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General Introduction

Theseismichazardin Groningendue to earthquakesduced by the production of gais,primarily
presented by the ground motiato whichbuildings and people are subjected he forecastingf
theseground motiorsis therefore criticafor hazard and risessessment

This research was started in 2012dahas continted with ever more ground motion data from
Gronngen earthquakes being acquirethe Gound MotionPredictionModel (GMM)was therefore
updatedand progress documentecegularly In the Technical Addendum to iviingsplan 2013, a
Ground Motio Prediction Methodology based on a catalogue of tectonic earthquakes in southern
Europe, was presenteRef. 1) This methodology waisherentlyconservativein the sense that it
predicted ground motiongwvhich in futurewith more data availablevould more likely to be
adjusteddownwards than upwards.

Inthe NS LID&lElopient of GMPESs for Response Spectral Accelerations and for-Bioting

Durations (Version£) (G KS adl Gdza Ay a l(Ref 2snupdatedfithis dde@@rdzY Sy G SR

was issued in November 2015 whigtesened version 2 of theGMPE methodologfRef. 3) This
version of the Ground Motion Prediction Model was tailotedhe Groningen situatiofRef. 4 to J.
In generalthis update led ta downward adjustment of assessed ground motions for larger
earthquakes, resulting in a radtion of the assessed haza#fter incorporating some adjustments,
this version of the GMM was used for the hazard and risk assessment suppitingngsplan
2016, issudin April 2016Ref. 8)

Originally, an update of the GMM (version 3) was planned for July #0%8pport of the hazard and
risk assessmerior Winningsplan 2016. However, when early 2016 teadlineof submissiorior

the Winringsplan was brought forwardom July 201&o April 2016 version 3of the GMM could

not be ready in timeéo beimplementdin the hazard and risk assessment for this winningsplan.

Version 4 of the Ground Motion ModéGMM)wascompletedmid-2017and slared with experts for

an assurance revie(Ref. 9). Based on the comments of the assurance panel, version 5 of the

Ground Motion Model was developethddocumented in aeport issued in November 2017 (Ref.

10). This version was used litazard, Building Daage and Risk Assessment of November Z&ET.

12), the Hazard and Risk Assessment for production forecast Basispad Kabinet of August 2018 (Ref.
13) and the Hazard and Risk Assessment for the production forpogstred by GTE&GTSaming)

of March 2019Ref. #). The report on GMM V5 was latez-issuel (Ref. 1) with the addition of the
Assurance Letter and short resumes of the Assurance Ragmabers(Appendix), and the full set of
written comments on the first versions of the V4 and V5 Ghpbrts (Ref.9 and 10), together with

the detailed responses from the GMM development te@hppendices IX and X).

A number of improvementg/ere incorporated in the development afersion 6 of the Ground
Motion Model (Ref. 15)The most important changs theswitchfrom using the G4 geophones
recordings acquired at 200 m depth to the-&@tion accelerograms acquired at surface. This
changewasmade possible by expansion of the database of ground motion recordings.

This current version of the Grounddtflon Model (version 7yvas first documented in eeport issued
in October 2021. This also includie impact on ground motions of anthropogenic dwelling
mounds (wierden or terpen) (Ref. 16 to 19



This report is a revision of the report issued in Octdk@21. In this revision some minor
inconsistencies in the presentation have been corrected. These do not impact the model, which is

unchanged from the October 2021 versions. The electronic supplements have also not been affected
and are unchanged.
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October 9, 2021

Mr Jan van Elk

Nederlandse Aardolie Maatschappij B.V. (NAM)
Schepersmaat 2,

9405 TA Assen, The Netherlands

Diear Mr. van Elk:

The undersigned are members of an international panel of experts in earthquake ground motion
modelling (hereafter referred to as the Panel), which was engaged at various time intervals since
July 2015 to review the development of ground motion models for the Groningen Gas Field. Panel
reports presenting our assessments have been submitted following reviews of reports for the
Version 4 model (May 2017), the Version 5 model (January 2018), the Version & model (our report
on this model also included comments on the planning for Version 7 model development;
September 2019), and Version 7 model (August 2021). The previously reviewed draft of the
Version 7 report included an appendix presenting a ground motion model for peak ground
velocity (PGV). Our August 2021 report also provided comments on the PGV model. We
previously issued a letter endorsing the Version 5 model in January 2018, which was later re-
affirmed for the Version 6 model (September 20139).

Panel membership through the various stages has remained the same, with the exception that
Dr. Fabrice Cotton left the Panel following the Version 6 review due to another engagement with
an agency involved with the Groningen Field hazard assessment that may have created a
perceived conflict of interest.

Since our review of the draft Version 7 report, the Version 7 model report and PGV document
(now issued as a separate report?) have been finalized in consideration of our comments. The
revised reports and a response document were provided to the Panel by Dr. Julian ). Bommer on
29 September 2021. Our comments on both reports have been satisfactorily addressad in the
revised versions.

! Bommer, 1.)., PJ. Stafford & M. MNtinalexis (2021). Empirical Equations for the Prediction of Peak Ground Velocity
due to Induced Earthguakes in the Groningen Gas Field. A report for MAM, October 2021, 33 pp.



In consideration of all the work that has been completed by the ground motion modeling team
and reviewed by this Panel, our principal finding is that the Version 7 model is suitable for its
intended purpose, which is to conduct hazard and risk analyses in the Groningen Field. Likewise,
we consider the PGV model to provide a suitable basis for estimating PGV for earthquakes within
the model’s recommended magnitude and distance range.

The Panel appreciates the opportunity to have been of service over the course of the Groningen
Field ground motion model development work. OQur interactions with NAM and the modeling
team were intellectually stimulating and productive throughout this project.

Respectfully submitted,

%J/m Aot Pl e W ﬂ 621%%

lonathan P. Stewart (Chair) MNorman A. Abrahamson Gail M. Atkinson

%"""?’— | PyaM uﬂ - Wiug

Hilmar Bungum lohn Douglas Ivan Wong <~ '_j

Dothy |

Robert R Youngs



Significant Changes to V7 GMM Report Relative to First Issue

The V7 GMM report was originally issued on 2 July 2021 for review by the International Expert
Panel. Based on the Expert Panel feedback, the report was revised and issued publicly on 10
October 2021. During the implementation of the model in the hazard codes of NAM and KNMI,
a number of issues were identified with regards to presentation, prompting the issue of this
Revision 1 of the report. The model has not been changed in any way i all the modifications
relate to presentation. The most significant changes are listed in the table below. Some of
these are corrections to glitches that have been spotted in the October 2021 version of the
report, others are related to the fact that the model is now presented strictly and exclusively
for the oscillator periods from 0.01 to 1.0 second, which are used in the risk calculations. In
the model derivation, coefficients were obtained for a few periods above 1.0 second and while
these are shown in some of the plots, they do not form part of the model and have been
eliminated from the electronic supplements.

Location Change and Motivation

Figure 4.5 Map with groundmotion recording stations, distinguishir]
those within situ Vs measurements; this figure, which ws
very cluttered and difficult to read, was removed, and t
information conveyed in the text

Figure 5.12 Residuals of database with respect to central model, modi
to make confidence intervals more clearly visible

Figures 8.18 and 9.5 | Modified to display consistent branch weights (in terms
numbers ofdecimal places)

Figure 8.8 The AFs for 0.01 s were plotted incorrectly and the figure
been replaced

Equations (9.13) and | Small corrections to match the corresponding equationg

(9.14) Chapter 8
Figures 10.1, 10.11, 10.1} Figures pdated to reflect small change to AFs at 0.01 s {
and 10.2510.68 was made just before completing the report, after the origi

plots had been generated
Missing references | A small number of references cited in the text but exclug
from the list of references at thend have been added
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1. Introduction

This report presents the final ground-motion model (GMM) to be developed by this
team for application to induced and triggered earthquake scenarios in the Groningen
gas field. The model presented herein is the seventh iteration of a bespoke ground-
motion prediction model for acceleration response spectral ordinates in Groningen and
marks the culmination of an evolutionary process that began with the work that led to
the publication of the first (V1) GMM in 2015. The process of model development is
now considered complete, not because the current model is considered perfect and
incapable of being improved, but rather because the model has evolved to a state
such that any further refinements are likely to produce modest changes. The V7 GMM
is considered to be a stable representation of the centre, body, and range of technically
defensible interpretations of the available data, methods, and models. Throughout its
development the model has undergone extensive peer review by both an appointed
panel of international experts and reviewers of many journal papers that have been
published from this work.

This report is intended to serve as a standalone document that explains and presents
the V7 GMM and the reader should not need to refer to the reports on earlier versions
of the model. However, we do cite extensively the large number of journal papers that
have been published on different elements of the model development, and the
interested reader will be able to find additional details and background in these papers,
all of which are available in the mainstream scientific literature.

Following this introduction, Chapter 2 presents an overview of the GMM evolution both
in terms of technical development and the process of review and revision, ending with
an overview of the framework of the V7 model. Chapters 3 and 4 then present the
basic building blocks of the model in terms of databases, the former presenting the
ground-motion database, including the record processing procedures that have been
applied and the characteristicsd and possible influence on the ground motionsd of the
recording stations. Chapter 4 presents the site characterisation model in terms of
shear-wave velocity profiles from the ground surface to the reference rock horizon at
~800 m depth, including the measured profiles now available for most of the recording
stations.

The GMM consists of two basic elements, a model for prediction of spectral
accelerations at the reference rock horizon and a model for the dynamic response of
the overlying soil layers to these rock motions. At this point, we make a note on our
adopted nomenclature in this report. For many years, equations for the prediction of
ground-motion parameters as a function of variables such as magnitude and distance
were referred to as attenuation relationships (or even attenuation laws). Subsequently,
it was pointed out that this was an inappropriate hame given that the equations
describe both attenuation with distance and scaling with magnitude (and other
variables such as style-of-faulting, site classification, etc.). The title of GMPEs was

1



proposed and became widely adopted. However, in recent years there has been a
trend to using GMM to refer to these models, in the recognition of the fact that they
have often evolved beyond simple equations. In the context of the work presented
herein to develop predictions of surface motions due to induced earthquakes in the
Groningen field, we have adopted the title GMPE to refer to the parametric equations
that predict motions at a buried reference rock horizon as a function of magnitude and
distance. The complete prediction of surface motions, which involves a logic-tree of
multiple GMPEs, a zonation for site amplification factors, and additional logic-tree
branches for those amplification factors, is referred to as a GMM. Chapter 5 and 6
present the reference rock model, Chapters 7 and 8 the site amplification model.
Chapter 5 describes the inversion of recorded motions to estimate source, path, and
site parameters, and the use of these parameters in forward simulations, as well as
the capture of epistemic uncertainty associated with this extrapolation far beyond the
bounds of the Groningen database. Chapter 6 presents the development of parametric
ground-motion prediction equations (GMPES) derived from the simulated motions at
the rock horizon, and the parallel development of a model for the associated aleatory
variability. Chapter 7 provides an overview of the site response analyses performed to
characterise the dynamic response of the layers of geomaterials overlying the
reference rock horizon. Chapter 8 presents the zonation of the field and the
parameterised amplification factors developed for each zone based on the results from
the site response analyses.

Chapter 9 presents a summary of the complete model without explanation or
justification for any of the model elements or their associated weights (all of which is
discussed in detail in the previous chapters). For anyone wishing to implement the V7
GMM, Chapter 9 is intended as a standalone summary of the model and the only part
of the report to which it is necessary to refer. The chapter refers to several electronic
files containing the model parameters, which form digital annexes to the written report.

Chapter 10 presents an evaluation of the model performance in terms of residual
analyses. The model predictions are also compared with those from the previous
version of the GMM as well as with predictions from GMPEs derived for natural
(tectonic earthquakes); these latter comparisons are intended primarily to explore the
range of epistemic uncertainty that has been captured in the V7 GMM logic tree. The
report ends with some Closing Remarks in Chapter 11.



2. Evolution of the Groningen GMMs

The work of developing a GMM to be applied to induced earthquakes in the Groningen
gas field began in early 2013, in order to provide this critical input to the seismic hazard
and risk models that were being developed to inform choices regarding risk mitigation
strategies. The model presented in this report therefore represents the culmination of
almost eight years of work and multiple iterations through a process of review and
revision. This chapter briefly summarises how the model evolved through this process.

