to predict motions typical of tectonic earthquakes (Bommer et al. 2017a, 2017b).  450 

The ground motions at the rock horizon at the base of the Lower North Sea formation are 451 

adjusted to the ground surface via nonlinear, frequency-dependent amplification factors 452 

defined for 160 zones over the field (Figure 9). For short oscillator periods, the linear portion 453 

of amplification factors was found to depend on magnitude and distance (Stafford et al. 454 

2017), which is the cause of the dip in the spectra observed in Figure 9(b). The framework 455 

for the derivation of the ground-motion model, including the variability components and how 456 

the model both matches the Groningen data and captures epistemic uncertainty associated 457 

with extrapolation to larger magnitudes, is fully explained in Bommer et al. (2017a) and 458 

Bommer et al. (2017b).  459 

 460 



 

 

 461 

Figure 9. Predicted mean response spectra for (a) ML 5, Rrup = 10 km, for 6 zones, covering the range 462 
of VS30 values in the field (the red and blue curves representing the stiffest and softest zones, 463 
respectively, and the green lines the zones with VS30 close to the field average of 200 m/s), using the 464 
lower-central branch of the logic tree, and (b) in one zone for two magnitudes and Rrup = 5 km, using 465 
all four logic-tree branches. The coefficients of the predictive model are applied without smoothing.  466 

Since some of the fragility functions are defined in terms of both spectral accelerations 467 

and durations (significant durations based on 5-75% accumulation of Arias intensity), a 468 

model for the prediction of significant duration was also developed using the outputs from 469 

the simulations combined with VS30-based amplification factors adapted from the model of 470 

Afshari and Stewart (2016). The duration model, which captures the very short (< 1 second) 471 

durations for ground motions at the epicenter observed for Groningen earthquakes and the 472 

rapid increase of the durations with distance, is presented in Bommer et al. (2017a).  For 473 

applications in the risk model to groups of different buildings types at any given location, the 474 

model also includes a correlation matrix for the intensity measures (spectral accelerations at 475 

23 periods and duration).  476 

EXPOSURE MODELS 477 

The building and population database described previously incorporates all known data 478 

about the buildings and their inhabitants in the Groningen area. However, the structural 479 

system (described in terms of structural material, lateral load-resisting system, and floor 480 

material) is only known for those buildings for which inspections have been carried out, or 481 

for which structural drawings have been collected. In order to assign a structural system to 482 

each building within the database, it has been necessary to infer this information from the 483 



 

 

structural layout and the age of the building (Arup 2017c). These inference rules, which 484 

provide the likelihood of a range of structural systems given the layout and age, have been 485 

developed using the detailed structural data available from the inspections and drawings, as 486 

well as the expert judgment of local engineers, and are subject to continual validation as more 487 

information on inspected buildings within the region becomes available. The final exposure 488 

model is thus a probabilistic model that provides, for each unique building in the database, 489 

the probability of a range of structural systems. Figure 10 shows that once these percentages 490 

are summed across the field, the majority of the buildings in the region are constructed in 491 

unreinforced masonry (MUR).  492 

The epistemic uncertainty in the exposure model has been explored by applying different 493 

inference rules, but it was not found to contribute significantly to the overall epistemic 494 

uncertainty in the risk results across the field, and is thus no longer modeled. Nevertheless, a 495 

significant effort is still being made to replace the probabilistic inference rules with 496 

inspection data, such that it will be possible to identify each individual building that needs 497 

structural upgrading as part of the mitigation plans. 498 

 499 

Figure 10. Percentage of each structural material used in the construction of occupied buildings in the 500 
region, where MUR = unreinforced masonry, CR+PC = precast reinforced concrete, CR+CIP = cast-501 
in-place reinforced concrete, W = wood/timber, and S = steel. 502 



 

 

FRAGILITY MODELS 503 

As has been described previously, a large effort is being made to experimentally test a 504 

number of representative structural systems from the region and to develop calibrated 505 

numerical models. Nonlinear dynamic analyses of these calibrated models are undertaken to 506 

develop single-degree-of-freedom (SDOF) systems for the purposes of developing 507 

fragility models for each structural system (as fully described in Crowley et al. 2017 and 508 

