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Abstract
This study investigates the vibrations on the foundation level of houses in the
Groningen area. Its objective is to determine the earthquake-induced vibration
levels and the associated uncertainties of past induced earthquakes. The study was
initiated by the Nationaal Coördinator Groningen (NCG) and it is a component of a
larger project lead by the Delft University of Technology (TU Delft). The main
research question of that larger project is: What are the most probable causes of
the reported damages of buildings in the Groningen region? This current study
deals with one of such causes: induced earthquakes.
Solely historical seismic events are considered and acceleration and velocity data
are obtained from the TNO and KNMI sensors installed in the region. The historical
seismic events are divided into two sets: (a) events with both TNO and KNMI data
(five events in total since 2014-09-29); and (b) events with KNMI data only (nine
events in total earlier than 2014-09-29). For each event in set (a) ground motion
prediction equations (GMPE) are fitted to the TNO measurements using statistical
techniques (referred to as T1.1 type GMPE in this study). Horizontal and vertical
GMPEs are fitted to both velocity and acceleration as vibration intensity measures.
For set (b) the most recent model available in the literature for the Groningen area
is adapted for the purpose of this study (referred to as adapted V2 type GMPE in
this study). For these events, only horizontal GMPEs are available.
Both models (T1.1 and adapted V2) explicitly consider the uncertainty and
variability of induced seismic events. This allows the calculation of exceedance
probabilities of selected velocity and acceleration thresholds at any given location
for historical seismic events. The main results in terms of GMPEs are collected in a
Microsoft Excel workbook and provided to this report as a digital annex to facilitate
the probabilistic damage assessment of buildings.
Based on the completed analyses the following main conclusions and
recommendations are drawn:
• The TNO and KNMI measurements are in good agreement for both velocity and
acceleration. The KNMI data are mostly within the 95% confidence band of T1.1
fitted to TNO measurements.
• The T1.1 model is recommended to be used for (historical) seismic events for
which TNO measurements are available, otherwise the adapted V2 model is
advocated.
• For the analysis of future seismic events the parameters of the T1.1 model can
be determined using the same procedure as used for the five historical events
in this study.
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Nomenclature
Roman symbols
AIC
BIC
B
F(.)
f(.)
IM
L(.)
l(.)
M

R
Repi
SaX

Akaike information criterion
Bayesian information criterion
Bayes factor
cumulative distribution function
density function
intensity measure, i.e. velocity or acceleration in this report
likelihood function
log-likelihood function
earthquake magnitude
modified epicentre distance
epicentre distance
spectral acceleration from a seismic or non-seismic event in local X

SaY

direction
spectral acceleration from a seismic or non-seismic event in local Y

SaZ

direction
spectral acceleration from a seismic or non-seismic event in vertical

Samax(X,Y)

(Z) direction
spectral accelerations from a seismic or non-seismic event in local
X and local Y directions; max(SaX , SaY )

Sv X

peak ground velocity from a seismic or non-seismic event in local X

Sv Y

direction
peak ground velocity from a seismic or non-seismic event in local Y

Sv Z

direction
peak ground velocity from a seismic or non-seismic event in vertical

Svmax(X,Y)

(Z) direction
maximum of peak ground velocities from a seismic or non-seismic
event in local X and local Y directions; max(SvX , SvY )

Greek symbols

 /θ
(.)
(.)




inferred parameter(s)
univariate standard normal cumulative distribution function
univariate standard normal cumulative distribution function
standard deviation
error term (a random variable with standard normal distribution)
median

