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Abstract Several strong-motion networks have
been installed in the Groningen gas field in the
Netherlands to record ground motions associated
with induced earthquakes. There are now more

than 450 permanent surface accelerographs plus
a mobile array of 450 instruments, which, in
addition to many instrumented boreholes, yield
a wealth of data. The database of recordings has
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Article Highlights
• Description of several ground-motion networks operating to re-
cord induced earthquakes in the Groningen gas field.
• Comparisons of the recordings and how these identified and
resolved a configuration issue with one of the networks.
•Use of shake table tests on full-scale models to determine usability
of recordings from wall-mounted accelerographs.
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been of fundamental importance to the develop-
ment of ground-motion models that form a key
element of the seismic hazard and risk estima-
tions for the field. In order to maximise the
benefit that can be derived from these record-
ings, this study evaluates the usability of the
recordings from the different networks, in gener-
al terms and specifically with regards to the
frequency ranges with acceptable signal-to-noise
ratios. The study also explores the consistency
among the recordings from the different net-
works, highlighting in particular how a configu-
ration error was identified and resolved. The
largest accelerograph network consists of instru-
ments housed in buildings around the field, fre-
quently installed on the lower parts of walls
rather than on the floor. A series of experiments
were conducted, using additional instruments
installed adjacent to these buildings and replicat-
ing the installation configuration in full-scale
shake table tests, to identify the degree to which
structural response contaminated the recordings.
The general finding of these efforts was that for
PGV and oscillator periods above 0.1 s, the
response spectral ordinates from these recordings
can be used with confidence.

Keywords Induced seismicity . Ground-motion
recording . Recording networks . Accelerographs

1 Introduction

The Groningen gas field, the largest in Western
Europe, was discovered in 1959. Gas production
from the field began in 1963 and the reservoir is
now estimated to be about three-quarters deplet-
ed. The resulting compaction of the reservoir,
which is within a sandstone layer at a depth of
about 3 km, has reactivated geological faults in
the field leading to induced seismicity. The first
production-related earthquake in the Groningen
field was detected in 1991 and many events of
local magnitude greater than ML 2.0 have oc-
curred in the field since. The largest events to
date were an earthquake of ML 3.5 in August
2006 and another of ML 3.6 in August 2012.
The impact and aftermath of the latter event
heightened regulatory and publ ic concern

regarding the potential risk due to induced seis-
micity in the field. A key component of the
response of the field operator, Nederlandse
Aardolie Maatschappij(NAM), to this situation
has been the development of probabilistic seis-
mic hazard and risk models to quantify the po-
tential impact (van Elk et al. 2017). The seismic
risk model, which is capable of estimating the
impact of production changes and of structural
strengthening of the exposed buildings, has been
designed to provide a basis for informed
decision-making regarding appropriate mitigation
measures (van Elk et al. 2019).

A core element of the hazard and risk model-
ling is a ground-motion prediction model to link
the model for earthquake occurrence with the
potential impact on the build environment via
fragility functions (Crowley et al. 2017, 2019).
The development of the ground-motion model
(GMM) for induced earthquakes in the Groning-
en field has benefited enormously from the data
retrieved from various recording networks that
have been installed in the region. Strong-motion
recordings obtained from instruments in the field
highlighted the necessity of developing a be-
spoke GMM for Groningen (Bourne et al.
2015; Bommer et al. 2016). The basic frame-
work of the GMM are equations for predicting
motions at a rock horizon located at a depth of
about 800 m combined with frequency-dependent
non-linear amplification factors assigned to
zones defined over the field as well as a 5-km
onshore buffer zone (Bommer et al. 2017b). The
equations predicting accelerations at the refer-
ence rock horizon are obtained from regressions
on the output from finite fault simulations
(Edwards et al. 2019) using source, path and site
parameters obtained from inversion of the Fou-
rier amplitude spectra of recorded motions in the
field. While the extrapolation to the largest mag-
nitudes currently considered in the hazard and
risk calculations (see Bommer and van Elk
2017) is inevitably associated with large episte-
mic uncertainty, the model is well calibrated to
local conditions by virtue of the database of
recorded motions from the field. The site re-
sponse model (Rodriguez-Marek et al. 2017) is
also calibrated to the field conditions through the
development of a detailed shear-wave velocity
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model from the surface to the reference rock
horizon over the entire field (Kruiver et al.
2017). The site response model and GMM have
also served as key inputs into the development
of a Groningen-specific liquefaction hazard as-
sessment (Green et al. 2019).

An overview of the historical development of
the permanent Groningen recording networks is
provided by Dost et al. (2017). The purpose of
this paper is to present some more details about
the characteristics of the networks and the in-
struments with a view to providing insight into
the usability of the growing number of record-
ings, which form an exceptional database of
ground motions from induced earthquakes. Such
an evaluation is of interest also because it is a
rather unique situation to have so many networks
operating simultaneously in a relatively small
region. Indeed, the comparison of recordings
from the different networks highlighted a config-
uration error in one of the networks, which has
consequently been resolved. Another interesting
feature of the Groningen field is a network of
accelerographs installed in private houses, and
often not at ground level but rather on the lower
portions of walls, a situation that may be analo-
gous to networks being installed within smart
electricity meters in other parts of the world
(e.g. Abrahamson et al. 2017). The paper de-
scribes an extensive programme of investigation,
using field and laboratory experiments, to ascer-
tain to what degree the recordings from these
instruments can be used in practice to character-
ise the ground-motion.