The chapter begins in Section 2.1 with a chronology of the GMM development up to
the V6 model, with a focus on the process followed to arrive at this final model. Section
2.2 then focuses the evolution of the models from a purely scientific perspective,
highlighting the main technical enhancements and improvements that marked the
progress towards the model that is presented in this report. Section 2.3 briefly explains
the motivation for producing a V7 model and provides an overview of the model in
terms of the predicted ground-motion parameters and the general structure of the
model.

2.1. Model Development from VO to V7

The work to produce a GMM for the induced earthquakes in the Groningen field began
in early 2013. At that time, NAM was beginning to develop a comprehensive seismic
hazard and risk model as part of the response to the August 2012 Huizinge
earthquake, and the lead author of this report was engaged to work with Shell
seismologists Stephen Bourne and Steve Oates on the hazard model. As has been
the case throughout the development of this work, the GMM was required as input to
hazard calculations at a fairly early stage and therefore had to be generated in a very
short time frame.

The first approach was to review existing GMPEs and consider their suitability for
application to the shallow induced earthquakes in the field while also being able to
estimate ground-motion amplitudes for potential larger induced and triggered events.
Among the candidate GMPEs considered were the equations for PGA (peak ground
acceleration) and PGV of Dost et al. (2004), which had been derived using recordings
of induced earthquakes in the Roswinkel gas field and were specifically intended for
application to induced seismicity. Using the small database of Groningen ground-
motion recordings available at the time, the Dost et al. (2004) equations were checked
for their applicability and found to overpredict, by a significant margin, the Groningen
motions (Figure 2.1). This was interpreted as being primarily the result of the effect of
the high-velocity Zechstein salt layer overlying the Rotliegend sandstone that contains
the gas reservoir on the propagation of seismic waves, as discussed by Kraaijpoel &



Dost (2013); in the Roswinkel field, the gas reservoir is located above the Zechstein
formation.
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Figure 2.1. Residuals of PGA (left) and PGV (right) of Groningen motions with respect to the
Dost et al. (2004) GMPEs (Bourne et al., 2015).

The observation that a GMPE derived specifically for application to shallow-focus, low-
magnitude induced earthquakes in the Netherlands performed so poorly in the
Groningen field led to the inevitable conclusion that a bespoke model for the field was
required. For the very first hazard calculations, a crudely simple approach was
adopted to obtain a model that was consistent with the observed motions in Groningen
at small magnitudes and would mimic ground motions from tectonic earthquakes at
the upper limit of 6.5, which was the Mmax value used at the time. The European
GMPEs of Akkar et al. (2014) were modified by introducing a hinge point at around
magnitude M. 4 and then adjusting the predictions at smaller magnitudes to match the
Groningen PGA and PGV values. This was considered to be consistent with the
findings of Bommer et al. (2007) that extrapolation of empirical GMPEs to magnitudes
below the lower bound of the dataset generally leads to overestimation, but it was also
acknowledged to be a rather crude approach. One of the many shortcomings of this
preliminary modeld subsequently named as the VO GMMd was that it did not include
any epistemic uncertainty, including only a single predictive model even at the largest
magnitudes (although the Euro-Mediterranean model was viewed as a possible upper
branch).

The subsequent derivation of more complete GMMs calibrated to the local conditions
in the Groningen field has been undertaken through a series of iterations, each time
involving the generation of a complete model within a logic-tree framework to capture
the epistemic uncertainty and comprehensive documentation. The average time
between each successive version of the GMM has been about one year, with the gap
often being much shorter. The primary driver for this mode of operation were the
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demands of the regulatory body, SodM (State Supervision of Mines), which did not
create an optimal approach for the execution of this scientific work. The full process of
developing each GMM involves several weeks of consecutive calculations and the
timescale imposed on the process allowed very few opportunities for iterations and
sensitivity calculations within each stage of model development. The cyclic process of
the GMM development did allow for thorough review of each version of the model but
it also meant a great deal of effort was expended on documentationd reports of
several hundred pages in length, which were superseded within less than a year in
most casesd as well as on presentations and meetings, which could otherwise have
been invested in refinement of the models.

In setting out to develop a GMM for the Groningen field, several key objectives were
identified. The first was the need to use small-magnitude earthquake recordings to
develop predictions of motions from larger earthquakes, which led to the decision to
use stochastic simulations, for which reason a specialist in this area (Ben Edwards
from Liverpool University) was recruited to the team. The GMM team also began to
work very closely with seismologists from KNMI (initially Bernard Dost and later on
Elmer Ruigrok and Jesper Spetzler as well) as the operators of the recording networks
and custodians of the primary earthquake catalogue for the region. To correctly
capture the influence of the upper crustal structure on wave propagation in the
Groningen field, the team also worked closely with Remco Romijn of NAM, who was
the primary developer of the deep velocity model for the field, and with geophysicists
at Shell (Ewoud van Dedem and colleagues) and ExxonMobil (Brian Zurek and Brian
deMartin) who performed finite difference wave propagation analyses (Edwards et al.,
2019). Another important objective of the model was to capture the variation in site
response effects across the field, including non-linear response in the very soft soils
encountered particularly in the northern part of the field. To this end, Deltares was
engaged to develop a field-wide model of the near-surface layers and their dynamic
properties, with the work led by Pauline Kruiver (who has recently moved to KNMI),
and Adrian Rodriguez-Marek (Virginia Tech) was brought into the team to lead the
development of the site response model. The team was also expanded to include a
ground-motion database manager, responsible for the processing and compilation of
the motions for analysis (Michail Ntinalexis) and an engineering seismologist skilled in
statistical analyses and the interface with structural engineering and risk analyses
(Peter Stafford of Imperial College London).

The first complete GMM (V1) was reviewed through the submission and publication of
a paper in the Bulletin of the Seismological Society of America (Bommer et al., 2016a),
which highlighted the Groningen-specific features of the model as well as its
limitations. The V2 GMM addressed the key limitation (consideration of only linear site
response, see Section 2.2) and defined the basic framework for the GMMs that has
been refined and improved in the subsequent stages of development.



At this stage, the GMM development team also decided that it would be very helpful
to form a panel of experts to review the model and provide constructive feedback
towards its ongoing evolution. We were fortunate to be able to assemble a panel
comprised of Gail Atkinson (Canada), Hilmar Bungum (Norway), Fabrice Cotton
(France/Germany), John Douglas (UK), Jon Stewart (USA), Ivan Wong (USA) and
Bob Youngs (USA). A two-day workshop with the review panel was held in London in
October 2015 and the feedback was incorporated into the V3 GMM, which fixed all of
the key features of the GMMs that have followed (Bommer et al., 2017).

Another development came in March 2016, with the organisation of a workshop in
Amsterdam on Mmax in the Groningen field (Bommer & van EIk, 2017), with an expert
panel charged with developing a distribution for the maximum magnitude to be used
in the seismic hazard and risk analyses. Although this yielded a distribution centred
on values considerably smaller than the Mmax of 6.5 that had been used up until that
time, the upper tail extended to above magnitude 7. Even though the weight assigned
to this upper tail was very small, the GMM had to accommodate scenarios of
magnitude up to about 7.25. For the V1 to V3 GMMs, we had used point-source
stochastic simulations in generating the models, which is not really appropriate even
at magnitude 6 and became indefensible when these larger magnitudes needed to be
accommodated. In July 2016, a workshop was held in London to discuss options for
introducing finite fault rupture simulations into the GMM development, with the
participation of geophysicists from Shell and ExxonMobil and four invited experts with
extensive experience and expertise in the development, validation and/or application
of finite rupture simulations: Norm Abrahamson, Luis Angel Dalguer, Christine Goulet,
and Bob Youngs. The outcome of the workshop was the decision to adopt EXSIM
rather than SMSIM for the V4 GMM, and this has been used in all subsequent models.

The V4 GMM was the first attempt to incorporate finite rupture simulations and review
comments from the international expert panel identified several features that could be
refined or improved. Additionally, the V4 GMM development adopted a preliminary
version of a new conversion between local magnitudes, M., and moment magnitudes,
M: M = ML T 0.2. The relationship between the two magnitude scales is important in
this work since the inversions of the reference rock FAS requires treats the magnitudes
as moment magnitudes and the global GMPEs used to calibrate the upper branch of
the logic tree are expressed in term of moment magnitude, yet the recurrence statistics
in the seismological model are based on the KNMI catalogue magnitudes which are
ML. Subsequent work revealed that the relationship adopted for the V4 GMM was
incorrect, and that in the range of interest to the risk calculatons ML O 2. 5) ,
scales can be considered broadly equivalent (Dost et al., 2018).

In another rapid iteration, work on the V5 GMM began shortly after the V4 GMM had
been finalised, in an attempt to refine some of the new features related to the use of
finite rupture simulations as well as incorporating some new recordings into the ground
motion database. The V5 GMM was issued in late 2017 and then reviewed by the
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international expert panel; the final report was issued in January 2018, together with
an endorsement letter from the panel. At this stage, Norm Abrahamson had been
incorporated into the review panel and Jon Stewart appointed the panel chair to
coordinate the review process.

At that point, it was considered that the GMM development had reached a stable
plateau and future work will only involve checking the model performance against
recordings obtained in future earthquakes. However, a request was made to produce
a V6 model for the 2019 hazard and risk calculations, taking advantage of recordings
of new earthquakes that had become available, including the January 2018 M. 3.4
Zeerijp earthquake that generated a large number of records. At the same time, as the
database was being updated, it came to light that an error had been made in the
processing of the recordings from the My 2.6 Slochteren earthquake when
incorporating those records into the V5 database. The Slochteren event occurred on
27 May 2017, just as the database for the V5 model was being finalised. The V1 model
had been developed from a database of 58 recordings from 12 earthquakes, and the
V3 GMM was derived using a database that had grown to include 178 recordings from
22 earthquakes, but no additional records had been generated when the V4 GMM was
developed. The 68 records from the Slochteren earthquake were therefore viewed as
an essential addition to the database (Figure 2.2). However, in order to meet the strict
schedule imposed for delivery of the model, the records were processed very swiftly,
and consequently an error was made that led to significant underestimation of the
longer-period response spectral ordinates (Figure 2.3). The discovery of this error
provided additional impetus for the generation of a new model to replace the V5 GMM.
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Figure 2.2. Magnitude-distance distribution of the database used to derive the V5 GMM,
highlighting the records from the May 2017 Slochteren earthquake.

As the work on the V6 GMM was beginning, another issue came to light, which was a
calibration error in the surface accelerographs of the G-network (see Section 3.1 for a



description of the Groningen recording networks), which had been set to record half
of the real amplitude. This error, which was studied and documented in detail by KNMI
and the GMM development team (Dost et al., 2019), had no impact at all on the
derivation of the GMMs since the decisions had been taken to use the recordings from
the 200-m geophones at the G-network stations (called G4-stations). The motivation
behind that choice was the lack of in situ measured shear-wave velocity, Vs, profiles
at the G-stations, whereas such measurements had been made at the B-stations
(Noorlandt et al., 2018).
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Figure 2.3. Ratios of erroneous to corrected response spectra of the records of the 200-m
G-station geophone recordings obtained during the Slochteren earthquake.

Following discussions within the GMM development team, it was concluded that with
the error corrected and now having total confidence in the GO-station records, the
GMM development should use only surface accelerograph recordings, especially
since no test of the reliability of the G4-stations was possible at the time. Using only
surface recordings meant that all data were from the same model of accelerograph
(other than the earliest recordings at the B-stations, up to and including the Huizinge
earthquake) and, more importantly, the site adjustments to deconvolve surface
motions to the NS_B horizon and the site amplification factors used in the forward
modelling were both referenced to the same stratigraphic columns.

The V6 GMM report was issued in March 2019 and shared with the international expert
panel for review. A new workshop was held in Amsterdam in 2019 to discuss the
development of the final V7 GMM and agree a path forward that would extend the
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foreseen period to allow for a less rushed process: in the view of the panel members,
to conduct one more sprint through the model production process with minor
refinements and i mpr ov eimesporisibled . wd inilsd elaaly e t hee
was developed in stages, starting with the database, the inversions of the NS B
motions, and the development of the final site response model (including a new
assessment of the soil damping). Each of these elements was presented to the review
panel, discussed, revised and agreed, through written reviews and online meetings
(by this time, physical meetings had become impossible due to the Covid-19
pandemic). In this way, for the first time, all the model elements and their individual
impacts were evaluated before commencing the process of the final model generation.