Other symbols

~

distributed as

Acronyms/abbreviations
AIC

Akaike information criterion
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BIC
GMP
GMPE
ID
KNMI
LS
mad
med
MLE
NAM
NCG
Sa
Sv
std
TNO
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Bayesian information criterion
ground motion prediction
ground motion prediction equation
identification code
Royal Netherlands Meteorological Institute
least squares estimation
median absolute deviation
median
maximum likelihood estimation
Nederlandse Aardolie Maatschappij
Nationaal Coördinator Groningen
peak ground acceleration
peak ground velocity
standard deviation
The Netherlands Organisation for Applied Scientific Research
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ln the north-eastern part of The Netherlands, induced earthquakes occur, as a
result of the extraction of natural gas. These earthquakes cause ground-borne
vibrations that transfer to the foundations of buildings causing the building itself to
vibrate. These vibrations may result in damage to the building. Many building
owners in the area have reported damage to buildings in varying degrees of
severity.
The Nationaal Coördinator Groningen (NCG) has asked Delft University of
Technology (TU Delft) to assess the possible causes of the observed damage to
buildings in the affected area. The TU Delft study also includes regions outside the
area which was formerly described by a so-called damage contour established by
NAM, an area in which induced earthquakes were considered as a possible cause
of damage. However, after a recent study by TU Delft (Rots, Blaauwendraad,
Hölscher, & van Staalduinen, 2016), NCG has concluded that the damage contour
can no longer be adhered to for dismissing induced earthquakes as a possible
cause of damage to buildings (Alders, 2016).
The NCG has asked TU Delft to provide insight into (all) possible causes of damage
to buildings in the area, also in cases where earthquakes appear not to be the
(only) cause of the damage. The main research question for TU Delft is: What is/are
the (most probable) cause(s) for the reported damages to buildings in the region?
For this study TU Delft has decided on a case based approach, in which different
regions are identified in which different building types are assessed.
One of the possible causes of damage to be considered are the vibrations in the
buildings as a result of induced earthquakes. The NCG has asked TNO to
determine these vibration levels at foundations of dwellings in Groningen, related to
past induced earthquakes.
For this purpose, two rich data sources can be used: (1) a TNO database with data
from a network of accelerometers installed in buildings by TNO in a contract for
NAM from mid-2014 and (2) a KNMI database with data from a network of sensors
at the surface level from 2006.
1.2

Objective
The objective of the study presented in this report is to determine the expected
earthquake-induced vibration level and the associated uncertainty at a given
location during a given historical seismic event.

1.3

Approach
For the five largest seismic events ( M ≥2.5) that have been recorded from 2014
onwards, measurement data from the TNO Monitoring Network are used in this
study to derive a Ground Motion Prediction Equation (GMPE) for each of the
individual seismic events. The constructed model accounts for the possibility that a
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data point during a seismic event can be attributed to either the induced earthquake
or to the regular vibrations of the building. For sensors that have recorded velocities
below 1 mm/s during a seismic event, the database only contains the top values of
the last minute. These top values, the so-called “heartbeats” could be the result of
either seismic or non-seismic events. In this study, we are interested in building
vibrations as a result of seismic events, therefore the top values in heartbeat data
from non-seismic causes contaminate the data. To deal with this issue a statistical
analysis of the contamination was undertaken and an effort was made to separate
seismic from non-seismic vibrations. The probabilities of regular or non-seismic
vibration levels (in this context: ‘noise’ levels) of a building are calculated based on
data from the TNO database in a timeframe where no seismic events have
occurred.
This problem can be formulated as follows:
Observed variable
Contaminated

O  h(IM, N)
Seismic
Hidden variable
Variable of interest

(1)
Non-seismic
Hidden variable
Contamination

Where h(.) is a function that describes how the non-seismic random variable
contaminates the seismic random variable. Having observations from O , and
knowing h(.) and N , the parameters of the distribution of the seismic random
variable can be inferred. The colour coding is introduced to ease the understanding;
it will be used later to identify the models.
For studying seismic events ( M ≥2.5) that have been recorded in the period 20062014, data are retrieved from the KNMI database. The TNO Monitoring Network
had not been installed during that period. Since in the KNMI database fairly little
data are available for this period, no reliable GMPE can be derived from these data
for individual events. Hence, the best available models at this time for the
Groningen area, the Version 2 GMPEs as described in (Bommer, Dost, et al., 2015)
are adapted in such a way that they can be used for the purpose of this study. The
data retrieved from the KNMI database are plotted per event against the adapted
V2 model and against the fitted TNO-models for illustrative purposes.
The result of the study is delivered in the form of a workbook which contains the
variables for the GMPEs that have been derived for the individual seismic events.
With these GMPEs one can determine the maximum vibration level and the
exceedance probability for a specific location during a given historical seismic
event. These can be used in higher level analyses to determine the likelihood that
historical seismic events have caused or contributed to damage to buildings at
specific locations.
1.4