Following this brief introduction, Sect. 2 pro-
vides an overview of the Groningen networks,
including their installation, instrument characteris-
tics and usable frequency bands. Section 3 dis-
cusses comparisons of the recordings from the
different networks and the degree of consistency
displayed. Within that discussion, we explain how
the configuration error was identified and resolved,
including a brief assessment of the impact of the
error on the ground-motion modelling endeavours.
Section 4 then describes the work undertaken to
explore the usabil i ty of the wall-mounted
accelerograph recordings in the Household net-
work, before concluding with a brief discussion
in Sect. 5.

2 Recording networks in the Groningen field

2.1 Overview

The Royal Netherlands Meteorological Institute
(KNMI) had already been operating a small
accelerograph array since 1997 when the ML 3.6
Huizinge earthquake occurred in 16 August 2012
(Dost et al. 2017). Following this event, the
existing network was upgraded and expanded to
form what is now known as the B-network. Addi-
tionally, NAM funded the installation of three
more ground-motion recording networks in the
region of Groningen between 2014 and 2017: (a)
the G-network, an array of 79 stations, including
69 borehole stations, also operated by KNMI; (b)
the Household network, consisting of more than
300 accelerographs located in private residences
and public buildings, operated by research organi-
sation TNO; and (c) accelerographs placed in local
NAM facilities as part of a traffic lights system,
which are operated by NAM. The locations of the
stations of these networks are shown in Fig. 1. A
fifth network has operated periodically in the field
since 2016, known as the ‘flexible network’, and
consists of redeployable geophones which have
been temporarily installed in different locations.

The different stages of installation and operation
of the networks are presented in Fig. 2, while the
basic information of the different networks, as well
as the characteristics of their sensors, are presented
in Table 1. As can be seen, the upgrade of the B-
ne twork and the ins ta l la t ion of the new
accelerograph networks began within 2 years of
the Huizinge earthquake.

2.2 The B-network

The B-network is the standard accelerograph net-
work of the Groningen field and has been oper-
ated by the KNMI. Since the installation of its
first station in 1997, its size gradually increased
until 2009, when the network comprised of 12
stations. Following its expansion, which took
place in 2013–2014, it reached a size of 17 sta-
tions, two of which have been discontinued since,
making the current number of stations 15. All but
two of the stations are located in the north of the
field, where most of the seismicity has occurred
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by virtue of being in the centre of the compac-
tion. The B-network was the only network oper-
ating at the time of the Huizinge earthquake in
2012 and early GMM development work relied
exclusively on recordings from this network. To
enhance the usefulness of the B-network record-
ings, a series of in situ shear-wave velocity (VS)
measurements were conducted in close proximity
to these stations (Noorlandt et al. 2018). These

measured VS profiles were found to be in good
agreement with the profiles constructed from the
shallow geological model for the region as pre-
sented by Kruiver et al. (2017).

The B-stations are equipped with EpiSensor ES-
T accelerographs, connected to 24-bit Kinemetrics
dataloggers. The EpiSensor accelerographs have a
± 4, ± 2, ± 1, ± 0.5 or ± 0.25g range, while the
Obsidian dataloggers have a 127-dB dynamic

Fig. 1 Station locations of the KNMI B- and G-networks (left) and the NAM facilities and Household networks (right) in and around the
Groningen field (outline in black)

Fig. 2 Stages of installation and operation of the ground-motion recording networks in the Groningen field. The occurrence of earthquakes
of local magnitude equal or greater than 3.0 is also denoted in black dashed lines
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range, defining the smallest possible increment in
motion that can be represented, between clip levels
and typical self-noise. Recording at a sampling
rate of 200 Hz, the Obsidian provides a flat fre-
quency response between DC (0 Hz) and 80 Hz,
after which a strong anti-alias filter diminishes the
signal amplitude to avoid signal aliasing. Earth-
quake ground motions at the surface generally
contain energy well below this limit.

Prior to the B-network upgrade, the stations consisted
of GeoSig AC-23 (geophone-based force-feedback) or
AC-63 (MEMS based) accelerographs with ± 2 g on
scale recording. The AC-23 were connected to GSR-16-
2 16-bit dataloggers, while the AC-63 sensors were
connected to GSR-18 18-bit dataloggers. The usable
dynamic range of the GeoSig dataloggers is 108 dB at
200 Hz. This implies that the resolution is about an order
of magnitude less than the newer instruments (Fig. 3),
but still very good for ground-motion recording.

In order to acquire accurate values of PGV and
long-period response spectral accelerations, it is
necessary to apply a low-frequency (high-pass)
filter to the records. This was done by applying
an 8th order acausal Butterworth filter. A filter of
a different corner frequency was applied to each
record, which was determined by an iterative
process. First, the frequency at which the decay
of Fourier spectra of the record towards low
frequencies deviates from the f2 curve is selected.
The record is then filtered, and the displacement
trace computed. If the final displacement is
zero and long-period noise is not discernible in
the displacement time-series, then no further fil-
tering is required. Otherwise, a higher frequency
is selected, and the process is repeated until
these criteria are met. The same filter is applied
on both horizontal components of each recording
to retain compatibility of their timings, while the
acausal nature of the filter ensures that there is no
phase distortion of the record.