In closing this overview of the model evolution, we can also note that another influence
on the GMM development process has been the changing needs of end users, and
specifically the NAM risk engine. The inputs for the risk model are controlled mainly
by the parameters used to characterise the fragility functions for buildings in the
Groningen region. For the V1 GMM, the outputs were selected as response spectral
accelerations at five periods between 0.01 and 2.0 seconds, the first ordinate being
equivalent to PGA (Figure 2.4).
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Figure 2.4. Correlation between PGA and spectral accelerations at 0.01 s for the Groningen
ground-motion data

The limited outputs for the V1 GMM were determined in part by the need to reduce the
calculations required in order to allow the model to be developed on schedule. With
the basic approach established, the V2 GMM was able to predict spectral



accelerations at 16 oscillators up to 5 seconds, the longer periods being included to
cover the possibility of applications to lifelines, infrastructure and tall buildings. In the
V3 GMM, the number of target periods was increased to 23, all of the additional
periods being at the short-period range; these were added solely to facilitate the
generation of reliable vertical response spectra through the application of vertical-to-
horizontal spectral ratios. The V4 GMM predicted spectral accelerations at the same
23 periods, and also included the prediction of PGV, a parameter for which potential
applications were emerging. The same suite of ground-motion parameters was
predicted by the V5 and V6 GMMs.

The first five versions of the GMM also included predictions of significant duration,
which was considered to be potentially of importance in the assessment of liquefaction
hazard and at one stage was included in the fragility functions for some building
typologies. More recently, the need to provide predictions for so many ground-motion
parameters was re-evaluated. Duration was dropped in V6 GMM since it was no longer
included as a parameter in any of the fragility functions and the question of liquefaction
hazard has been comprehensively addressed in parallel studies (Green et al., 2020).
Furthermore, it became clear that there is no particular call for vertical response
spectra, obviating the need for closely spaced spectral accelerations at short periods,
and the only applications requiring predictions of PGV are focused on small-magnitude
earthquakes, for which an empirical GMPE is more appropriate (Bommer et al.,
2021b). The current fragility models are defined in terms of the horizontal spectral
acceleration averaged over 10 periods (0.01, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.85 and
1.0 second) and therefore the focus has moved exclusively to providing these inputs
required for the risk calculations.

2.2. Milestones in the Model Development Process

Leaving aside the tortuous path that has been followed to arrive at this final GMM for
Groningen, it may be useful to highlight the key advances during the evolution of the
model. The primary objective was to capture the very specific local conditions in terms
of the geological structure from the Rotliegend sandstoned where the earthquake
ruptures originated to the ground surface (Figure 2.5). The second objective was to
develop a model constrained by the available ground motion data but also capturing
the unavoidable epistemic uncertainty associated with extrapolating from recordings
of earthquakes with magnitudes from 2.5 to 3.6 to make predictions for earthquakes
of magnitude 6.5 or even greater (Figure 2.6). The first objective was addressed by
analysis of the recordings and gathering of data to characterise the field; the latter
objective by using simulations based on source, path and site parameters determined
by inversions of the recorded motions and embedded within a logic-tree framework
that captures the broader distribution of predicted motions as the degree of
extrapolation increases.
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Figure 2.5. Cross-section of the Groningen field; the red stars schematically illustrate the
locations of earthquake hypocentres in the Rotliegend sandstone.
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Figure 2.6. Median predictions from the three branches of the V1 GMM logic-tree as a
function of magnitude for two epicentral distances (Bommer et al., 2016).

For the V1 GMM, the Fourier amplitude spectra (FAS) of the surface recordings were
inverted to estimate source (stress drop) and path (geometric spreading and Q)
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parameters, as well as a field-wide site amplification factor and kappa (damping); the
distances corresponding to the hinge points for changes in the geometric spreading
were separately determined from finite difference wave propagation models. These
parameters were then used in forward simulations but with branches for alternative
values of stress drop at larger magnitudes (Figure 2.7). The model had the advantage
of being calibrated to Groningen data but also two significant shortcomings in terms of
the site response: the amplification factors were a network average that ignored spatial
differences in the near-surface geology and dynamic amplification effects, and
included only linear site amplification, regardless of the strength of the shaking.
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) ) function of M, and R,;
__ _AAA A

Inversion Simulations
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Figure 2.7. Schematic illustration of the scheme followed in the derivation of the V1 GMM.

These two site response issues were both addressed in the V2 GMM, which in many
ways could be regarded as the most significant evolutionary step for the model. To
derive this model, the surface motions were first deconvolved, using linear transfer
functions, to a reference 6rockd horiz
formation (NU_B), located at about 350 m depth. The inversions were then performed
on the NU_B motions and the forward simulations predicted spectral accelerations at
the same buried horizon. Non-linear, frequency-dependent site amplification factors
defined for ~160 zones defined across the field, were then used to transform the rock
motions to the ground surface (Figure 2.8). The V2 GMM was made possible by the
development of a field-wide Vs model (Kruiver et al.,, 2017a) and field-wide site
response analyses (Rodriguez-Marek et al., 2017).
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Figure 2.8. Schematic illustration of the scheme followed in the derivation of the V2 GMM.

The framework established for the V2 GMM defined how all the subsequent models
would be derived, all further changes being adjustments or refinements of the scheme
illustrated in Figure 2.8. The only notable modification to this scheme in the V3 GMM
derivation was to change the reference rock horizon from the base of the Upper North
Sea formation to the base of the North Sea formation (NS_B), which is located at about
800 m depth (see Figure 2.5). The NS_B represents a more pronounced and laterally
more consistent impedance contrast than the NU_B horizon and it has remained as
the reference rock horizon for all subsequent GMMs. The scheme for the V3 GMM,
which is very similar to that for the V2 GMM, is illustrated in Figure 2.9. The only
significant differences from the V2 GMM framework, other than the change from NU_B
to NS _B as the reference rock horizon, was the inclusion of additional spectral
ordinates at short oscillator periods.

The jump from V3 to V4 was the second most significant evolutionary step after the
incorporation of the site response model in the V2 GMM and defined the framework
that has remained essentially unchanged for all subsequent models. The scheme for
the V4 GMM derivation is shown in Figure 2.10. The key change was the move from
point source (SMSIM) to finite rupture (EXSIM) stochastic simulations, which was
accompanied by a necessary change of the distance metric from epicentral distance,
Repi, to the rupture distance, Rrup. As mentioned in Section 2.1, the upper value of the
Mmax distribution also increased to 7.25 at this stage. Another change was the
introduction of scenario-dependence in the linear site amplification factors at short
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periods, reflecting a discovery that arose from the Groningen ground-motion modelling
work, but which has far broader implications (Stafford et al., 2017).
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Figure 2.9. Schematic illustration of the scheme followed in the derivation of the V3 GMM.
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Figure 2.10. Schematic illustration of the scheme followed in the derivation of the V4 GMM.
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As already mentioned in Section 2.1, the derivation of the V4 GMM included the
adoption of an incorrect relationship between M and M. (another fruit of having to use
immature research due to the rushed schedule of model development. The magnitude
conversion was corrected in the V5 GMM development, which reverted to equivalence
of the two magnitude scales (now demonstrated rather than assumed). As indicated
in Figure 2.11, the V5 GMM scheme has been retained for all subsequent versions of
the model. All three of the most recent models included predictions of PGV, which is
now addressed separately through empirical GMPEs (Bommer et al., 2021b); the V4
and V5 models included duration as a predicted variable, but this was dropped in the
V6 model since at that stage it was no longer required for the risk calculations.
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Figure 2.11. Schematic illustration of the scheme followed in the derivation of the V5 and V6
GMMs.

2.3. Overview of the V7 GMM

The V7 GMM is the final refinement in terms of implementing the framework that was
established at the V4 and V5 stages of the model development (which were identical
apart from the M-MvL relationship). Several important improvements have been
incorporated with respect to the V6 GMM and earlier models, including all of the
following:

1. An expanded database with additional new recordings
2. Correction for soil-structure interaction effects at B-stations with basements
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New record processing procedures applied to the complete database

A stricter criterion to determine the maximum usable period

Measured Vs profiles at nearly all the G-network stations

A refined field-wide site model including a new model for soil damping

Refinements to the FAS inversions including a layered Q model

New criteria for constraining the upper branch simulations to match predictions

from tectonic GMPEs, which reflect the fact that the parameter used in the

fragility functions is the average spectral acceleration over a range of periods

9. A modified functional form for the parametric GMPESs for reference rock motions
(although these equations remain functions of only magnitude and distance)

10. Logic-tree branches for between-event ground-motion variability

11.Exclusion of site response analyses results with excessive (>1%) strains

12.Explicit representation of epistemic uncertainty in site amplification factors
through a logic-tree formulation

13.The inclusion of a penalty function to be applied to the amplification factors for

buildings that are located on dwelling mounds (wierden)

© N Ok W

Points 1-4 are described in Chapter 3, points 5 and 6 in Chapter 4, points 7 and 8 in
Chapter 5, points 9 and 10 in Chapter 6, point 11 in Chapter 7, and point 12 in Chapter
8. Point 12 is developed in Chapter 8 and the final model presented in Chapter 9. We
also note that during the course of the V7 GMM development, new journal papers
have been published that address some of these innovations (points 3, 6 and 13), and
these are cited within the corresponding discussions.

The scheme for deriving the V7 GMM is illustrated schematically in Figure 2.12. One
modification from this general scheme in terms of the implementation of the V7 GMM
is that the site-to-site variability illustrated in the upper right-hand corner is no longer
treated as an aleatory distribution to be sampled in the ground-motion realisations but
is now represented by discrete branches in the GMM logic-tree.

The model derivation described in detail in the ensuing chapters is for the geometric

mean horizontal component of the 5%-damped response spectral pseudo-
acceleration at oscillator periods of 0.01, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.85, and 1.0

seconds; periods of 1.15, 1.3 and 1.5 seconds were also included in the derivation

and are shown in some plots, but results are only provided for the 10 shorter periods
sincet he focus is primarily on the period O 1
fragility functions.

For the risk calculations, the arbitrary horizontal component of motion, rather than the
geometric mean component, is required to define the input to the fragility functions. To
transform the predictions to the arbitrary component, an adjustment is needed to the
variability term to account for the component-to-component variability. This additional
variability is defined using the model of Stafford et al. (2019), which is dependent on
both magnitude and distance, as illustrated in Figure 2.13.
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This component-to-component variability model was derived using ground-motion
recordings from Groningen, which often display strong polarisation at very short
distances. However, the model is also formulated calibrated to converge to the levels
of component-to-component variability predicted by a model derived from tectonic
ground-motion recordings at larger magnitudes (M. O 5 .TBe) rationale for this
extension of the model is that the pronounced polarisation observed in the small-
magnitude recordings is directly related to the radiation pattern from these shallow-
focus events. Once the fault rupture dimensions grow so that the seismic waves are
emanating from several locations along an extended source, it is assumed that the
radiation pattern will become less distinct through the interaction of the waves from
different parts of the rupture, and consequently the degree of polarisation will drop to
the levels commonly observed in recordings of tectonic earthquakes.
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3. V7 Ground-Motion Database

This chapter summarises the database of ground-motion recordings from the
Groningen field that have been used to derive the V7 model. The chapter begins in
Section 3.1 with a brief description of the different ground-motion recording networks
and the selection of stations for inclusion in the final database. Section 3.2 then
describes the record processing techniques applied, including the criteria for excluding
records with excessively low signal-to-noise ratios and the definition of the maximum
and minimum periods at which the response spectral ordinates are deemed to be
reliably usable. Finally, Section 3.3 discusses the determination of the associated
metadata and presents an overview of the database characteristics in terms of
recorded amplitudes and distribution with respect to independent variables.

3.1. Groningen Recording Networks and Record Selection

The database consists of r ec ogstatonand G-stasidnt ai ned
networks during all events of magnitude equal to or greater than ML 2.5, having

occurred between 2006 and 20 July 2020, at which point the database was finalised.

A total of 835 recordings from 29 events, recorded at epicentral distances ranging from

0.4 to 34 km, are available under those criteria. Their magnitude-distance distribution

and as-recorded horizontal PGA values against distance are shown in Figure 3.1.