Outline of the report
The body text of this report is written with the intention to allow an informed reader
to understand the adopted methods, assumptions, results, and conclusions. The
technical details, which are needed for in-depth understanding and reproducibility
are collected in annexes to this report.
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In Chapter 2 the characteristics of the used data and databases from which these
data are derived are described. In Chapter 3 the employed statistical tools are
summarized and the relevant earthquake engineering models are discussed.
Assumptions and modelling choices are also discussed in this chapter. In Chapter 4
the analysis of non-seismic event is presented, which results in a probabilistic
model of non-seismic vibration levels. In Chapter 5 the individual seismic events are
analysed based on the data and the models discussed and established in the
preceding chapters. A reflection on the analyses, recommendations for further
research and application of the developed methods are provided in Chapter 6.
For each chapter where additional technical details are relevant there is an annex
with the same name. The following digital annexes are provided
(Digital_annexes.zip) to this report:
• A workbook (GMPEs/GMPE_results.xlsx) that contains the variables for the
GMPEs that have been derived for the individual seismic events. This workbook
also has a simple user interface to retrieve the probability of exceedance of a
given threshold of an Intensity Measure during a seismic event.
• Summary statistics and diagnostic plots for each sensor over a seismic eventfree month to characterise the non-seismic vibration. The content of the digital
annexes is listed in Annex A.
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2

Data under study

2.1

TNO database

2.1.1

Overview
Induced seismic events with M ≥2.5 in the larger Groningen area are analysed.
Five such events have occurred since 2014, these are illustrated in Figure 1 and
summarized in Table 1. In this time-frame data have been acquired from the TNO
Monitoring Network. The largest magnitude event ( M =3.1) in this time-frame has
occurred on 2015-09-30 with the epicentre close to Hellum. The events and their
characteristics are retrieved from the publicly available Seismic & Acoustic Data
Portal of KNMI (KNMI, 2017b).
The geographical coordinates (latitude and longitude) in this report are given in the
World Geodetic System (WGS84). The visualized data are superimposed on
georeferenced maps taken from the Google Maps web mapping service.
Table 1: Summary of seismic events ( M ≥2.5) analysed using the TNO database.

Location
Sensors1
Hellum
247
Wirdum
1642
Scharmer
166
(Woudbloem)3
2014-11-05T01:12:34
2.9
53.374
6.678
Zandeweer
152
2014-09-30T11:42:03
2.8
53.258
6.655
Garmerwolde
136
1Total number of sensors with data suitable for this study.
2During this event two sensors were not operational.
3For brevity the Scharmer (Woudbloem) event is referred hereafter as Scharmer.
Origin Time
2015-09-30T18:05:37
2015-01-06T06:55:28
2014-12-30T02:37:36

Mag.
3.1
2.7
2.8

Lat.
53.234
53.324
53.208

Long.
6.834
6.768
6.728
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Figure 1: The five considered induced seismic events with M ≥2.5 that occurred since 2014.

2.1.2

Data acquisition, recording, and processing
From mid-2014 TNO has installed an expanding network of accelerometer sensors
in the Groningen area. The relevant specifications of this TNO Monitoring Network
are briefly reported in the following subparagraphs, for further details please refer to
(Borsje & Langius, 2015).

2.1.2.1

Sensors
Accelerometers are installed on a rigid point of the structure, mostly on the
foundation or near the ground floor of selected buildings in the Groningen area.
Acceleration is the measured and velocity is a derived quantity. Figure 2 provides
the locations of the sensors deemed suitable for this study, at the time of the
considered historical seismic events. The sensors are somewhat clustered in
populated areas, because they are installed in buildings. Overall the network
provides a reasonable coverage of the area. For the first four events the number of
operational sensors is roughly the same, about 150. During the last event at
Hellum, about 240 sensors were in place, as can be seen in Table 1.
For the analyses in this report a subset of all data from the installed TNO sensors is
considered. Most notably, only sensors installed in houses are used, therefore data
from sensors installed in city halls, stadiums, industrial buildings, etc. are discarded
from the analyses a priori. In some cases data from individual sensors for particular
events are not included in the analyses for other reasons. For example, after the
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reinstallation of some sensors their IDs were not correctly recorded in the database
and until the start of this study they were not corrected. The list of the considered
sensor IDs is provided in Annex B.1, Table 9.
Over the course of this study sensors that are identified with reasonable confidence
as outliers are also discarded. Outliers are understood here as sensors that are
clearly showing unreliable behaviour, for instance due to network problems or the
presence of non-seismic vibrations. The details are summarized in Annex B.1; the
list of outliers are given in Table 10 and accompanied with plots supporting the
discard (Figure 46-Figure 50).