Akkar and Bommer (2006) present two theoret-
ical models for the corner frequencies of low-cut
filters, the JB88 model, resulting from Brune’s
single-corner source spectrum model for a stress
parameter of 100 bar, and the AS00 model, com-
puted from the double-corner source spectrum,
which has upper and lower bounds Ta and Tb.
These models were derived for records of earth-
quakes of larger magnitudes; in Fig. 4, however,T
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they are extrapolated to lower magnitudes and
compared with the long-period cut-offs determined
for the B-station records using the process de-
scribed in the previous paragraph. It can be appre-
ciated from the comparison that the cut-off periods
are significantly longer than the extrapolated
models would predict. Hence, the records produced
by the network display remarkably high signal-to-
noise ratios given their low amplitudes.

At the same time, the application of a high-
frequency (high-cut) filter to the records is not
necessary, as high-frequency spectral acceleration
values can be accurately obtained also without
removing the high-frequency noise, as they are
less sensitive to the filter cut-off than long-period

ordinates. This can be understood as a result of
the relation between Fourier amplitude and re-
sponse spectra, and the fact that high-frequency
response spectral ordinates are poorly correlated
with high-frequency Fourier spectra amplitudes
(Bora et al. 2016). Different studies (e.g., Akkar
et al. 2011; Douglas and Boore 2010) have in fact
demonstrated that high-cut filters are required only
in particular circumstances and are only desirable
for records obtained from the older, analogue sen-
sors, which have undergone digitisation (Boore
and Bommer 2005).

It must be noted that for applications making direct
use of the Fourier spectra of the records, such as the
inversions discussed by Bommer et al. (2017b) and
Edwards et al. (2019), the usable frequency range of
the records can be defined very differently. The window
of usable frequencies in this case is selected such that
there is a minimum signal-to-noise amplitude ratio of 3
in all frequencies within the window. In this context,
both low- and high-frequency usability limits are
applied.

Records from one station, FRB2/BFB2, howev-
er, not been used due to the proximity of the
station to a NAM facility, the operations of heavy
machinery at which created monochromatic noise.
The noise observed in the records of the station
before the 2013 upgrade (Fig. 5) persists in the
records obtained after the upgrade as well,
confirming that the source is external.

Fig. 4 Extrapolation to lower magnitudes of the theoretical cut-
off period curves presented in Fig. 2 of Akkar and Bommer
(2006), and comparison with the cut-offs of B-records

Fig. 3 Example recordings at
station WIN and
BWIN (upgraded WIN, post-
2013) highlighting the 80-Hz an-
ti-alias filter. Top left:WIN record
of the ML 3.0 Zeerijp earthquake
(8 May 2009); top right: BWIN
record of the ML 3.4 Zeerijp
earthquake (8 January 2018).
Bottom: Fourier amplitude spectra
of noise (i.e. FAS of data to left of
vertical black line in time-series
plots)
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2.3 The G-network: surface accelerographs

As part of NAM’s data acquisition plan, a second net-
work was installed consisting of instrumented bore-
holes, each co-located with a surface accelerograph.
The borehole instruments are discussed in Sect. 2.7.

The G-network currently consists of 79 surface
accelerograph stations. The accelerographs are of the
same model as the B-network and have the same usable
frequency range. Kinemetrics dataloggers of the same
dynamic range are also used. An example of a G-station
is shown in Fig. 6.

The first G-records became available during the ML

2.9 Wirdum earthquake of 5 November 2014 and have
generated hundreds of records since then despite the
reduction in seismicity levels as a consequence of

several incremental reductions in the production levels.
These accelerographs (the G0 stations) were recently
found to have been installed with a configuration error,
as discussed below in Sect. 3.

Although no in situ VS measurements have been
performed for the G-stations, interval velocities calcu-
lated from the borehole instruments (Hofman et al.
2017) have been found to be consistent with the velocity
profiles constructed by Kruiver et al. (2017) for the
entire field from geological data (Noorlandt et al. 2018).

2.4 The Household network

The Household network is an array of more than 300
GeoSig AC-73 accelerographs installed between 2014
and 2016. Most of these are located inside private

Fig. 5 Accelerograms obtained
by station FRB2 during ML3.6
Huizinge earthquake of 16
August 2012

Fig. 6 Exterior (left) and interior (right) of a G-station. The stations were installed in remote locations to minimize the noise recorded
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residences, with a few being in the premises of public
institutions and other organisations. The owners of the
houses volunteered to have a sensor in their house
through an online platform and have access to its live
recording stream. The network is currently operated by
TNO on behalf of NAM.

The installation of the accelerographs is unusu-
al; instead of being secured on a concrete slab on
the ground-floor of the houses (as the B-station
accelerographs are), they are placed on metallic
brackets mounted on the house walls. They are
found on the wall of either the ground-floor level,
the basement, or the crawl space under the
ground-floor (Fig. 7).

Records from ground-floor level sensors have so
far been treated with caution, as they may be
contaminated by structural response through the
deformation of the walls on which they are placed.
Three exercises have been carried out to explore
their usability; these exercises and their results are
discussed in Sect. 4. Records from sensors of the

basement and the crawl space are considered us-
able and have so far been used in the development
of the spatial correlation model of Stafford et al.
(2019), given the dense spacing of the instruments
over the field (Fig. 1).