The B- and G- networks are described by Dost et al. (2017). The B-network consists
of 19 stations, only 14 of which are currently operational, installed in private residences
and other small structures in the villages of the Groningen area. All stations are
installed on the ground floors of the buildings in which they are located, except three
which were installed in basements. To account for this, a correction has been applied
to the records of these three stations before use (see Section 3.2). The G-network
consists of 79 stations, installed in metal cabinets in remote locations throughout the
gas field in order to avoid noise from nearby activity as much as possible. All G-stations
contain an accelerograph at surface level, while 69 stations also contain four
geophones placed at 50 metre depth intervals, down to a depth of 200 metres. The
locations of the stations are shown in Figure 3.2, from which the good coverage of the
Groningen field can be appreciated. Both networks currently operate EpiSensor
accelerographs and Kinemetrics recorders, which transmit continuous data-streams
publicly available via the KNMI website (KNMI, 1993;
https://doi.org/10.21944/e970fd34-23b9-3411-b366-e4f72877d2c5). The G-network
was installed between 2014 and 2017 while the first stations of the B-network were
installed in 1995. Until 2014, different types of accelerographs were periodically used
in the B-network (including the GeoSig AC-23 and AC-63 models), which operated on
a triggering basis, only generating records when motion was fulfilling certain
requirements that ensured detection of an earthquake signal.
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In late 2020, the manufacturer of the AC-23 instrument updated the information
provided for those sensors, with small changes to the transfer functions used to
deconvolve the instrument response, however the records corresponding to those
sensors were not reprocessed as the changes were small and only noticeably affecting
FAS frequencies smaller than 0.5Hz, a value typically outside the usable range of the
records of this database.
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Figure 3.1. Peak ground acceleration of the Groningen horizontal component records plotted
against distance (upper) and magnitude-distance distribution of the Groningen database
(lower).
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Records from three additional networks are also available (Ntinalexis et al., 2019),
namely the NAM Facilities Network, the NAM Flexible Geophone Array, and the
Household Network, which was installed by TNO on behalf of NAM. These records
were not used, however, for the following reasons:

1. The location metadata of the Household Network cannot be shared publicly as they
describe the location of private residences and are protected by privacy laws.
Using these data would thus create a model that other researchers could not
replicate, and the data could not be fully vetted, which is contrary to the policy of
openness that has been adopted by the GMM Team.

2. Records of the NAM Facilities Network are heavily contaminated by high-frequency
noise due to the heavy machinery operating in the facilities, leading to a low
potential for use.

3. Due to their large number and close spacing, incorporation of records from the
flexible network can lead to issues in the calculation of event-terms and inter-event
variability, as discussed in Stafford et al. (2019).
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Another reason for not using records from the three networks is that there are no
measured shear-wave velocity profiles available at the locations of their stations (see
Section 3.2).

Identification of stations with issues in recording

A thorough quality assessment and review of the B- and G-networks has been carried
out between 2017 and 2019. This involved two parallel lines of work, (a) visits to the
stations and (b) analyses of the data produced by the stations. This assessment
included investigations presented in Ntinalexis et al. (2019) as well as work led by
Elmer Ruigrok of the KNMI involving power spectral density (PSD) analyses (e.g.,
Figure 3.3) and probabilistic PSD plots. Two site visits took place (not counting the
numerous visits by KNMI technicians over the years), one in September 2018, by
Elmer Ruigrok (KNMI), Gert-Jan van der Hazel (KNMI) and Michail Ntinalexis (GMM
Team), and another in November 2019, by the same group except Gert-Jan, joined by
Mira Vasic (SodM) and Rui Pinho (Fragility/HRA Team).
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Figure 3.3. Power spectral density of acceleration time-series at station BLOP (top left) for
the North-South (top right), East-West (bottom left) and vertical components (bottom right),
before, during and after the M 3.4 Westerwijtwerd earthquake of 22 May 2019.
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The first visit resulted in the confirmation of a suspected calibration problem with the
surface accelerographs at the G-stations, which was subsequently resolved (as
discussed in Dost et al., 2019). During the second field visit, station BSTD was
discovered to be unanchored to the floor of the structure in which it is located. The
GMM Team initially considered removing the records of this station from the database
but ultimately decided to retain them. There are three reasons which led to this
decision. First of all, it is very unlikely that the small-amplitude motions recorded in
Groningen have caused either sliding or rocking of the sensor; secondly, the station
has produced a number of important recordings, including near-source records from
three out of the four largest Groningen earthquakes (Figure 3.4); and finally, an
examination of BSTD records showed no apparent irregularities (e.g., Figure 3.5).
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Figure 3.4. Magnitude-distance distribution of usable records obtained from station BSTD
(EQ10 was recorded at the former STDM station)

On the other hand, a total of 27 records from stations G050, G530, G680, station BLOP
(for a specific time period between the end of 2017 and 2019) and a single recording
from station G640, have been removed because of problems with the instrument
performance, which were identified by PSD analyses (such as the one shown in Figure
3.3) as well as probabilistic PSD analyses. The magnitude-distance distribution of
these records is shown in Figure 3.6. A list of the stations discussed in this section as
well as a summary of the issues identified, and the decisions taken, is provided in
Table 3.1.
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Table 3.1. Stations with issues with recording

EQ-ID Issue Decision

G050 Malfunction Removal of records

G530 Malfunction Removal of records

G680 Malfunction Removal of records

BLOP | Malfunction (end of 2017-2019) | Removal of records in time period

BSTD | Unanchored (until Dec. 2019) Retain records

\
55 L 28 records from 8 EQs
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@
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Figure 3.6. Magnitude-distance distribution of records removed due to malfunctioning
stations

Exclusion of records from stations outside the zonation area

A total of seven G-stations (G720, G730, G740, G760, G770, G790 and G800) and
one B-station (BKMZ), are not located inside the study area of the risk model, which
is defined by the gas field plus a 5 km buffer onshore. The records from these stations
are still processed as they are used in other work, such as the derivation of the
empirical PGV models (Bommer et al., 2019a) and reporting on earthquake amplitudes
(e.g., Bommer & Ntinalexis, 2020), but are not relevant to the development of the
GMM. A total of 62 records from six events are removed for this reason, and their
magnitude-distance distribution is shown in Figure 3.7.

Investigation of short-period attenuation at B-stations

Work conducted by researchers in the KEM projects, based mainly on comparisons of
records from pairs of B-stations and the closest G-station, identified a general
tendency for the short-period spectral ordinates from the B-stations to be lower. This
was interpreted by the KEM researchers as being the result of dynamic soil-structure
interaction (SSI). For the work being undertaken by the KEM researchersd which, it
has been emphasised many times, is not to develop a complete GMMd the decision
was taken to simply drop all the B-station recordings. For the GMM development team,
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this was not considered a viable option given how many important events have been
recorded only on this network and how many of the recordings at short epicentral
distances come from B-stations. As shown in Figure 3.8, recordings from the B-
stations are a vital component of the Groningen ground-motion database, comprising
more than one third of the records. Additionally, for the first 18 earthquakes in the
database, there are no G-station recordings, and the two largest horizontal PGA
values obtained to dated 0.08g and 0.11gd were both obtained at B-stations.
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Figure 3.7. Magnitude-distance distribution of records from stations outside the study area

An investigation on the potential systematic differences between the B-network and
G-network recordings was also carried out during the development of the updated
empirical PGV GMPEs that were published earlier in June 2021 (Bommer et al.,
2021a). More specifically event- and station-corrected residuals with respect to the
network-independent GMPEs (ESV model) were grouped by recording network, as

shown in Figure 3.8, withthe B-net wor k separated in Aol

records obtained before and after the 2014 upgrade. For the residuals of recordings
from each of the networks, the box indicates the range from the 25-percentile to the
75-percentile, while the line in the middle of the box indicates the median residual; the
whiskers indicate the range from the minimum to maximum value. There is a clear
tendency towards lower PGV valuesd as revealed by the negative median residuald
from the B_new network. The lower frame shows the same residuals adjusted for the
station terms found as part of the mixed effects regression, which confirms that the
offset of the B_new residuals is a station effect.

This immediately raises the question of why there should be a difference between the
B_old and B_new recordings in terms of their amplitudes and residuals, given that they
correspond to instruments installed in the same buildings. The possible explanation
might be as follows: there is a systematic average effect of B-network records being
lower at short periodsd and note that for the Groningen data, PGV correlates well with
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spectral accelerations at periods in the range of 0.2-0.3 seconds (Bommer et al.,
2017c)6 than those from the free-field stations of the G-network, even if not
manifested at all of the B-stations. However , b e c a u snetwork hvas
operating under a triggering protocol, it recorded weaker motions poorly, with only the
relatively stronger records retained, leading to higher average amplitudes recorded.
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Figure 3.8. Within-event residuals (upper) and after adjustment for station terms (lower), with
respect to the ESV model of Bommer et al. (2021a), grouped by recording network and
instrument type.

This observation prompted further regressions with a functional form including an
additional term identifying the contributing network. Figure 3.9 compares the
predictions from this model, with the network-independent model. As would be
expected, the network-independent model predicts median PGV values that always
lie between those corresponding to the predictions for B_new stations and for all other
stations, although it is interesting to note that the network-independent predictions are
very close to those for all stations other than those of the B_new network.

The KEM researchers followed another line of investigation, by comparing the records
of nearby B- and G- stations. Table 3.2 lists the B-stations as well as the closest and
second-closest G-stations, together with the separation distances and the number of
events for which the stations produced usable records. Stations KANT, BONL and
BMD1 have been decommissioned and have not produced any records during the
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same events as the closest G-station; station BHAR is known to have a site profile
which results in very specific amplification effects and thus is ill-suited to comparisons.
The remaining pairs, with the exception of BOWW-G190, are at least one kilometre
apart, too large for these simple comparisons to provide anything other than very
general indications.
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Figure 3.9. Comparison of median predictions for Vszo = 200 m/s for different combinations
of magnitude and distance, using the network-independent model (ESV) and the network-
dependent (ESVI) model of Bommer et al. (2021a)

The records of BOWW and G190, where the separation distance is 430 metres (the
closest spaced pair), are very similar (Figure 3.11). At the same time, the spectral
accelerations of the three stations located in basements (BUHZ, BWIN and BZN1),
are consistently lower than those of the closest G-station at periods <0.2 seconds, due
to embedment effects (Figure 3.12). However, there is no consistent pattern in the
remaining 10 stations; weak short-period attenuation can be observed in the ratios of
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some of the stations (Figure 3.13), while, in others, there is no clear indication of this
effect (Figure 3.14).
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Figure 3.10. Larger as-recorded horizontal PGA plotted against epicentral distance
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Figure 3.11. Ratios of B- to G-station recordings at BOWW and G190. Dashed lines denote
parts of the spectra outside the usable period limits of the records.
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Table 3.2. List of the B-stations and the closest G-stations

STAT Closest | Distance No. of Second Distance No. of
ID G- (km) EQs Closest (km) EQs
station G-station
BAPP G670 1.11 4 G190 2.84 3
BFB2 G450 1.34 8 G490 2.64 9
BGAR G090 2.33 6 G610 2.65 5
BHAR G390 1.10 6 G440 3.24 7
KANT G610 1.38 0 G080 2.36 0
BHKS G290 1.18 3 G230 2.27 6
BLOP G180 1.70 3 G230 3.05 2
BMD1 G170 1.29 0 G130 1.76 0
BMD2 G130 15 3 G170 2.03 5
BONL G090 2.44 0 G100 4.09 0
BOWW G190 0.43 3 G670 2.24 4
BSTD G220 0.99 4 G180 2.84 7
BUHZ G040 0.86 4 G080 2.3 2
BWIN G230 1.29 5 G180 2.80 6
BWIR G230 1.91 6 G670 2.45 6
BWSE G180 1.72 6 G130 2.80 4
BZN1 G140 0.84 2 G100 2.42 2
BZN2 G140 1.09 2 G180 3.65 2
10 — — EQ-22 - M, 3.1, R,,(BUHZ) = 22.04 km, R,;(G040) = 22.74 km
— EQ-24 - M 3.4, R,(BUHZ) = 7.14 km, R,;(G040) = 7.67 km
— EQ-25-M, 2.8, R,;(BUHZ) = 6.50 km, R,;(G040) = 6.98 km
— EQ-26 - M, 3.4, R,;(BUHZ) = 9.62 km, R,;(G040) = 10.49 km

B / G Spectral Ratio

0.1
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Figure 3.12. Ratios of B- to G-station recordings at BUHZ and G140. Dashed lines denote
parts of the spectra outside the usable period limits of the records.
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Figure 3.13. Ratios of B- to G-station recordings at BAPP and G670. Dashed lines denote
parts of the spectra outside the usable period limits of the records.
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Figure 3.14. Ratios of B- to G-station recordings at BGAR and G090. Dashed lines denote
parts of the spectra outside the usable period limits of the records.
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Normalised offsets (after removal of mean residual with respect to the V6 GMM) of
spectral accelerations at all of the B-stations and G-stations are shown in Figure 3.15
for selected periods. These are plotted only for eight events that were recorded by
both the B-stations and the G-stations, in order to facilitate direct comparisons across
the stations. Inspection of the offsets plotted in Figure 3.15 does not show a systematic
and consistent difference in the motions from the B-stations and the G-stations, even
at short periods (apart from BUHZ and BWIN, where the instruments are in
basements). However, some of the B-stations do seem to display negative offsets at
shorter periods (e.g., WIR), which would be consistent with inference of suppressed
high-frequency motions at these stations. Station BHAR also stands out but this is
known to be a station where the difference between the location-specific amplification
function and that of the site response zone in which the station is located (and
therefore used for the GMM prediction) is very large. Station BHKS also displays
strongly negative offsets at short periods.