Figure 2: Location of operational TNO sensors in the Groningen area at the time of the considered
historical seismic event (Table 1).

The placement, orientation, and local measuring directions for a typical TNO sensor
are illustrated in Figure 3. The orientation is uniquely determined by the azimuth
angle. The orientations of the local X directions for multiple sensors are given in
Figure 4 and Figure 5. Although many local X directions are pointing to the south
there is no dominant direction observable.
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N

Azimuth X = 212°

Figure 3:Illustration of placement, orientation and local measuring directions X, Y, Z for TNO
sensors.

Figure 4: TNO sensor locations and orientations (local X) on 2016-06-24.
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Figure 5: Histograms of the orientation of TNO sensors (local X) on 2016-06-24. Considering the
orientations as vectors (left) and as lines (right), e.g. 270° is the same direction as 90°
in the right figure and thus the support is [0°, 180°]. The azimuth angle is given in
degrees.

2.1.2.2

Data acquisition
All TNO sensors are measuring the acceleration, with a sampling frequency of
250Hz, in three directions: in two perpendicular, horizontal directions, and in the
vertical direction. The horizontal axes of the sensor follow the orientation of the
associated building in the orthogonal directions. These directions are referred to
hereafter as local X and local Y directions. The third, vertical measuring direction is
referred hereafter as the Z direction.

2.1.2.3

Data recording
Measurement data for each sensor are recorded in two different formats:
• Heartbeat data (non-triggered): under typical operational conditions, i.e. no
seismic event, the maximum values from each 60s periods are transferred and
stored in a database. The end time of the 60s period is attached to these values
as a timestamp. Note that the primary objective to retrieve these heartbeat data
is to check if the sensors are still operational.
• Traces (triggered): when the calculated peak velocity in any direction for a
specific sensor passes the 1mm/s threshold then continuous measurement
traces are transferred and stored in a database. As a sensor can internally store
a small amount of data it can transfer the measurements of preceding minutes
as well. The 1mm/s threshold is determined with the intention to capture all
seismic events with reasonable magnitude, and at the same time avoiding
triggers from non-seismic events. The trigger level of 1mm/s is in the order of
the strictest limits of the SBR Guideline for vibration damage as described in
SBR Guideline A (SBR, 2002). Triggers for transferring and storing traces often
caused by non-seismic events, e.g. a nearby construction site is generating
some vibrations
Note that a trigger influences only the data recording of the triggered sensor, thus
even for seismic events the sensors farther away from the epicentre and lower than
1mm/s maximum velocity record only heartbeat data. A future update of the TNO
Monitoring Network is planned to have a system that enables to make a pull request
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for collection of the time traces of all non-triggered sensors at the time of a seismic
event.
2.1.2.4

Data processing
Each sensor’s heartbeat data consist of peak velocity and peak acceleration values
in the two horizontal and one vertical directions. The sensor natively registers
accelerations, which are integrated to velocity from which the peak value is
determined as the heartbeat and the trigger threshold of 1mm/s is tested against. It
is known that integration to velocity can only be correctly carried out after a baseline
correction and high-pass filtering of the acceleration signal. The filter in the sensors
is modelled such that it matches the requirement of the SBR directive for damage to
buildings due to vibrations. Figure 6 shows the filter characteristic used together
with the upper and lower bounds of the SBR A filter characteristic.

Figure 6: Filter characteristic in the TNO sensors applied to the raw acceleration signal to prepare
for integration to velocities for the heartbeat.

The filter type is a 24dB/octave Butterworth filter. It is a causal filter (which is a
requirement for real-time processing in the sensors) and has a nonzero phase
response shown in Figure 7.
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Figure 7: Phase response of the filter in the TNO sensors.