The default setting of the GeoSig stations is to
produce a recording only once a PGV value of 0.1
cm/s has been surpassed in any component. While
this is a low value for strong-motion records of
large earthquakes, it is high for the small-
magnitude seismicity of Groningen. Hence, until
a system to bypass the PGV threshold was set
up by TNO at the request of NAM in 2016, the
datasets generated during local earthquakes were
censored. Only records from distances up to about
7 km, as well as the highest amplitude recordings
from slightly larger distances, were obtained until
then. At the same time, the sensors have been set
up to transmit to the server the PGA and PGV
values of each of their three components for every
minute of the hour, the so-called Bheartbeat data^.

Fig. 7 Sensors installed on the walls at the: basement level (top left), crawl space (top right) and ground-floor level (bottom). Most sensors
are located in the interior of the houses (bottom left), while some can be found in the exterior (bottom right)
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2.5 The flexible network

The flexible network is an array consisting of a
total of 450 portable geophones, managed on
behalf of NAM by Rossingh Geophysics. It has
been used for passive monitoring since October
2016 and is re-installed at a different location in
the field where it remains operational for a max-
imum of 45 days each time (in some cases sig-
nificantly less). The usability of geophone records
is discussed by Campman et al. (2016), who
conclude that such arrays have a wide usable
frequency range.

Recordings from the flexible network have been
used by NAM to infer the sub-surface shear-wave
velocity profiles of different parts of the field
down to 30, 100 and 800 m of depth, deployed
with a mean inter-station spacing ranging up to 4
km. Studies making use of flexible network re-
cordings include Spica et al. (2018) and Stafford
et al. (2019).

2.6 The NAM facilities network

In 2014, NAM created a traffic lights system in 22
of its facilities located in the Groningen field. The
creation of the traffic lights system included the
installation of three accelerographs in each facility,
resulting in a total number of 66 accelerographs
(of the same type and setup as those of the House-
hold network but operated separately). The pur-
pose of the accelerographs is to trigger a safe
shutdown of the facilities if a certain threshold of
motion is surpassed.

This accelerograph network has generated hun-
dreds of records since 2014; however, expectations
for their potential use are low, as they will also be
contaminated by monochromatic high-frequency
noise emanating from the heavy machinery of the
facilities, as station FRB2/BFB2 has been shown
to be (Fig. 3). To date, no attempt has been made
to incorporate these records into the database used
to develop ground-motion models.

2.7 Borehole instruments

The levels of ambient noise recorded by the
surface accelerograph stations render the detec-
tion of local events of magnitudes below ML1.5

very difficult (Dost et al. 2017). Consequently,
KNMI installed a network of borehole stations
each containing an array of geophones and one
surface accelerograph . The first borehole station
was constructed in 1991, and a total of ten had
been constructed by 2010 in the wider area sur-
rounding Groningen. After the Huizinge earth-
quake, KNMI installed an additional 69 borehole
sta t ions as par t of the G-network. These
contained four geophones, one at every 50 m
down to 200 m depth. Records from all four
geophones of the stations and their surface
accelerograph (discussed in Sect. 2.3) have been
used in work related to the site properties of the
locations of the G-stations, such as the study of
Spica et al. (2017).

A separate array consisting of four stations
with broadband seismographs placed at 100 m
depth has also recently been installed in the
field. For reasons of space, however, the record-
ings from the borehole sensors are not consid-
ered in the remainder of the paper, which focus-
es exclusively on surface instruments (as indicat-
ed in the title).

3 Consistency of surface recordings

Figure 8 shows geometric mean values of peak
ground velocity (PGV) obtained during the 30
September 2015 ML 3.1 Hellum earthquake from
three main accelerograph networks. Several in-
teresting observations can be made on this plot,
the first being the large loss of potentially useful
data from the household network as a result of
the triggering threshold.

The second observation that can be made is that
the recorded PGV values seem to be broadly con-
sistent with no obvious deviations for any of the
networks. However, a similar figure presented in
Bommer et al. (2017a) showed a somewhat differ-
ent pattern. More specifically, the data points cor-
responding to the G-network had values approxi-
mately half of those shown in Fig. 8. The source
of this difference is a configuration error in the
surface accelerographs of the G-network, which
was discovered in late 2018 and affected the scale
of the records.
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In November 2017, a set of empirical PGV
ground-motion prediction equations (GMPEs) was
developed for the Groningen field. The reason for
this is that PGV is the basis of official Dutch
guidelines for assessing the impact of vibration
on buildings, as presented in the document Build-
ing Damage: Measurement and Assessment (SBR
2002). Consequent ly, NAM has requested
Groningen-specific GMPEs for PGV to estimate
the value of this parameter at specific locations
due to induced events in the field. Equations were
derived for three different definitions of the hori-
zontal component of motion based on different
treatments of the horizontal components from each
accelerogram: the geometric mean (PGVGM), the
larger of the two (PGVLarger), and the peak corre-
sponding to the maximum value obtained by rotat-
ing the recorded components (PGVMaxRot).