Following the field visit in November 2019, Rui Pinho coordinated an extensive set of
soil-structure interaction (SSI) analyses for representative structures and soil profiles
from the B-stations (Cavalieri et al., 2020). These analyses did confirm that for the
BUHZ instrument (located in the basement of municipal offices in one of the small
towns) there was clear evidence for SSI affecting the recorded motions. This is
consistent with findings of many previous studies of the effect of sensor placement
within basements (e.g., Abrahamson et al., 1991) and also, for the case of this rather
massive 3-storey building, likely to be also influenced by kinematic interaction effects
(e.g., Stewart, 2000). Instead of removing the records from the three basement
stations, which would result in the complete removal of EQ-14 from the database, it
was decided to apply the correction/conversion that is proposed by NIST (2012) for
basement recordings (Figures 3.16 and 3.17).

For the remaining 15 stations, which are located in lightweight sheds and barns, the
SSI analyses conducted by Cavalieri et al. (2020) clearly demonstrate that there are
no strong dynamic soil-structure interaction effects that could influence the nature of
recordings obtained at ground level inside these buildings (which was the speculative
conclusion of the KEM researchers). However, additional work undertaken by
Cavalieri et al. (2020) did identify a likely cause of the apparent suppression of short-
period spectral ordinates at the B-stations. It is known that prior to construction of
houses in the region, at least for the case of buildings with shallow foundations, it is
common practice to improve the ground, usually through consolidation under the
weight of a layer of sand that is subsequently removed. This process is likely to create
a surface layer with increased Vs and thus creates a velocity reversal close to the
surface.
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Figure 3.16. Example of the application of the correction proposed by NIST (2012) on a time-
history in order to match free-field ground-motion. The red trace represents the time-history
before (upper) and after (lower) the correction. The time-histories all come from numerical
simul at i o nAfsi:e |tdhisorydsfohteéned at the surface of a soil block analysed
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base-slab average correction transfer functions from NIST (2012).

The analyses conducted show that this would result in the reduction of short-period
response spectral ordinates that has been inferred to occur at several of the B-
stations. It is reasonable to assume that such ground improvement measures have
been carried out at many of the B-stations and this would not have been revealed by
the in situ Vs measurements conducted for the network because access issues meant
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that those measurements were always conducted at some distance away from the
buildings (Noorlandt et al., 2018). Such higher velocity surface layers will clearly not
be encountered at the G-stations, which are installed in open fields.
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Figure 3.17. Example of the effect of the application of the correction proposed by NIST
(2012) on the response spectra of the record presented in Figure 3.16. The red spectrum
represents the record before (left) and after (right) the correction.

Although this line of reasoning is perfectly plausible, it cannot be easily proven.
Furthermore, comparisons of the spectral accelerations demonstrate that the source
of the differences, where they are observed, is more complicated. Figures 3.18 and
3.19 show spectral accelerations plotted against distance for the ML 2.6 Slochteren
and ML 3.4 Zeerijp events, respectively. While the effect can be observed in Figure
3.18, where the B-stations recorded weaker motions, it is not clear in Figure 3.19,
where the motions are higher.

One line of investigation that was proposed and planned was to install geophones
(from the flexible network) at several B-stations, both within the buildings housing the
accelerographs and at intervals in the adjacent gardens (plan shown in Figure 3.20).
The purpose of this exercise would be to obtain in-building and free-field recordings
from the same location (of earthquakes and/or artificially generated vibrations) in order
to empirically explore the extent of the influence of the structure housing the
instrument. Candidate B-stations were identified and three were selected for the
exercise, ensuring that the building stock of the B-network was well-represented:
BHAR (braced-steel-frame barn/warehouse), BLOP (small shed) and BMD2
(masonry-wall, timber-roof barn). The agreement of the owners was secured for the
installation of the geophones but regrettably work was just about to commence as the
restrictions on movement to combat the spread of Covid-19 were implemented.
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Figure 3.18. Spectral accelerations recorded during the 27 May 2017 M 2.6 Slochteren
event, plotted against epicentral distance
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Figure 3.19. Spectral accelerations recorded during the 8 January 2018 M, 3.4 Zeerijp event,
plotted against epicentral distance

The identification of the cause or exact impact of the apparent issues regarding high-
frequency attenuation at some of the B-stations is, as demonstrated, not
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straightforward. It should be noted that this effect likely occurs in many locations
around the world where strong-motion stations are installed on soft soils, but it is
evident in Groningen because of the existence of multiple strong-motion networks.
Three options were considered:

1. Eliminate the affected short periods (T < 0.2s) from the GMM and the fragility
functions.

2. Formulate and apply a correction to the affected periods.

3. Use the data without correction.

2m Accelerograph
/

A A A |A

A

Geophones

A

Figure 3.20. Layout plan of the installations of geophones in the B-stations. The black
rectangle which contains the accelerograph represents the house walls.

The first option, to eliminate the short periods would circumvent the issue with the
short-period response spectral ordinates and could be accommodated by a change in
the intensity measure used by the fragility functions (although this could reduce their
efficiency for some structural typologies). However, this position was rejected because
the issue would remain in the high frequencies of the FAS, which are critical for the
inversions that are carried out to obtain source parameters and cannot be ignored in
a similar manner as the short periods of the response spectra.

The second option, to formulate and apply a correction similar to the correction

proposed by NIST (2012) for basement instruments, was suggested by the review
panel. However, it is impossible to yield an unambiguous identification of the frequency
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range and amplitude of the effect at all B-stations, even when carrying out
comparisons of the B- and G- records (Figures 3.11-14). A possible solution could be
based on a concept of typical free-field response spectral shapes and include an
attempt to identify and correct any short-period deviations from these shapes in B-
station recordings. However, this would require many assumptions and would be even
more limited in terms of the insights it could provide regarding the stations affected as
well as the period ranges requiring correction at each station.

Therefore, and noting that the B-station recordings do represent motions experienced
in buildings of the same type as those being analysed in the risk calculations, decided
to proceed with the third option: using the full database of B-station and G station
recordings. The derivation of the V7 GMM will track the trends with regards to the two
networks and, where possible, individual stations as well. We also note that the within-
event variability (currently imported %.i inodels) will need to be modified to capture
the increased variability at short periods due to this decision.

Exclusion of records from stations with no measured Vs profiles

One additional criterion has been instituted for the removal of a small subset of the
data, imposed not on the quality of the data or the characteristics of the recording
stations but on the information available and, more specifically, the information on the
Vs profile of the sites.

The Vs profiles are used to inform the calculation of the site transfer and amplification
functions (TFs and AFs, respectively). These are used in the model development to
deconvolve, respectively, the Fourier and response spectra of the records to the
baserock horizon. Following the upgrade of the B-network, in 2014, a campaign of
seismic cone-penetration tests (SCPTs) was carried out by Deltares on behalf of NAM
in the 18 locations of the B-network inside the field. This allowed Vs profiles for these
sites to be determined (see Noorlandt et al., 2018). The development of the Groningen
GMMs has since benefitted from these measurements, which have been used to
calculate the TFs and AFs for those stations. At the same time, the geological models
of the Groningen field were used to infer the Vs profiles for the sites of the G-stations,
in which no in situ measurements had been carried out, and for the field in general
(Kruiver et al., 2017b). A comparison of the AFs calculated using the measured profiles
of the B-stations with the AFs calculated using inferred profiles for the same locations,
carried out during the development of the V6 GMM and discussed in Bommer et al.
(2019b), showed that the use of inferred profiles introduces a bias in the
deconvolutions of the ground-motions to the baserock horizon (Figures 3.21 and 3.22).
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Figure 3.21. Residuals of AFs (in natural logarithms) obtained from inferred Vs profiles
relative to the AFs obtained from the measured Vs profiles at the B-stations (Bommer et al.,
2019b).
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Figure 3.22. Comparison of the average trend of the ratios of AFs calculated using
measured and modelled profiles at the B-stations (grey curve) with the relative bias of the
model for NS_B motions computed with recordings from B-stations and GO-stations
(Bommer et al., 2019b).
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In April 2019, Fugro carried out Seismic Code Penetration Test (SCPTs) at 14 G-
stations for the purposes of the KEM projects. Following a request from NAM, an
additional 38 SCPTs were carried out between October and December of the same
year and another 12 in July 2020. As a result of these three recent measurement
campaigns, and the preceding measurements at the B-stations, there are now a total
of 72 B- and G-stations with measured Vs profiles and only 15 G-stations and one B-
station (BKMZ) without. As explained previously (Table 3.1), three of those 15 G-
stations are malfunctioning while seven are located outside the GMM study area, as
is station BKMZ. Furthermore, the SCPT results from four stations only became
available after the finalisation of the V7 database (which could not be delayed further
due to constraints posed by the timetable of the V7 model development). Thus, a total
of only nine G-stations which produce records potentially usable in the development
of the GMM, did not have measured Vs profiles at the time of the finalisation of the
database. The total number of records contributed by these stations is 40 (6.3% of the
records considered usable at this stage) and their magnitude and distance (M-R)
distribution is shown in Figure 3.23. Removing these records would not significantly
impoverish the database in size or terms of M-R distribution but it should lead to better
estimates of the NS_B motions and therefore reduce the uncertainty in the inversions.
Thus, it has been decided not to retain these records in the final dataset that will be
used in the GMM development.

40 records from 8 EQs
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Figure 3.23. Magnitude-distance distribution of the records from G-stations with no
measured Vs profiles.

3.2. Record Processing and Usable Period Ranges

The processing procedure applied to the V7 database is described in detail in Edwards
& Ntinalexis (2021), including the development of an innovative prediction model for
the minimum usable period of the pseudo-acceleration response spectra of a record.
The main workflow for selecting the usable period and frequency ranges of the
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pseudo-acceleration response spectra and Fourier amplitude spectra (FAS),
respectively, is summarised here.

Usable Frequencies of a Recordds FAS

We select a recor dds ma,astmwmaximurs feetpueney ofthee quenc
continuous frequency window with FAS signal-to-noise ratio (SNR) above 3. This is

the simplest method to select the maximum usable frequency and is also widely

employed in engineering and seismology work globally.

To conduct an SNR analysis, it is first necessary to obtain a noise model
representative of the noise in the record. This is routinely determined as the FAS of
the pre-event memory. In most modern recording networks, continuous data-streams
are available via online services and data-portals, which allows the user to select a
time-window of their choice around the event. In these cases, it suffices for the user
to select a time-window with a long pre-event memory and select the first 5-10 seconds
of that window to sample noise without contamination by the earthquake signal itself.

However, in networks operating on a triggering-only basis, such as the KNMI B-
network in Groningen prior to 2014 (see Ntinalexis et al., 2019), limited time lengths
of pre-event memory may be available. Furthermore, in small-amplitude records such
as those included in the Groningen database, the SNR above 20 Hz can be very
sensitive to the selection of the noise window, and hence it is important to make sure
that the noise window is carefully selected.

To do this, we have developed a technique of dynamic noise-window selection. We
use the vertical component motion to determine the noise window to ensure we avoid
P-wave energy. While small in amplitude on the horizontal components, the P-wave
has non-negligible high-frequency energy that may bias the noise estimate (and
therefore SNR and ultimately fu). We begin by locating the time window from the
beginning of the record to the point where the Arias Intensity is 0.5% of the total. We
then calculate two types of moving averages of the absolute acceleration of the time-
history, for each point of the time-history. The first includes one second preceding and
0.5 seconds following each point (short-term average) and the second includes three
seconds preceding and 0.5 seconds following (long-term average). A ratio of the short-
to the long-term moving average above 1.2 signifies a significant amplitude change
that can be associated with the first arrivals of the earthquake signal. Therefore, we
choose the end of the noise window to be the shortest time between the earliest
moment that this ratio is achieved and the time of 0.5% Arias Intensity. The noise
window, as defined on the vertical component, is then used for the horizontal
components. An example is shown in Figure 3.24.