Note that the SBR Guideline A also requires a lowpass filter with a cutoff of 100 Hz.
It was not necessary to apply this filter to the data because the sampling frequency
is of the TNO Meetnet sensors is 250 Hz, which means that they only have
frequency content of up to the Nyquist frequency, 125 Hz. As shown in Figure 6,
this still falls within the requirements of the SBR Guideline A.
All the heartbeat data are generated with the above mentioned filter. The time
traces received from the triggered sensors are raw acceleration data. Any filter can
be applied to them. From a certain point of view it may be good to use a non-causal
filter to obtain a near zero phase response and perhaps a filter with a lower cut-off
frequency because larger magnitude earthquakes have a lower frequency content.
However, in this report, the same filter used for the heartbeats is applied to the time
traces as well. In this way, data computed from time traces can be directly
compared to the heartbeat data. The considered events have a dominant frequency
around 5 Hz, and relatively little frequency content below 1 Hz. The SBR filter cutoff
at 1 Hz does not remove a significant part of the signal.
For events which were later classified as seismic events by KNMI, the following
data are provided for each sensor: 60 s maxima (heartbeat) for the ±10 min window
around the seismic event. Data in a ±10 min window around the seismic event are
available to be able to correct for a possible desynchronization between a sensor
and the database at a later time. These data, provided for triggered and nontriggered sensors are alike. The intensity measure (velocity or acceleration)
representing the seismic event is selected as the maxima of three consecutive
heartbeat values: the one closest to the origin time of the seismic event (it takes
only up to 10 seconds for the first arrival of the s-wave within 30 km radius), and its
preceding and subsequent heartbeat values. Only the heartbeat data were used to
extract the maxima of intensity measures. The time-traces were used to validate the
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maxima of heartbeats and also for diagnostic purposes, such as filtering sensors
not suitable for this study.
2.2

KNMI database

2.2.1

Overview
Seismic events with M ≥2.5 are identified using the publicly available database of
KNMI (KNMI, 2017b), these are shown in Figure 8. As the figure shows, there are
multiple seismic events with their epicentre outside Groningen. These events were
discarded. The remaining 34 events are within the area of interest, indicated by the
dashed red ellipse in Figure 8. For 31 events data are available from the KNMI
FDSN webservice (KNMI, 2017b). For some of the older events a data set has been
received from KNMI directly. The events with M ≥2.5 from this subset are listed in
Table 2. This list contains the same data as the one used by Bommer, Dost, et al.
(2015) in the development of the V2 Ground motion prediction equations, except
the Hellum event at 2015-09-30, which took place after their study. As Table 2
shows measurements that are suitable for this study (indicated with bold font) are
available only for 14 events. The suitability is assessed based on various
considerations, such as the sampling frequency of sensors, frequency content of
signals; details are given in Section 2.2.2.1.

area of interest

Figure 8: All seismic events ( M ≥2.5) with associated magnitudes retrieved from the KNMI
database.
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Table 2: Summary of seismic events ( M ≥2.5) available in the KNMI database for the Groningen
area. Events with at least one station suitable for this study are indicated with bold
font.

Origin Time
2015-09-30T18:05:37
2015-01-06T06:55:28
2014-12-30T02:37:36
2014-11-05T01:12:34
2014-09-30T11:42:03
2014-09-01T07:17:42
2014-02-13T02:13:14
2013-09-04T01:33:32
2013-07-02T23:03:55
2013-02-09T05:26:10
2013-02-07T23:19:08
2013-02-07T22:31:58
2012-08-16T20:30:33
2011-09-06T21:48:10
2011-08-31T06:23:57
2011-06-27T15:48:09
2010-08-14T07:43:20

Mag.
3.1
2.7
2.8
2.9
2.8
2.6
3.0
2.8
3.0
2.7
2.7
3.2
3.6
2.5
2.5
3.2
2.5

Lat.
53.234
53.324
53.208
53.374
53.258
53.194
53.357
53.344
53.294
53.366
53.375
53.389
53.345
53.337
53.444
53.303
53.403