The database used in the development of this model
included more than 1000 records, from many recent
events of a local magnitude range of ML1.8–3.6, more
than half of which originated from the surface
accelerographs of the G-network. A pattern was then
observed in the model residuals that indicated an appar-
ent decreasing trend in the average motions after the end
of 2014. One possible explanation for this observation
was that stress drops in the seismicity of the field were
decreasing, which could, for example, be the result of
faults being re-activated multiple times. Another expla-
nation, however, was that since this decrease in average
motions coincided with the installation and start of
operation of the G-network, the G-network was produc-
ing systematically lower-amplitude recordings. This line
of thought was reinforced when the ML3.4 Zeerijp oc-
curred in 8 January 2018 and, despite the fact that it
generated the largest-amplitude recording of the Gro-
ningen database, the average motions from this event
were also relatively low.

The investigation began with a comparison of
records obtained during recent earthquakes from
closely located B- and G-stations. One such exam-
ple is shown in Fig. 9, where the amplitude of the
B-station recording is clearly seen to be larger than
that of the G-station. The difference observed in the
right frames of Fig. 9 was consistent in recordings
generated during different events and in other
closely located B- and G-stations.

This prompted further investigations comparing
waveforms from all stations but not using record-
ings from local seismicity, because of the large
amplitude variations from station to station due
to radiation effects, complex propagation effects
and varying site amplification effects. Using re-
gional or teleseismic arrivals, the amplitude varia-
tions are less complex. For distant sources, the
stations in Groningen experience practically the
same source radiation and a single phase can be
selected that is consistently recorded over all sta-
tions. Hence, recordings obtained from very distant
tectonic events were used for the comparisons
(Fig. 10). Records from an existing (NARS;
Yudistra et al. 2017) and the newly installed
broadband seismograph array were also used in
these investigations.

Figure 10a shows the recording of a PKIKP
phase over Groningen from a large earthquake in
Fiji. This is a P-wave phase that traverses the
Earth’s outer core before traveling through the
mantle and crust at the receiver side. Due to its
steep angle of incidence, most energy of this lon-
gitudinal wave resides on the vertical component
(the red traces in the figure) but much of the
subsequent coda is also recorded on the horizontal
components (blue and green traces in the figure).
The waveforms have been band-pass filtered be-
tween 0.4 and 0.9 Hz.

Fig. 8 PGV values obtained
during the ML3.1 Hellum
earthquake of 30 September
2015. Values for non-triggered
sensors come from the
Bheartbeat^ data—PGA and PGV
values saved at the network server
for each minute of the hour
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Figure 10b shows the maximum amplitudes expressed
in particle velocity. These are the maximum absolute
values as obtained from the vertical component and the
time window and frequency band shown in Fig. 10a.
Both panels in Fig. 10 have the same ordering of stations.
Due to the large depth (558 km) and large magnitude
(8.2) of the Fiji earthquake, the PKIKP arrival has high
signal-to-noise ratio and is recorded with significant am-
plitudes in Groningen (up to about 0.6 mm/s).

Figure 10 shows a systematic maximum amplitude
difference between the different networks, confirming
that the records of the G-network accelerographs had
different scales. More specifically, the G010-G700 re-
cords had, on average, only half the amplitudes of the B-
network, while the G710-G800 records had twice those
amplitudes. The amplitudes of the broadband stations
are close to the ones recorded by the B-network.

The cause of the error was finally identified after
examination of accelerographs from different stations
in the labs of the KNMI. Accelerographs record counts
of change in the voltage of the transducers due to accel-
eration. The proportion of volt counts to acceleration (in
m/s2) is called the instrument gain and is used to trans-
late the recorded volt counts back to acceleration. De-
spite the fact that the B-network and G-network
accelerographs are of the same model, they have a small
difference in their circuit jumpers which affects the

voltage of the transducers. Hence, a different configura-
tion is required for the gain of G-network and B-
network accelerographs to be the same. Because the
accelerographs are of the same model, this was not
detected, and the G-stations were set up with the same
settings as the B-stations. Thus, the real gain of stations
G010-G700 ended up being half the gain of the B-
stations, while the gain of G710-G800 was double.
However, the gain used to translate the volt counts to
acceleration was that of the B-stations, resulting in the
error in the scale of the records.

In early December 2018, the KNMI corrected the
instrument response inventories to reflect the real gain
the stations have. Using the correct gain to translate the
volt counts to accelerations eliminates the scaling error.
By that time, records from the G0 stations had been
included in the databases used for some applications.
The impact of the error on the development of the
ground-motionmodels for the prediction of peak ground
motions, spectral accelerations and durations that are
used in the hazard and risk modelling is discussed in
Dost et al. (2019), an erratum to Dost et al. (2018). The
conclusion of the review by Dost et al. (2019) was that
the ground-motion models on which NAM and KNMI
hazard modelling is based were entirely (and fortuitous-
ly) unaffected by the error. A key factor in this conclu-
sion is that when the model-building began to

Fig. 9 Left: Map showing pairs of closely located B- and G-
stations; right: pseudo-acceleration response spectra of records
obtained at a pair of collocated stations during the 30 September

2015 ML3.1 Hellum earthquake; the spectra of the G-station are
shown before and after the correction

1243J Seismol (2019) 23:1233–1253



incorporate G-network recordings, the 200-m borehole
geophone recordings were adopted rather than the sur-
face accelerograms, for reasons explained in Bommer
et al. (2017b).