If the sensor is close to a circuit board of an electricity mains network, then it is very
likely that the records generated will be contaminated with noise at the frequency of
the electric network, which, for most electrical systems is at 50 Hz. For small-amplitude
records, this may result in a peak in the FAS (Figure 3.25) and affect the calculation

42



of fu as well as the response spectra of the record (Figure 3.25). Douglas & Boore
(2011) recommend the removal of this peak at 50 Hz with a notch filter.
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Figure 3.24. Time-histories and selected noise window of the MID1 recording of the M_3.2
Westeremden event on 30 October 2008.
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Figure 3.25. Example of the presence and amplitude of the 50 Hz electricity mains noise in a
recordbés FAS
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At the KNMI G-stations in the Groningen field, the circuit board of the mains of the
station is within half-a-metre of the accelerograph (see Ntinalexis et al., 2019). As a
result, the small-amplitude records of those stations are typically contaminated with
this form of noise. In this case, it is necessary to remove the peak at 50 Hz to obtain
correct estimates of pseudospectral acceleration (Figure 3.26). This was carried out
with a notch filter between 49 and 51 Hz

-—
N ()]
L L 1

Spectral Acceleration (cm/s?)
o
(6}

O T L T T
0.01 0.02 0.1 0.2 1 2
Period (s)

Figure 3.26. Response spectra of record G040 from the M 3.1 Hellum earthquake in
Groningen (30 September 2015), with (blue) and without (red) removing the 50 Hz noise
peak.

Determining the lower usable frequency (fi) by employing the same SNR<3 criterion is
a choice that is also often employed. However, because the SNRs of small-amplitude
records are smaller and the resulting bandwidth can be very limited, it is desirable to
use a method that results in more forgiving estimates. We have developed such a
method which is summarized in the following.

The first step is to obtain an initial estimate of f;; this is defined as the first point that
the FAS of the recording is observed to decay more slowly than the theoretical Brune
(1970) spectrum at low frequency. The Brune model suggests that the FAS of
acceleration should decay proportional to 71 at low frequency, any additional
amplitude in those frequencies can be concluded to originate from noise present in the
record. Hence, the largest frequency where this behaviour is observed can be
considered as the first estimate of fi.
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The next step is to low-cut filter the record using fi as the filter frequency and then
compute the displacement trace. Any low-frequency noise can then be easily observed
in the time-series. If the total displacement is zero and long-period noise cannot be
readily observed in the displacement trace, then this frequency is selected as the final
fivalue. If the user judges the displacement trace to still be unacceptably contaminated
with noise, a higher frequency is selected, and the process is repeated until a
frequency is found such that a noise-free displacement trace is achieved.

An example of the application of this procedure is shown in Figures 3.27-3.28. Figure
3.27 displays the FAS of record KANT of EQ-07 where the identification of different
possible low-cut filter frequencies from the FAS of the record is illustrated. The
displacement traces obtained after the application of the different filters are compared
in Figure 3.25. It is obvious that applying a filter of 0.342 Hz (the lowest possible fi) is
not sufficient in the case of this record, as long-period waves are still clearly observable
in the displacement trace. At the same time, we can observe that a frequency of 1.611
Hz is excessive, as it results in a reduction in the amplitude of the record. Low-cut
frequencies of 0.635 Hz and 0.732 Hz both produce acceptable results, hence the
lowest, 0.635 Hz, is selected.
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Figure 3.27. The Fourier amplitude spectra of raw acceleration recording 07KANT_NS (blue)

and the Brune (noise-free) model for the same record (red). Possible lower usable
frequencies (fi) are indicated (grey dashed)
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A record is removed by the database when any of the following is true for at least one
of its horizontal components:

1. The lower usable frequency is above 2 Hz
2. The upper usable frequency is below 10 Hz
3. The SNR is below 3 throughout the FAS frequency range.
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Figure 3.28. Acceleration, velocity and displacement traces of recording 07KANT_NS after
the application of different low-cut filters.
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A total of 96 records have been removed based on these criteria. Their magnitude-
distance distribution is shown in Figure 3.29. Unsurprisingly, the records that are
removed by this step are predominantly weaker signals from smaller earthquakes.
Only three out of the 57 records removed were obtained by the older B-stations before
2014. This is mainly due to the vast expansion of the KNMI networks after 2014, which
allows them to now capture a larger number of lower-amplitude records with smaller
SNR. Another reason is the fact that the older B-stations operated on a record-
triggering basis, generating records only once ground-motion was clearly detected,
which resulted in signals with small SNRs not being identified as earthquake signals
and generating records (see Dost et al., 2017; Ntinalexis et al., 2019).

57 records from 13 EQs
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Figure 3.29 Magnitude-distance distribution of records removed due to limited usability of
FAS

Usable Periods of PSA

In the absence of high-frequency artefacts introduced by deconvolution of the
instrument response, such as may arise from the correction/restitution of anti-alias
filters, further filtering of the high-frequencies is not recommended as it may have a
knock-on effect on a wide range of spectral periods. In the Groningen records, the
instrument response, as deconvolved from the record, is broadly flat at high
frequencies, up to the Nyquist. As a result, no such artefacts are introduced. Filtering
of high-frequency amplitudes was therefore not undertaken. However, as shown by
Edwards & Ntinalexis (2021), it is still necessary to define a minimum usable period in
the short period range in order to exclude noise-contaminated periods from use.

The result of the parametric prediction model presented by Edwards & Ntinalexis
(2021) for the ratio threshold of 5% is adopted as a first estimate of Tmin. However, as
Edwards & Ntinalexis (2021) recommend, we create two semi-synthetic records using
the FAS of each recording examined, to better constrain the final Tmin value selected
and better assess the relationship between noise and signal and its effect on the
spectra.
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To create the first synthetic, we fit the idealized Brune spectrum to the FAS of each
record (Figure 3.30) and use the FAS of the record within its usable frequency range
and the Brune spectrum in the unusable frequencies. Thus, we create an idealized
noise-free version of the same record. To create the second synthetic, we use again
the FAS of the record but double it for frequencies higher than fupper. In this way we
obtain a noisier version of the same record.

By comparing the response spectra of the original raw record to the idealized noise-
free version, we can obtain an estimate of the periods that are affected by noise. At
the same time, by comparing them with the response spectra of the noisier version,
we can observe which periods are more sensitive to a further increase in the noise
present. From these comparisons we can define two additional estimates of Tmin, One
where the spectrum of the real record diverges more than 5% from the spectrum of
the idealized synthetic and one where spectrum of the noisier synthetic diverges more
than 5% from the spectrum of the real record.

N : :
T .40
N 10 |
7
”‘E‘- !
p— I
S 2
= 1077 7
o |
Q
@ l
Q
Q l
-4 ]
< 10 !
2 1
= Raw record Noise model Brune Model = =— f_, = = fup,,m;
5 i SRR (A T DR R D e A DR
107 10° 10" 102

Frequency (Hz)

Figure 3.30 FAS of the record obtained at station G780 from the M. 3.4 Zeerijp event of 8
January 2018 in Groningen.

Finally, we select Tmin using the following logic (illustrated in Figure 3.31):

1 If the parametric model result is 0.01s (the shortest period defined), we retain
that value

1 If two of the three estimates are within 10% of each other, and the third is more
than 10% different, we retain the largest value of the two that agree

1 If the result of the parametric model is between the two estimates, we retain
that value

1 Otherwise, we use the largest value of the three
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Figure 3.31 Spectral ratios and selection of Tmin for the H2 component of record G310 of the
2 May 2020 M. 2.5 Zijldijk earthquake in Groningen

3.3. Database Characteristics

The final dataset comprises of 648 records obtained at 81 locations during 29
earthquakes of local magnitude from M. 2.5 to 3.6. Figure 3.32 shows the magnitude-
distance distribution of the records, with different symbols for records generated by
the two KNMI networks. In Figure 3.33, the breakdown of the contribution of each
station is displayed, with different colours used for records obtained during events of
magnitude greater than M. 3.0 and records obtained during events of magnitude equal
to ML 3.0 and smaller. The basic metadata of the 29 events and the number of records
included in the dataset from each event are presented in Table 3.3, with coordinates
given in the Dutch RD (Rijks-Driehoek) system. The hypocentral locations were
provided by the KNMI; they were determined by the Equal Differential Time (EDT)
method described by Spetzler & Dost (2017) for events 16 and 18-29 and using the
automatic solutions of the SeisComp software for all other events. The SeisComp
solutions are publicly available in the KNMI website (KNMI, 1993).

As can be observed in Figures 3.32 and 3.33, while, as a whole, the G-network has
contributed more records to the database than the B-network, the individual
contribution of each B-station is significantly greater than that of the G-stations, with
the exceptions of course to the now-decommissioned stations (KANT, BMD1 and
BONL) and station BLOP (as discussed in Section 3.1).
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Table 3.3 Basic metadata of the events included in the V7 database

EQ- | ML Date Time RD-X RD-Y No. Location
ID (UTC) (m) (m) Recs
1 3.5 | 2006-08-08 | 05:04:00 | 242159 | 596659 4 Westeremden
2 2.5 | 2006-08-08 | 09:49:23 | 242826 | 596579 1 Westeremden
3 3.2 | 2008-10-30 | 05:54:29 | 243740 | 595168 6 Westeremden
4 2.6 | 2009-04-14 | 21:05:25 | 241060 | 596009 3 Huizinge
5 3.0 | 2009-05-08 | 05:23:11 | 246479 | 597129 5 Zeerjip
6 2.5 | 2010-08-14 | 07:43:20 | 242496 | 602509 4 Uithuizermeeden
7 3.2 | 2011-06-27 | 15:48:09 | 248253 | 591487 8 Garrelsweer
8 2.5 | 2011-08-31 | 06:23:57 | 241305 | 607070 3 Uithuizen
9 2.5| 2011-09-06 | 21:48:10 | 249399 | 595368 1 Oosterwijtwerd
10 | 3.6 | 2012-08-16 | 20:30:33 | 240504 | 596073 7 Huizinge
11 | 2.7 | 2013-02-07 | 22:31:58 | 240112 | 599405 3 Zandeweer
12 | 3.2 | 2013-02-07 | 23:19:08 | 240085 | 600945 3 Zandeweer
13 | 2.7 | 2013-02-09 | 05:26:10 | 246230 | 598516 2 t Zandt'
14 | 3.0 | 2013-07-02 | 23:03:55 | 248163 | 590446 2 Garrelsweer
15 | 2.8 | 2013-09-04 | 01:33:32 | 247166 | 596048 5 Zeerjip
16 | 3.0 | 2014-02-13 | 02:13:14 | 247144 | 596870 14 Leermens
17 | 2.6 | 2014-09-01 | 07:17:42 | 248489 | 579359 5 Froombosch
18 | 2.8 | 2014-09-30 | 11:42:03 | 239566 | 586336 12 Garmerwolde
19 | 2.9 2014-11-05 | 01:12:34 | 240652 | 599029 19 Zandeweer
20 | 2.8 | 2014-12-30 | 02:37:36 | 244481 | 581878 20 Woudbloem
21 | 2.7 | 2015-01-06 | 06:55:28 | 246882 | 593646 20 Wirdum
22 |3.1| 2015-09-30 | 18:05:37 | 251326 | 584194 40 Hellum
23 | 2.6 | 2017-05-27 | 15:29:00 | 251675 | 581586 52 Slochteren
24 | 3.4| 2018-01-08 | 14:00:52. | 245748 | 597703 69 Zeerijp
25 | 2.8| 2018-04-13 | 21:31:35 | 245534 | 598304 70 Garrelsweer
26 | 3.4 | 2019-05-22 | 03:49:00 | 238928 | 593678 65 Westerwijtwerd
27 | 2.5] 2019-06-09 | 05:00:15 | 246911 | 593706 64 Garsthuizen
28 | 2.5| 2020-05-02 | 03:13:15 | 246371 | 601025 56 Zijldijk
29 | 2.7 | 2020-07-14 | 15:18:47 | 244288 | 595960 62 Loppersum

The pseudo-spectral accelerations calculated using each record are usable at a
particular response period only if it lies between the maximum and minimum usable
periods defined for that record (Tmin and Tmax). As a result, the total number of available
data varies from period to period. The V7 GMM was be designed to predict geometric-
mean horizontal spectral accelerations at 10 response periods (0.01, 0.1, 0.2, 0.3, 0.4,
0.5, 0.6, 0.7, 0.85, and 1.0 seconds). These were chosen because the intensity
measure currently used in the fragility functions is the geometric mean of the spectral
accelerations at these periods; moreover, there is a significant drop-off in the number
of usable records at oscillator periods beyond 1.0 second (Figure 3.34).
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Figure 3.32. Magnitude-distance distribution of the final V7 GMM ground-motion database.
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Figure 3.33. Number of records from each recording station in the final V7 GMM ground-
motion database.