Crowley et al. 2018). Two approaches have been taken to validate the SDOF systems: 1) a 509 

comparison of the estimated displacement responses of the SDOF and the MDOF models 510 

under the same set of records has been made, 2) the SDOF model has been used to blind 511 

predict the response of one of the latest shake-table tests on a full scale terraced house 512 

(Miglietta et al. 2018). Figure 11 compares the peak base shear and attic displacement 513 

response blind prediction using the SDOF model (up until collapse was predicted) with the 514 

peak values obtained from the experimental test, which was stopped when the specimen was 515 

very close to collapse. 516 

517 
Figure 11. Comparison between the blind prediction, using the developed SDOF model, of the 518 
response of a full-scale terraced house specimen and the experimental shake table test results 519 

The cloud method (Jalayer 2003, Cornell et al. 2002) has been employed for the 520 

development of fragility functions whereby multivariate linear regression of the displacement 521 



 

 

response of the SDOF system to a large suite of records is undertaken. A number of different 522 

scalar and vector intensity measures have been considered, and the sufficiency (Luco and 523 

Cornell 2007) of each has been tested considering the magnitude, distance and a measure of 524 

strong ground shaking duration. Figure 12 shows example fragility functions where spectral 525 

acceleration at the fundamental period of vibration, Sa(T1), is a sufficient intensity measure. 526 

 527 

Figure 12. Set of fragility functions for one of the unreinforced masonry structural systems, where 528 
DS denotes the damage states and CS denotes the collapse states 529 

For the masonry and reinforced concrete buildings, the displacement capacities for each 530 

damage state (from DS2 which refers to the initiation of structural damage to DS4 which 531 

refers to extensive structural damage) have been obtained from the experimental test 532 

campaign (see Graziotti et al. 2017b), whereas values from HAZUS (FEMA 2004) have been 533 

used for timber and steel structural systems that represent a limited number of mainly 534 

industrial/commercial buildings in the region. On the other hand, the displacement capacities 535 

for each collapse state (see examples of three collapse states in Figure 13, from CS1 that 536 

refers to floor collapse to CS3 which denotes global collapse of the structure) have been 537 

directly identified from the numerical modeling efforts described previously.  538 

 539 



 

 

540 
Figure 13. Collapse states observed in an unreinforced masonry numerical model during three 541 
different nonlinear dynamic analyses 542 

Validation of the proposed damage fragility functions has been undertaken both through 543 

comparison with other European masonry fragility functions and through history checks, 544 

whereby the estimated number of damaged buildings due to the actual events with ML > 2.5 545 

that have been occurred in the field between 1995 and 2018 has been compared with the 546 

observed number of damaged buildings (see Crowley et al. 2018 for more details). 547 

CONSEQUENCE MODELS 548 

The consequences that are currently being modeled in the risk model include loss of life 549 

and damage. Crowley at el. (2017) present in detail the fatality model which relates the 550 

probability of loss of life to the extent of collapse of the buildings (obtained from the 551 

numerical models and experimental test results), together with a number of empirical 552 

coefficients proposed by Coburn and Spence (2002). The main causal pathways for loss of 553 

life that are currently being considered include the following: being hit by the collapse of a 554 

non-structural element (e.g. parapet or chimney) outside of the building, or being hit by the 555 

debris caused by partial or complete collapse of the building (both inside and outside). 556 

Damage, on the other hand, is predicted directly from the fragility functions presented 557 

previously.    558 

RISK ESTIMATES AND SENSITIVITY CALCULATIONS 559 

By way of illustration of the capacity of the Groningen seismic risk model, this section 560 

discusses some of the calculations that can be performed both to quantify the risk in different 561 

ways and to obtain insight into the factors exerting greatest influence on the risk.  562 



 

 

COMPUTER CODE DEVELOPMENT AND VALIDATION 563 

The Groningen risk model, which includes time-varying induced seismicity, lateral-564 

varying site response characteristics over a region of some 1,000 km2, and several tens of 565 

thousands of exposed buildings, is highly complex and the calculations using Monte-Carlo 566 

simulations include several innovative features. Convinced that it was therefore essential to 567 

apply rigorous quality control on both the algorithms and their application to the specific 568 

context of the Groningen field to ensure accurate risk estimation, two distinct computer codes 569 

with the same functionality were maintained and developed – one in Python and the other in 570 