The only impact of the G0 configuration error was on
the derivation of the empirical GMPEs for PGV. The
models predicting median PGV values do change as a
result of the correction, leading to modest increases in
predicted PGV values for smaller magnitudes and par-
ticularly at longer distances. However, at ML 4.0, which
is slightly above the strict limits of applicability, the
correction leads to a small reduction in predicted PGV
values at short distances. This can be observed in Fig.
11, which compares median predicted PGV values from
the original and corrected models as a function of dis-
tance for three different magnitudes and as a function of
magnitude for different distances.

Additionally, there was a large change in the inter-
event variability, which was reduced by approximately a
factor of two, and consequently a change to the total
variability (sigma) of the model; previously, the inter-

event variability was inflated by erroneous large nega-
tive event terms associated with the recent earthquakes
dominated by recordings from the G0 stations compared
to the earlier earthquakes, including Huizinge, which
were exclusively recorded by the B-network stations.

With the scale of the G-network records corrected, a
question that arises is whether there are differences in
the recordings resulting from the differences between
the free-field installation of the G accelerographs and the
within-building installation of the B-stations. This is
difficult to determine only by comparing from pairs of
closely located instruments since most of the pairs of
stations are close to 1 km or more apart; the only pair of
stations that is relatively close (BOWW-G190, which
are 430 m apart) yield very similar recordings (see Fig.
9). Well-recorded earthquakes do suggest that there
might be a tendency to record lower short-period am-
plitudes at the B-stations but this is only the case for
weaker motions recorded at greater distances (Fig. 12).
Such a trend, if consistent, might be related to the effects
of the buildings or their foundations, and a consequence

Fig. 10 Recording of a PKIKP
phase over Groningen due to an
earthquake in Fiji; a the 3-
component filtered waveforms
and b the maximum amplitudes
on the vertical component. Data
from the B-stations are shown in
red, the G010-G700 stations in
blue full triangles, the G710-
G800 stations in open triangles
and the broadband stations in
green full triangles
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of the very soft soil conditions in the field (where
average VS30 values are on the order of 200 m/s). The
B-stations have recorded the largest amplitudes of mo-
tion to date and we would not consider it appropriate to
exclude them from the database used for ground-motion
modelling.

4 Usability of records obtained from wall-mounted
Household network sensors

The TNO-operated household network is potentially a
very rich source of data, given the large number of stations
and their distribution over the field. However, as has been
highlighted in the preceding sections, the usefulness of the
data obtained from this network is potentially limited by
the triggering mechanism that has been imposed (Sect. 3)

and by the unconventional installation of many of the
instruments (Sect. 2.4). Two separate lines of investigation
were initiated to explore the usability of recordings from
the unusually installed instruments mounted on brackets at
some height on the wall.

4.1 Installation of additional sensors on houses
of the Household network

The first experiment was field-based and dependent on
the occurrence of new earthquakes: it was decided that
two more accelerographs would be installed in a sample
of houses of the network, one on the floor directly under
or next to the existing sensor, and another one on a
concrete slab in the garden (replicating free-field condi-
tions as much as possible). A sample of 25 houses was
selected such that (a) all necessary information about the

Fig. 11 Predicted median PGV values from the original and corrected models against distance for magnitudes ML 2, 3 and 4 (left) and
against magnitude at four different values of epicentral distance (right)

1245J Seismol (2019) 23:1233–1253



houses and the stations is known and the stations are
accessible, (b) the typologies of the selected buildings
are representative of all buildings of the network and (c)
the houses are in the north of the field, where seismicity
is more frequent and hence they will be able to record a
clearer signal.

Residents were hesi tant to instal l more
accelerographs and especially to add concrete slabs
to their gardens; thus, the exercise was delayed. In
2016, the geophones of the flexible network be-
came available, and it was decided to use some of
those instead of accelerographs. Most residents
agreed to a geophone installation, which is tempo-
rary and much less invasive, while some others
even volunteered to have one installed in their
house. Geophones were finally installed in 16
houses between April and September of 2017 by
the operator of the flexible network, Rossingh
Geophysics. Two examples are shown in Fig. 13.

The installation of geophones from the flexible net-
work, while convenient and acceptable by the residents,
resulted in a number of limitations and differences . The

first of those is that the records to be compared were
obtained by two different types of sensors. Secondly, a
notable difference of the installation of the geophones to
the layout originally planned was that the geophone that
was placed in the garden was not placed on a concrete
slab (a feature whichwas also considered undesirable by
the residents) and was buried 30 cm deep. At the same
time, due to differences between the accelerographs and
the geophones in the size and the layout of the bolting
connections, the geophones could not be installed on the
same metallic brackets on which the accelerographs
were. Instead, a different type of metallic bracket, small-
er and significantly lighter, was constructed byRossingh
Geophysics.

In some houses, the geophones were not installed
next to the accelerographs, due to limitations of space
and due to the preferences of the residents, which were
also taken into account. In most cases, the geophones of
the garden were also not placed close to the location of
the accelerograph, but in locations that were also con-
sidered more convenient for the needs of the installation
process.