Previous GMMs provided predictions also for the oscillation periods of 2, 2.5, 3, 4 and
5 seconds, which are not included in the V7 GMM because they are not relevant to
the buildings of the Groningen field as well as because there are not sufficient data
available for those periods. Additionally, seven periods < 0.2 s that were introduced in
the V3 GMM (Bommer et al., 2016) to provide better short-period resolution to facilitate
application of V/H ratios to obtain vertical response spectra are no longer included
since vertical motions have not been found to be important in the risk calculations.

As shown in Figure 3.34, a larger number of usable spectral accelerations correspond
to the intermediate periods (0.1 7 0.7 seconds), a smaller number (475) are available
at 0.01 seconds and a rapid decay can be observed with increasing period from 0.85
seconds. At 1.5 seconds, the number of usable spectral accelerations is 168, which
can still be considered sufficient for the limited distance and magnitude range covered
by the database.
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Figure 3.34. Number of usable records as a function of oscillator period, showing the total
number and those corresponding to different earthquake magnitude ranges.
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4. Site Characterisation Model

A key feature of the ground-motion model for the Groningen field is that it both captures
the unique structure of the 3km of crust overlying the Rotliegend sandstone that
houses the gas reservoir, while also capturing the lateral variations of the near-surface
geology. Section 4.1 summarises the construction of a field-wide model for the shear-
wave velocity (Vs) profiles from the selected NS_B reference rock horizon to the
ground surface. Section 4.2 presents the work undertaken to derive a Groningen-
specific model for soil damping. Section 4.3 describes the construction of the site
response profiles at the recording stations, combining the field-wide model presented
in Section 4.1 with in situ measurements at the individual ground-motion recording
locations. The chapter closes in Section 4.4 with the calculation of factors to transfer
FAS and response spectra of the surface recordings to the NS_B horizon.

4.1. Shear-Wave Velocity Model for the Field

The shear-wave velocity (Vs) model of the field was developed during the early
versions of the GMM. The approach has been stable since V2, but updated with new
information, such as the final GeoTOP version , the randomisation of Vs since V3, as
well as the update from the NAM velocity model (Romijn, 2017) in V6.

The starting point for the Groningen Vs model is the GeoTOP model, that is being
developed and updated at regular intervals by TNO. The GeoTOP model discretizes
the sub-surface of the Netherlands to voxels (volume pixels) of 100m x 100m width
and length and 0.5 m thickness, and assigns to each a stratigraphy, a lithoclass
distribution and the most likely lithoclass The Groningen Vs model consists of a Vs
profile for each of the 100m x 100m grid cells in the GMM study area (which is defined
by the outline of the gas field plus a 5 km buffer). The profiles range from the ground
surface to the reference rock horizon of the GMM-the base of the North Sea formation,
NS_B, at ~800m of depth.

The construction of the Vs profiles is described in detail by Kruiver et al. (2017a) and
summarised here. The Vs profile for each grid cell is constructed by combining data
from three sources of information, each valid over a different depth range (note that
NAP is Normaal Amsterdams Peil or Amsterdam Ordnance Datum):

a. the GeoTOP model, with a range from the surface to 50m below the NAP (50m-
NAP)

b. data inferred from recordings of surface waves surveys carried out in the 1980s
using the Modal Elastic Inversion method (MEI), valid for the depth range of
20m-NAP to ~ 120m-NAP, but used only from 50m-NAP and below
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c. data obtained from a conversion of the Pre-Stack Depth Migration (PSDM)
compressional wave velocity (Vp) model to Vs using relationships established
from sonic logs of deep boreholes at the Groningen field, used for the range of
~ 70 m-NAP to ~ 800m-NAP (NS_B)

A summary of each Vs depth range is described below.
GeoTOP Vs

For the shallow subsurface, from surface to 50m depth, the Vs model is based on the
GeoTOP model, which provides stratigraphy and lithoclass, and has been combined
with Vs distributions defining the Vs values for stratigraphy-lithology combinations with
depth. These distributions are based on a Groningen SCPT dataset. An example of a
Vsdi stribution based on SCPT&s is given
clay. These distributions were used to define the parameters Vs1 and n in the empirical
relation between Vs and confining stress ,, :

aii adl Eai— (4.1)

where ,, is the confining stress, ) is atmospheric pressure, Vs is a parameter that
represents the shear-wave velocity at a confining stress equal to one atmosphere, and
n is the slope that defines confining stress dependence. The parameters Vsi, n and
the standard deviation of In(Vs) were determined for all combinations of stratigraphy
and lithoclass present in the top 50 m in the Groningen field. The tables listing the
parameters are given in Kruiver et al. (2017a).
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Figure 4.1. Example of Vs observations from the SCPT data set, for clays from the Peelo
Formation (left) and Naaldwijk Formation (right). The solid line describes the median and the
dotted lines indicate 95% confidence intervals. From Kruiver et al. (2017a).
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The empirical Vs relation with parameters Vs: and n were used for construct mean Vs
profiles based on the GeoTOP voxels. In addition to the mean Vs profiles, randomised
Vs profiles were constructed using the standard deviation of In(Vs) and a sampling
scheme (Figure 15 from Kruiver et al., 2017a) assuming a correlation coefficient of 0.5
between layers of different stratigraphy-lithoclass. Because of the large amount of grid
cells (~140,000) only one randomised Vs profile was constructed for each GeoTOP
grid cell. The number of grid cells varies between 58 and 7500 among the geological
zones, resulting in a representative sample of Vs profiles using one randomisation per
grid cell. Three examples of mean and randomised Vs profiles are shown in Figure
4.2.
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Figure 4.2. Three examples of randomised Vs profiles (black line) and mean Vs profiles (red
lines). The column at the left of each graph indicates the units in the voxel-stack. Left:
example of homogeneous voxel-stack with only four units of stratigraphy-lithology; middle
and right: examples of more heterogeneous voxel-stacks. From Kruiver et al. (2017a).

MEI Vs

The next depth interval, from 50 m depth to maximum 120 m depth, consists of Vs
inferred from inversion of ground-roll (surface waves) from the legacy seismic data
from the 19800s. Al though the seismic surve
designed to suppress the generation of surface waves, some ground roll energy was
preserved in the seismic data in the frequency band between 1 and 3 Hz. The Modal
Elastic Inversion method (MEI) was used for the elastic near-surface model building.
The depth sensitivity kernel for the fundamental mode of the Rayleigh wave showed
that maximum penetration depth is ~120 m and there is a limited resolving power of
velocities in the shallow layers of the model (0 i 20 m). Because of the limited
resolution in the shallow layers and the good quality of the GeoTOP Vs model, the MEI
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Vs model is used from a depth of 50 m-NAP. An example of a depth slice through the
MEI Vs model is shown in Figure 4.3. Distinct zones of relatively low and relatively
high Vs values are visible, forming patterns that resemble geological features, such as
buried valleys.

Vs depth NAP-65m N3

m/s
e High : 453
B Low : 298

|:] Extent of Groningen field -
|:| Extent of Groningen field plus 5 km buffer (:z‘:::?(m

Figure 4.3. Depth slice through the MEIDAS Vs model at a depth of NAP-65 m. From Kruiver
et al. (2017a).

Sonic Vs

The deepest part, starting from ~70 m to the depth of the reference baserock at ~800
m, consists of the Pre-Stack Depth Migration (PSDM) Ve model that was converted to
Vs using Vr/Vs relations derived from two deep well logs in the field. The PSDM Vp
model was updated by Romijn (2017) and this updated model has been used since
the V6 GMM. The conversion between Vp and Vs is based on the sonic logs at wells
BRW:-5 and ZRP-2. The conversion is different for the upper and for the lower North
Sea Group, using a depth-dependent conversion in the upper and a constant Ve/Vs
factor in the lower North Sea Group (see Kruiver et al., 2017a).
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In the spliced Vs profile, the transition between the MEI and the sonic Vs profile occurs
at a depth where the MEI part would be larger in value than the sonic part. This
ensures that the Vs profile is monotonically increasing with depth at the transition. No
randomisation of the Vs profile was applied to the MEI and sonic depth range.

4.2. Site Profiles at Recording Stations

In situ shear-wave velocity measurements have been carried out for 80 out of the 99
station locations. The measurements at the B-stations (with the exception of BKMZ,
which was installed later and outside the GMM study area), are described by Noorlandt
et al. (2018). During pilot measurements at three stations, four techniques were tested:
SCPT, Multi-channel Analysis of Surface Waves (MASW), cross-hole tomography
between three boreholes of 30 m depth and PS suspension logging. The combination
of SCPTO&s an dound A&ieffastavesin the Groningen setting. These two
techniques were applied at the remainder of the B stations. Examples of measured Vs
profiles are shown in Figure 4.4 for the locations of four stations, where they are also
compared with the predictions of the field-wide Vs model discussed in the previous
section for those locations. As can be observed, the two sets of Vs profiles are
generally in good agreement. The Vsao values resulting from the two sets of Vs profiles
were also compared for all stations, with the values of the measured profiles being, on
average, slightly lower, particularly for the stations with Vs3o values lower than the
network average.
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Figure 4.4. Vs profiles at selected B stations. Measured Vs in blue and modelled mean Vs in
red. From Noorlandt et al. (2018).
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During three moreroundsof f i el d measur ement s, Fugro perf
at 64 out of the 80 G stations (Fugro, 2020a, 2020b). The CPT and SCPT data were

used to determine the local lithology and Vs. Stations included in the campaigns were

prioritized on the basis of the number of usable records they had generated by the

time the campaigns took place. The 16 stations that were not covered by the
measurement campaigns are: G43, G52, G58, G59, G71, G72, G73, G74, G76, G77,

G78, G79, G80, as well as the three G-stations (G150, G530 and G680) which do not

produce usable surface records due to malfunctions.

The local Vs and stratigraphy-lithoclass data from the SCPTs were further improved
using measured transfer functions (TFs) between 50 and 0 m depth and the lithological

description of thetop 5 meters. Th ¥spr of il e from the SCPT is n
top part of the seoti,|2a0ddl)umdmu e( N oo aohvdevm&vaepsp,i n g
short travel times and noisy records. Nonet h

have a | arge ef fwicttk sopheactdin € e TE, tbaontilmg of t he
in explasaorhgcéreeserbkeatop part of the soi
with velocity valwues that match the timing o
with thiecddddroilptgi on as obtained from the CP

The TF is obtained by applying seismic inte
seismicitgt (RBOD.YJrTorkansverse component record

contain primarily SH waves that prmepgaegast eofne
the soil col umn. By deconvolving recordings
Swaves are isolated that have propagated be
only a single earthquake, @oskirravetl pgalmee i can
the actual travel time between 50 and 0 m d
many events, the stationary candr bbohi ome idn

wave and the main reverberationet aal20ltdy r ect
a similar set i, edéakat 2012) applied sei smi
deconvolution to bonetholes of Japands KiK

Figubgshdws the updating sequence for statior
update, the modeled TBb) (bbusl bwae t haki gheen
wave in the TF (b3bgck Tlhiend iitmmoFioggurceal 4.descr |
clay for the top 3.5 meters. Choosing a unif
of the modeled directi miarvge.ofl nf raelali $ umihacae hi
Hol ocene sequence, at abéw,t i0s 5 mpvemwmald. |i Wh e
update also I mproves the match between the
spectra %dfEi)gure 4.
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The final Vs profiles at the G stations are used in the linear transfer functions (Section
4.4).