C. This is somewhat similar to probabilistic seismic hazard analysis (PSHA) practice for 571 

critical facilities such as nuclear power plants, where it is generally a requirement that the 572 

hazard calculation codes undergo formal qualification. For example, in one nuclear project, 573 

the full logic-tree was implemented in two separate and previously qualified calculation 574 

codes (Bommer et al. 2013), but this was an exceptionally rigorous approach compared to 575 

standard practice. Throughout the development process and cycle of hazard and risk 576 

assessments, the outputs from these two codes were repeatedly compared against each other 577 

to validate our results (Figure 14).  578 

 579 

Figure 14. Example code benchmark plots of inside local personal risk (ILPR), for all building 580 
typologies, for the base case of the logic tree (Mmax=5.75; central branch of the GMM) for 27 bcm 581 
per year production from 2016-2021. Note the close agreement between C and Python results.  582 



 

 

DISAGGREGATION 583 

Disaggregation of the probabilistic seismic risk metrics obtained by Monte Carlo 584 

sampling provides a measure of the fractional contribution made by different elements within 585 

the risk model. In terms of the underlying hazard, the risk contributions from different 586 

magnitudes, M, distances, R, and ground motion residuals (i.e., the number, ε, of standard 587 

deviations, σ) are identified. Figure 15 shows disaggregation results obtained for M, R and ε.  588 

The modal magnitude (i.e., the value of magnitude with the highest probability from the 589 

disaggregation distribution) for contributions to the LPR metric depends on location and 590 

building typology but is typically in the range 5.0 < M < 5.5. Source-to-site distances less 591 

than 5 km contribute the most risk for buildings located within the center of the field where 592 

most of the seismicity occurs. Outside this region, the modal contribution increases with 593 

distance from the center up to 10 to 15 km. The modal contribution of ε also depends on 594 

location. Within the central area the largest risk contributions are from the interval 1.5 < ε < 595 

2, whereas outside this region the largest contributions are from larger epsilon values in the 596 

range 2 < ε < 3. 597 

 598 

Figure 15. The fractional contribution of magnitude, epicentral distance, and ε to the ILPR for a 599 
selected typology (unreinforced masonry house) at selected location (Loppersum village) for the 600 
central branch of the logic tree (top) (see Figure 16). Maps to indicate spatial variation in the modal 601 
contributions (bottom). 602 



 

 

RISK SENSITIVITY  603 

Figure 16 shows the logic-tree structure used for the risk calculations together with a 604 

tornado plot indicating the sensitivity of the mean estimates of the LPR (averaged across all 605 

locations and all building the field, used as a convenient single measure of the risk for this 606 

purpose) to these different sources of epistemic uncertainty (by maintaining all branches for 607 

the nodes constant except for those corresponding to the one being explored, which are 608 

implemented individually with a weight of 1).  The figure shows that the greatest contributor 609 

to the uncertainty on the risk estimates is the distribution on maximum magnitude, followed 610 

by the uncertainty associated with the fragility functions. The median ground-motion 611 

predictions are also an important source of epistemic uncertainty whereas the uncertainty on 612 

the variance in the GMM is a minor contributor, comparable to the uncertainty associated 613 

with the consequence model.  614 

 615 

 616 

 617 

Figure 16. Logic-tree to characterize epistemic uncertainties (top), and the sensitivity of seismic risk 618 
to these epistemic uncertainties (bottom); the mean LPR values are calculated for a 24 bcm 619 
production scenario. GMM-τ indicates the median predictions of ground motions (and associated 620 
between-event variability) and GMM-ϕ the within-event variance in the ground-motion predictions. 621 



 

 

The risk can be assessed for different production scenarios and then evaluated for 622 

combinations of different measures to reduce seismic risk.  Analysis of the risk assessments 623 

prepared for the different production scenarios allows comparison of the effectiveness of 624 

measures intended to achieve a reduction in the LPR and compliance with the safety norm.  625 