Fig. 12 Spectral accelerations at different periods against distance from the January 2018 ML 3.4 Zeerijp earthquake (left) and from the
May 2017 ML 2.6 Slochteren event (right)
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On 8 January 2018, a ML3.4 earthquake oc-
curred in Zeerijp, in the North of the field. The
geophones had been pre-set to record a maxi-
mum recording amplitude corresponding to about
0.35 cm/s; hence, geophones in ten houses with
small epicentral distances clipped and did not
produce usable records; usable records were pro-
duced in only six of the houses. The pseudo-
acceleration response spectra, Fourier amplitude
spectra and velocity traces recorded in one of
the houses are presented in Figs. 14 and 15.
The epicentral distance of that house was 4.97
km. The FAS shown in Fig. 15 have been
smothed using the procedure provided by Konno
and Ohmachi (1998).

4.2 Installation of sensors on shake table test houses

The second approach was laboratory-based and de-
signed to take advantage of experimental work being
conducted to quantify the seismic fragility of typical
houses in the Groningen field (Graziotti et al. 2018). A
major benefit of this approach was that it did not depend
on earthquakes in the field. Two tests of full-scale struc-
tural specimens were considered; the first took place in
May 2017 and regarded a terraced house configuration
(LNEC-BUILD1, Tomassetti et al. 2019), while the
second was carried out in March 2018 and addressed
detached house typologies (LNEC-BUILD3, Kallioras
et al. 2019).

Fig. 13 Examples of geophones
installed next to existing
Household network
accelerographs. The
accelerograph in the right frame
is inside the silver cover

Fig. 14 Pseudo-acceleration response spectra of the H1 compo-
nent of records obtained from the accelerograph and the additional
geophones placed at a house of the Household network, during the
8 January 2018ML3.4 Zeerijp earthquake. A/G denotes the sensor
type (A: accelerograph, G: geophone) while the subscript denotes
the level on the wall

Fig. 15 Fourier amplitude spectra of the H1 component of records
obtained from the accelerograph and the additional geophones
placed at a house of the Household network, during the 8 January
2018 ML3.4 Zeerijp earthquake. A/G denotes the sensor type (A:
accelerograph, G: geophone) while the subscript denotes the level
on the wall
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In the first exercise, a total of eight sensors were
installed. One accelerograph, identical to those of
the Househo ld ne twork , and one f lex ib le
network geophone next to it, were installed in each
of four locations: on the north wall, at a height of 45
cm, on the test house base directly below that point,
on the east wall at the same height, and on the base
in front of the east wall. Sensors were installed in
two perpendicular walls because the house was load-
ed uniaxially and the walls would respond different-
ly, with one deforming in-plane and the other out-of-
plane. The east wall was a single-wythe wall made
of white calcium-silicate bricks while the north wall
was a double-wythe cavity wall with an inner leaf
equal to the east wall and an outer leaf made of
perforated clay bricks. The test house and the sen-
sors can be seen in Fig. 16. Response spectra and
Fourier amplitude spectra recorded in the direction
of uniaxial loading of the test are presented in Figs.
17 and 18.

In the second exercise, six accelerographs were
installed at height intervals of 25 cm, up to 1.25
m. The recorder of the highest accelerograph did

not retain the records, and therefore only records
from the lower five are available (Figs. 19, 20 and
21). The motivation behind this deployment of
sensors was to measure the possible variation of
the influence of structural response in the lower-
most 1.25 m of the wall (Fig. 19). The walls of
the test house of the second exercise were thick
double-wythe solid clay brick walls with the Dutch
cross brickwork bond, more rigid than those of the
first exercise. Comparisons of response spectra and
Fourier spectra from the records obtained are
shown in Figs. 20 and 21. The FAS shown in
Figs. 18 and 21 have also been smothed using
the procedure provided by Konno and Ohmachi
(1998).

4.3 Discussion of results

The pictures that emerge from the two lines of
investigation are somewhat different, although in
making any comparisons, it is important to note that
the amplitudes of the recorded earthquake motion in
Figs. 13 and 14 are significantly lower than those

Fig. 16 The specimen house during the first shake table test at the
LNEC in Lisbon (LNEC-BUILD1). Six sensors are visible: two
installed at a height of 0.45 m on the eastern wall (made of white
calcium-silicate bricks), two installed on the eastern wall’s foun-
dation base (detail in top right frame) and two on the northern

wall’s foundation base (detail in bottom right frame). The remain-
ing pair is installed at 0.45 m on the northern internal wall, to the
right of the door. The blue sensors are the accelerographs and the
orange sensors are the geophones
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from the shake table tests (Figs. 16, 17, 19 and 20).
The shake table tests show a consistent and clear
pattern: the Fourier spectra from the ground-level
and wall-mounted instruments are very similar for
frequencies up to about 15 Hz and the response
spectral ordinates are very similar at oscillator pe-
riods greater than about 0.1 s. These results would
suggest that the response spectra for periods greater
than 0.1 s could be used with confidence. The PGV
values, which are known to be dominated by the
contributions of FAS frequencies below 15 Hz and
in the Groningen database are strongly correlated
with spectral accelerations at 0.3 s (Bommer et al.
2017a), are also usable, the test results showing that
these values are also unaffected by the unusual

installation configurations. Conversely, short-period
acceleration spectral ordinates and PGA values from
these instruments are likely to be strongly distorted
by the building response and therefore should not be
used.