Location
Hellum
Wirdum
Scharmer
Zandeweer
Garmerwolde
Froombosch
Het Zandt
Zeerijp
Garrelsweer
Zeerijp
Zandeweer
Zandeweer
Huizinge
Leermens
Uithuizen
Garrelsweer
Uithuizen
Waddenzee
2010-05-07T08:26:35
2.5
53.491
6.617
(nabij Usquert)
2009-05-08T05:23:11
3.0
53.354
6.762
Zeerijp
2009-04-16T17:12:15
2.6
53.313
6.845
Appingedam
2009-04-14T21:05:25
2.6
53.345
6.68
Huizinge
2008-10-30T05:54:29
3.2
53.337
6.72
Loppersum
2008-07-10T06:57:33
2.5
53.35
6.882
Holwierde
2007-02-17T01:41:14
2.6
53.227
6.703
Harkstede
2006-08-08T09:49:23
3.5
53.35
6.697
Westeremden
2006-08-08T05:04:00
2.5
53.349
6.707
Westeremden
2003-11-16T20:04:11
2.7
53.344
6.702
Westeremden
2003-11-10T00:22:38
3.0
53.325
6.69
Stedum
2003-10-24T01:52:41
3.0
53.295
6.792
Garrelsweer
2003-09-27T13:57:54
2.7
53.348
6.697
Westeremden
2000-06-15T01:42:24
2.5
53.28
6.847
Steendam
2000-06-12T15:48:23
2.5
53.34
6.742
Loppersum
1998-02-15T07:24:16
2.6
53.356
6.773
Zeerijp
1994-07-01T06:27:42
2.7
53.324
6.613
Onderdendam
1Total number of stations with data suitable for this study.

2.2.2

Data acquisition, recording, and processing

2.2.2.1

Sensors

Long.
6.834
6.768
6.728
6.678
6.655
6.787
6.782
6.772
6.785
6.758
6.667
6.667
6.672
6.805
6.687
6.787
6.703

Stations1
45
21
20
18
12
9
10
1
0
0
0
3
7
0
0
8
0
0
5
0
0
6
0
0
4
0
0
0
0
0
0
0
0
0

From September 2013 the KNMI measurement network has been extended to
about 50 sensor locations at the time of the Hellum event (Table 2). At a large
number of locations there are also sensors at various depths, up to 200 m. In this
study, only surface sensors are used. The most recently installed sensors are
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EpiSensors from Kinemetric; these are accelerometers. Some of the older sensors
are geophones that measure velocity.
The following sensor data are excluded from the analyses:
• the stations FRB2 and BFB2, since they were excluded in V2 development
by Bommer, Dost, et al. (2015) as well;
• the stations DBN and WIT, because of their low 20 Hz sample rate;
• the stations FSW1 and ZLV5, because they show an increase in frequency
content in the range from 25 to 50 Hz (possibly because the acceleration
signal is derived through differentiation from the measured velocity).
Each station has three sensors at the surface level (one vertical and two horizontal
directions).
Table 2 provides the number of available stations per event; it is observed that the
number of stations is higher than that used by Bommer, Dost, et al. (2015). This is
caused by the fact that in this study stations at larger epicentral distances are
included.
The location of the KNMI sensors deemed suitable for this study are compared to
TNO sensors in Figure 9. For events prior to the Garmerwolde event (2014-09-30)
only KNMI sensors are available. From Garmerwolde on the TNO network has
more sensors than the KNMI network, but both networks have been extended over
time. The TNO sensors are more clustered, because they are placed in buildings
typically part of a village. The KNMI grid is more regularly distributed over the area,
and provides a comparable coverage of the area as the TNO sensors.
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Figure 9: Location of KNMI and TNO sensors deemed suitable for this study in the Groningen area
for each considered event (Table 2 and Table 1).

2.2.2.2

Data acquisition
Data are obtained from two sources:
• Retrieved from a publicly available KNMI database (KNMI, 2017a).
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Received directly from KNMI, since the publicly available database does not
contain all data, especially for events further in the past.

Data recording
The KNMI sensors are located in relatively quiet environments in the field, and not
in buildings like the TNO sensors. At all locations time traces are available for the
seismic events that have been recorded by the KNMI sensor.

2.2.2.4

Data processing
The KNMI data contain raw acceleration signals. To allow comparison with the TNO
measurements, the heartbeats in particular, the same processing as described in
section 2.1.2.4 is applied to the KNMI data, resulting in peak accelerations and
velocities per sensor channel per station, per event.
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Tools and methods
In this section a brief overview is provided about the statistical and engineering
tools and methods used in later sections. The technical details are given in Annex
C.