4.3. Soil Damping Model

Damping at G-stations

|l n Ruetgnral@)2 di fferent methods are tesGed to
statriecemr di entg ga2l0@4d) apply an adarpdataito ometohod I

boreholes in Groningen. The methodawé efdowmpd
down met hod as wor &edao@2t Wnt Rut br ek met hod,

records at deptthyarechoedesnwdl Méehde Eart hds su
response i n wh-ianh tdpevindgr wavespstandetoudal.. I n
(2016) the spec-tamal dpeinng wavehis uped to es
Il n our study airoemas,, astt rmoanngy rsetvaetr ber ati ons i n
the spectra of the direct waves. For this re
( Tonn, 1991) .

In Figure 4.6 two examples are shown for the results after applying seismic
interferometry to transverse-component recordings. The local SH-wave TFs are
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estimated by first deconvolving waveforms measured at depth with waveforms
measured at t he Ear tstadking the Wecdneoluteons averdlocal h e n
events. The upper trace shows the stacked deconvolution of the recording at the
Earthoés surface wi tlimteddelkagulst. At alfyother depth levgls,a b an d
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The examples in Figure 4.6 show that there is quite strong near-surface scattering and
losses at site G20, which is reflected in the character of the estimated TF. In contrast,
there is less near-surface scattering and damping at site G30. The mean damping
over both sites (over the 200 m depth interval) is 1.71 and 0.94%, respectively.
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In Ruigrok et al. (2022) damping estimates are made for each depth interval (O to 50,
50 to 100 m, etc.) For the GMM, however, only the damping estimates over the top
200 m are relevant. For these estimates, only the sensors at 200 and 0 m depth are
used. From the 69 G-network stations, the damping estimates of four stations are
disregarded, because of known issues with one of the horizontal channels (G050,
G454, G494, G634). Damping estimates of stations G35 and G33 are disregarded as
well, because of suspicious amplitude behaviour. G354 has a down-going wave that
is larger than the up-going wave. G334 has a weak up-going wave. The estimated
damping at the remaining 63 sites is shown in Figure 4.7. Figure 4.7a shows that all
sites with high velocities in the top 10 m have low damping. Sites with velocities lower
than 180 m/s show a large scatter in damping, ranging from 0.5 to 2.7%. Figure 4.7b
shows the spatial distribution of the estimated damping values over the top 200 m.
There is no obvious spatial pattern, but for a few higher values in the east and, in
general, lower damping values in the south. The lower damping values in the south
correspond to locations with Pleistocene sands (instead of Holocene peats of clays)
in the near surface. The high damping values in the east correspond to locations with
a presence of peat.
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Figure 4.7. (a) Estimated damping over the top 200 m plotted as function of Vsio (Vs
averaged over the top 10 m). The circles represent the mean damping values for 63 sites.
The error bars show the 68% confidence interval. The implemented error propagation is
described in Ruigrok et al. (2022). (b) Spatial distribution of the mean damping (1/2Q)
values. The black line denotes the outline of the Groningen gas field. Background map is
from openstreetmap.org.

Fieldwide damping model

The estimates of the quality factor Q at the stations from the G network correspond to
an estimate of the average effect of attenuation from 200 m depth to the surface at the
location of these stations. These values are used to develop a field-wide low-strain
damping model that can be applied to stations of the B network as well as to all other
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locations across the field for the site response analyses described in Chapter 7. The
field-wide damping model is a hybrid model that uses the Q values estimated at each
of the stations to scale low-strain damping values estimated from published models
for the soils underlying each of the stations. The scaling factor (Dract) is obtained for
each station using the following steps:

- For each of the G-network stations where Q was estimated, the average effect
of damping from the deeper instrument (-200 m) to the surface is estimated
using the kappa parameter:

al —Qua (4.2)

- Low-strain damping (Dmin,ab) profiles for each station are constructed using the
laboratory-based models of Menq (2003) for sands, Darendeli (2001) for clays,
and a model for peats presented in Section 7.2 of this report. The index
parameters that are input to these models are obtained either from correlations
to the CPT tip resistances measured at the stations, or from parameters
associated with each soil type, as described in Section 7.2.

- The Dnmin profiles are integrated to obtain the equivalent effect of damping over
the entire column using:

z

3l - Q4 (4.3)

where D* = Dract X Dmin < 0.05 and Dract is a factor that scales the laboratory-
based Dmin values. The values of low-strain damping are limited to 5% of critical
damping to prevent unreasonably large damping values.

- Thevalues of 3ll are plotted against the Vsso0 value for each station (Figure
4.8) and a linear model is fitted to the data.

- For each station, the value of Dract is obtained by equating the 3l values from
EqQ. (4.1) with the 3l from the linear model in Figure 4.8, using the Vs3o0 of each
station. The resulting Dract values are plotted in Figure 4.9.

In order to extrapolate the station-specific Dract Values to the entire field, the computed
factor is plotted versus the Vs3o value for each station (Figure 4.9). Observe that the
Dract Is strongly correlated with Vsso. Therefore, a linear model [Dract VS. In(Vs30)] is fitted
to the data in Figure 4.8. Constraints are placed to limit the maximum values of Dsact
to not exceed the value predicted for the lowest Vsao for all the stations considered,
and a lower bound of 1.0 is placed to avoid reducing the laboratory estimates of
damping. The lower limit is a conservative choice based on the fact that field estimates
of damping have been often observed to exceed laboratory estimates due to effects
not captured in a laboratory sample (i.e., scattering due to small-scale heterogeneities
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in the field, see for example Cabas et al., 2017); on the other hand, there is scant
evidence that field damping should be lower than laboratory estimates.

The final model for field-wide low-strain damping is given by:
O O @] T3t L (4.4)

where Dnmin IS given in decimal units and
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Figure 4.8. Estimates of 2l for each station plotted against the Vsso for the station. The blue
dots (Il abell ed as &l Dd&Hy.a.2))theced squaees qgoroeapdnd too
estimates of 3l using laboratory-based estimates of Dmin (these are obtained from Eq. (4.3)
using unity for the Dract). The dotted lines are 95% Confidence Intervals.

The damping model in Eqg. (4.5) and Figure 4.8 corresponds to a best-estimate model
for the field. To obtain uncertainty bounds on this model, two uncertainties were
considered: the uncertainty in Q estimates, which were propagated to uncertainties in
the estimated Dract; and uncertainties in the regression of the 3l values for each station
versus Vsso (Figure 4.8). The latter dominate the uncertainty, as can be seen in Figure
4.9. An upper and lower model for the Dract is Obtained using the same approach as
for the central value but using the upper- and lower-bound of the 95% Confidence
Intervals shown in Figure 4.9. the resulting upper- and lower-bound models are shown
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in Figure 4.9. The upper and lower limits on Dt Were developed based on the
judgment of the authors.
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Figure 4.9. Estimates of D for each station plotted against the Vsso for the station. The
central, upper, and lower models correspond to the 95% confidence intervals of the models
shown in Figure 4.9. The red dotted lines bound the range of Vsso for the zones in the
Groningen field (Section 8.1).

A check on the validity of the transfer functions (Section 4.4) and the damping model
in particular is to deconvolve separately records from the surface instrument (GO) to
the NS_B horizon, and from the borehole instrument (G4) to the NS_B horizon. If the
site response model, including the damping profile, are broadly correct over the upper
200m then the deconvolved motions from the surface and borehole instruments would
be similar. Ratios of the two sets of deconvolved motions are shown for the V6 model
in Figure 4.10. These ratios were similar to those obtained from the V4 and V5 models.
Observe that these ratios have a frequency-independent value of around 2. These
ratios were recomputed using the proposed damping model and the resulting ratios
are reduced to 1.30 (Figure 4.11). This implies that the lower damping values in the
V7 model have largely addressed the inconsistency observed in previous versions of
the model. If a stricter selection criterion is applied, such as selecting only those
stations with a match of empirical and analytical transfer function, the average ratio
drops to 1.19.
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Figure 4.10. Ratios of Sa(T) at NS_B from GO recordings to those from G4 records using the
GMM V6 site response model and the V6 ground-motion database
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Figure 4.11. Ratios of Sa(T) at NS_B from GO recordings to those from G4 records using the

GMM V7 site response model and V7 ground-motion database. The average G0/G4 ratio
between T=0.1sand T=1.0sis 1.30.
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4.4. Recording Station Transfer Functions and Amplification Factors

In order to develop the GMPE for rock motions at the NS_B horizon, as outlined in
Section 2.3, it is necessary to transform the surface recordings to the NS_B horizon.
For different elements of the model-building process, both the Fourier amplitude
spectra (FAS) of acceleration and acceleration response spectra are required at the
NS_B horizon, so factors to convert surface motions to the NS_B are defined in both
domains. We refer to Fourier domain factors as the TF, and the spectral domain factors
as AF. The methodology applied to calculate these amplification factors is 1D linear
analysis using the random vibration theory (RVT) approach as implemented in the
program STRATA (see Section 7.4). Due to the low amplitudes of the recorded
motions only linear response is expected. Therefore, the inputs needed for computing
site response are the Vs and Dmin profiles described in the previous sections (and unit
weight), together with the properties of the elastic half-space starting at the NS_B
horizon (i.e., Vs = 1400 m/s, unit weight = 21 kN/m3).

Linear TFs are independent of the input motions; however, the linear spectral-domain
AFs are a function of the shape of the input motion FAS. This dependence results from
the interaction of the corner frequency of the input motions with the effects of the small-
strain damping in the soil column. This phenomenon is explained in detail in Stafford
et al. (2017). The input motions at the NS B horizon are obtained from the
seismological model described in Chapter 5. Since the seismological model is
calibrated using response spectra at the surface, linear AFs are needed for its
derivation. This implies that an iterative process is required, where preliminary
amplification factors are developed first and used to develop an initial version of the
seismological model which is then in turn used to develop a new set of input motions.
Changes in the amplification functions after one iteration were small thus no additional
iterations were deemed necessary. The motions are generated for a range of
scenarios reflecting the ranges covered by the recordings: ML 2.5 to 3.6, and distances
from O to 20 km.

The analytical TFs computed with STRATA are smoothed using a Konno-Ohmachi
filter (Konno & Ohmachi, 1998) with the b-parameter set equal to 40. This value of the
b-parameter of the Konno-Ohmachi filter was selected by trial and error. The objective
of the smoothing was to eliminate oscillations in the TF that were observed at high
frequencies (> 10 Hz), and the selected value eliminated these oscillations without
affecting the value of the TF at lower frequencies. The computed and smoothed TFs
are shown for selected stations in Figure 4.12.

As indicated before, the AFs are function of the shape of the input motion FAS, thus
are scenario-dependent, particularly for short oscillator periods. The AFs for selected
stations are shown in Figure 4.13 for all the scenarios considered. Observe that the
degree to which the AFs vary from scenario to scenario varies from station to station.
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Figure 4.12. Transfer function for the BAPP and BFB2 stations. The TFs for the V6 GMM are
shown for comparison.

For magnitudes in the range of the recorded earthquakes at Groningen (ML 3.6), the
magnitude dependence of the AFs follows a quadratic trend. The computed AFs were
fitted to the following model:

10O & &lly & olly TEDD 0
G 1Ty 1
(4.6)

where 0 "@s the amplification factor; 0 is magnitude; Y is closest distance; ©, @, @,

®, ®, and @ are period dependent parameters and 0 ®, 0 o, and

Y p B UQaare period independent parameters. The model only applies for 3 km
R 35kmandfor25 M 3.8.

For distances and magnitudes outside these bounds, the nearest bounding value
should be used (e.g., to apply the model to R=40 km, R should be replaced by 35 km).
The magnitude and distance range cover all the recordings used in the development
of the V7 model. The parameters of the model were obtained using maximum
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likelihood regression. Multiple regressions were conducted, and one parameter was
smoothed after each iteration using a Konno-Ohmachi filter (Konno & Ohmachi, 1998;
the order was @, @, ®; &, & and & were not smoothed). A sample of the smoothed
and unsmoothed coefficients is shown in Figure 4.14 for station BAPP, and a sample
of the model fit to the data is shown in Figure 4.15 for stations BAPP and BFB2. The
scenario-dependence of the AFs is clearly visible in in Figure 4.15 for selected periods,
from which it can be observed that the AFs are dependent both on magnitude and
distance. Although the AFs shown are only for two selected stations, the same trends
are observed at all stations.

Figure 4.13. Spectral AFs for stations BAPP and BFB2. The thin black lines are for all
scenarios considered in the derivation of the station AFs (M 2.5 to 3.6, R<20 km). The
dashed blue line is the average of all the scenarios.
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