The response spectra of the records obtained in
the field during the Zeerijp earthquake at a house
in Groningen (Fig. 14) shows a significantly
smaller difference between the response spectra
of the ground-level geophone and the mounted
sensors. In fact, the record from the external

Fig. 17 Pseudo-acceleration response spectra of the H1 compo-
nent of records obtained from the accelerographs and the geo-
phones placed on the test house of the first test at LNEC in

May 2017 (LNEC-BUILD1). A/G denotes the sensor type (A:
accelerograph, G: geophone) while the letter in the subscript
denotes the wall (East/North) and the number the level on the wall

Fig. 18 Fourier amplitude spectra of the H1 component of records
obtained from a pair of accelerographs placed on the test house of
the first test at LNEC inMay 2017 (LNEC-BUILD1). A/G denotes
the sensor type (A: accelerograph, G: geophone) while the letter in
the subscript denotes the wall (East/North) and the number the
level on the wall

Fig. 19 Detail of the specimen house during the second shake
table test at the LNEC in Lisbon (LNEC-BUILD3). Six GeoSig
AC-73 accelerographs are visible: one installed on the base of the
test house and five mounted on the wall at height increments of 20
cm, up to a wall height of 1.25 m
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instrument yields somewhat higher spectral ordi-
nates at short periods compared to those installed
inside the house. This observation might point to a
degree of suppression of the ground motion by the
structure, at least at these low amplitudes of shak-
ing. In view of possible differences between
within-building and free-field motions and also
the use of two different types of instruments, the
field tests are viewed as being less informative and
less reliable than the shake table results.

The conclusion that PGV values and spectral
ordinates at intermediate periods from the wall-
mounted household accelerographs could be used
in ground-motion modelling exercises potentially
enables a very significant expansion of the already
abundant Groningen ground-motion database. The
value of expanding the database of small-
magnitude recordings would reside in better

constraint of spatial variability and spatial correla-
tion, but it is important to acknowledge that it has
little impact on the reduction of the large episte-
mic uncertainty associated with extrapolation of
the ground-motion predictions to earthquakes of
larger magnitude, as currently considered in the
seismic hazard and risk calculations.

The tests performed in Groningen were specific to
determining the usability of recordings from instru-
ments that were installed on wall-mounted brackets.
While that might appear to be a very local issue, the
findings may be of relevance to applications outside of
Groningen. For example, there is a scheme underway
to install accelerometers within smart electricity me-
ters in homes in southern California, which will create
enormous and very dense ground-motion recording
arrays (Norm Abrahamson, UC Berkeley, personal
communication, 2017). However, the smart meters
are usually installed at some height on the walls of
houses (Fig. 22), similar to the situation encoun-
tered in many stations of the Household network
in Groningen. Tests performed by installing a sec-
ond accelerograph at ground level in southern Cal-
ifornia yielded very similar results to those ob-
served in Groningen, with pronounced structural
amplification of FAS at frequencies greater than
10 Hz with lower-frequency amplitudes being un-
affected (Fig. 22).

5 Discussion and conclusions

The Groningen gas field in the Netherlands has
become a unique full-scale laboratory for the study
of induced seismicity, with exceptionally dense

Fig. 20 Pseudo-acceleration
response spectra of the H1
component of records obtained
from the accelerographs and the
geophones placed on the test
house of the second test at LNEC
inMarch 2018 (LNEC-BUILD3).
BA^ denotes the sensor type
(accelerograph) while the number
in the subscript denotes the level
on the wall

Fig. 21 Fourier amplitude spectra of the H1 component of records
obtained from a pair of accelerographs placed on the test house of
the second test at LNEC in March 2018 (LNEC-BUILD3). BA^
denotes the sensor type (accelerograph) while the number in the
subscript denotes the level on the wall
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networks of seismic recording instruments, supple-
mented by characterisation of the near-surface ve-
locity profiles. Given the very specific characteris-
tics of the field in terms of the depth and location
of the reservoir, the nature of the faults being
reactivated, the underlying and overlying geologi-
cal units, and the soft near-surface deposits, be-
spoke ground-motion and hazard models are being
developed that are unlikely to be directly applica-
ble to other cases of induced seismicity, although
the modelling approaches could be adapted to oth-
er locations. Moreover, the dense instrumentation
in Groningen does provide a unique opportunity to
characterise and model ground shaking from in-
duced earthquakes.

In this paper, we have provided an overview of
the different ground-motion networks that operate
in the Groningen field. The paper has also
highlighted how the installation of multiple net-
works facilitated the identification of a configura-
tion error in one set of instruments; had this net-
work been operating alone, the problem may have
gone undetected.

Tests performed using additional field instru-
ments and instrumented shake table tests on full-
scale models have provided valuable insights into
the usability of recordings from wall-mounted

instruments on the ground level of buildings.
Apart from spectral ordinates at short periods (<
0.1 s) and PGA, the finding is that most
amplitude-based parameters can be used as reliable
representations of the ground motion. Clearly, this
finding is specific to the houses encountered in the
Groningen region but it also appears consistent
with data from California.
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occurred from the older stations of the B-network, which are
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in the houses in the Groningen field are available upon request to
NAM.
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