In particular, the effectiveness of a reduction in the overall production from the field, the 626 

optimization of the distribution of the offtake over the different areas of the field, and the 627 

structural upgrading of buildings can be evaluated and compared.  The number of buildings 628 

not meeting the safety norm and the requirement to strengthen buildings is strongly 629 

dependent on the production outlook for the Groningen field.   630 

A reduction in the total production from the gas field will increase safety for all people 631 

present in the Groningen field area. Both people exposed to a LPR above the safety norm of 632 

10-5/year and those exposed to a much lower seismic risk would have a risk benefit from a 633 

reduction in production. The areal distribution of the field offtake can reduce risk for some 634 

communities, but these effects are temporary, as the effect typically diminishes after several 635 

years.   636 

In contrast, structural upgrading of a building increases the safety of people present in or 637 

around this particular building. Whereas a production reduction (for the full field or a field 638 

area) effects the risk for all people in the area, structural upgrading is much more targeted to 639 

the people in the selected building. Likewise, the other impacts of these measures to increase 640 

safety are different for each community. A reduction of the overall production of the field is 641 

primarily felt in the gas markets on a (inter)national level. The impact of building 642 

strengthening of a house can be very substantial for the occupants.   643 

The decision-making, balancing these options to reduce seismic risk for the Groningen 644 

community, needs to be done by the Dutch Minister of Economic Affairs.  Figure 16 shows 645 

the results for a number of production scenarios developed by the pipeline transport company 646 

responsible for security of supply to the gas markets.  The gas volume produced during the 647 

first 5 years (2018 – 2022) and the number of buildings that do not meet the safety norm are 648 

shown for these scenarios. For a given gas production scenario, the plot thus shows the 649 

number of buildings that would need to be strengthened to reduce the LPR to below the 650 

thresholds of 10-4 and 10-5. This plot also shows how instead of retrofitting the buildings a 651 

choice could be made to reduce the gas production (i.e. moving from right to left in the plot) 652 

and that mechanism could instead be used to reduce the number of buildings that exceed the 653 



 

 

acceptable LPR threshold. This information could provide input for the comparison of the 654 

cost of retrofitting against the cost of reducing gas production. 655 

DISCUSSION AND CONCLUSIONS 656 

In this paper, the development and current status of a comprehensive seismic risk 657 

assessment model for the Groningen gas field has been presented Starting with gas 658 

production plans, the risk engine models the sequence of reservoir compaction, generation of 659 

induced and triggered earthquakes, ground shaking fields, structural damage and 660 

consequences for occupants. Epistemic uncertainty and aleatory variability associated with 661 

all elements of the model are incorporated into the risk calculations, so that either the mean 662 

risk or an appropriate fractile can be estimated. Illustrative examples have been shown of the 663 

capacity of the model to predict changes to the risk due to changes in gas production, 664 

building strengthening and combinations of both mitigation measures. 665 

 666 
Figure 17. Box-whisker plot of the number of buildings in Groningen that do not meet the LPR-Norm 667 
for different production scenarios.  On the horizontal axis the production volume [bcm] between 2018 668 
and 2022 for the production scenario.  In red the number of buildings with a LPR above 10-4/year and 669 
in blue the number of buildings with a LPR above 10-5/year. The boxes represent plus-and-minus one 670 
standard deviation and the lines indicate the minimum and maximum values. 671 



 

 

Decision-making regarding appropriate risk mitigation measures will obviously also be 672 

influenced by numerous societal, political, economic and environmental considerations; the 673 

detailed discussion of such factors, whether in Groningen or more generally, are outside the 674 

scope of this paper. However, regardless of how much policy decisions are ultimately driven 675 

by such factors, we posit that it is essential to begin from an informed basis of quantitative 676 

risk estimates for different scenarios. The model developed for the estimation of induced 677 

seismic risk in the Groningen field may therefore provide a useful framework to be adapted 678 

to other cases of earthquakes generated by anthropogenic activities. The assessment of risk 679 

for different production scenarios demonstrates a combination of both production measures 680 

and building strengthening measures can be used to manage seismic risk.  681 
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