3.1

Earthquake engineering models

3.1.1

Introduction and overview
A ground motion prediction equation (GMPE) expresses the relationship between
an intensity measure and the epicentral distance. For example, a GMPE can show
how spectral acceleration attenuates with distance from the epicentre of an
earthquake. Typical intensity measures are:
• peak ground acceleration;
• peak ground velocity;
• spectral acceleration; and
• velocity response.
GMPEs typically explicitly depend on the epicentre distance and earthquake
magnitude ( M ), and implicitly on the soil conditions and fault type.
They are largely empirical and applicable only to the regions and particular soil
conditions for which these are derived, which is reflected in the numerous available
GMPEs illustrated in Figure 10. This plethora of models indicates that strong
theoretical models are missing and researchers are mostly relying on data and
empirical models.
GMPEs are often accompanied with probabilistic models to express the uncertainty
and variability stemming from the:
• inherent variability of the studied physical phenomenon (aleatory uncertainty);
• scarcity of data which does not allow exact identification of model parameters
(statistical uncertainty);
• uncertainty due to the inevitable simplifications of the applied model compared
with reality, or more succinctly: because “all models are wrong” (Wit, van den
Heuvel, & Romeijn, 2012) (model uncertainty).
The latter two are part of epistemic uncertainty, that means they are related to the
information available to and knowledge of the observer, analyst.
Note that the boundary between aleatory and epistemic uncertainty depends on the
selected “model universe” and does not correspond to objective reality.
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Figure 10 Number of published GMPEs per year (grey bars, left axis) and their cumulative number
since 1964 (blue line, right axis) (Stewart et al., 2013).

3.1.2

Models available in the literature
This subsection describes two GMPE models available from the literature and
relevant in the context of the Groningen area.

3.1.2.1

V1 model for the Groningen area
An empirical formula is given in (Bommer et al., 2016), which is equivalent to the
basic V1 (Version 1) model proposed for the Groningen area by Bommer, Stafford,
Edwards, Dost, and Ntinalexis (2015):

ln(IM)  c1  c2  M  c4  ln Repi2  exp(c5  M  c6 ) .
2

(2)

This simple model serves as a starting point for the model which is used for fitting
the measurement data. In this report the Haversine formula is used to calculate the
distance between points given by their geographical coordinates, where the radius
of the great circle passing through the two points is taken as 6378m.
3.1.2.2

V2 model for the Groningen area
The most up-to-date GMP models for the Groningen area are the V2 models
provided in Bommer, Dost, et al. (2015). The V2 models describe the horizontal
spectral accelerations and include both GMPEs for the geometric mean ( GM ) and
for the arbitrary direction ( arb ).
The V2 models are built up out of three parts. The first part covers the mechanical
model, which describes the median value of the GMPE. The second part covers the
probabilistic components, which account for the intrinsic and epistemic uncertainties
in the mechanical model. The third part consists of a site-specific amplification
factor, which accounts for the non-linear site amplification depending on the soilconditions at a particular site.
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The following paragraphs present the main characteristics of these three parts, as
well as how they are combined into a general GMP model. Note that the notations
used here do not exactly follow those in (Bommer, Dost, et al., 2015).
3.1.2.2.1 Mechanical model
The mechanical model is a function of the earthquake magnitude ( M ), the
epicentre distance ( Repi ), and the fundamental period of the structure ( T ). For
earthquakes with magnitudes M  4 the mechanical model has the functional form
as presented in Eq. (3). The model applies to both the geometric mean and the
arbitrary direction.

ln[ Sa ]  c1  c2  M  c3  (M  4.5)2  g(R)

(3)

Where

Sa

median of the horizontal response spectral acceleration [cm/s2];

M
R
g(.)
c1 , c2 , c3

earthquake magnitude;
modified epicentre distance [km], Eq.(4);
distance dependent component, Eq.(5);
model parameters depending on the fundamental period T .

The modified epicentre distance is expressed as:
2
R  Repi
  exp(0.423  M  0.608) ,
2

(4)

where Repi is the distance to the epicenter measured on the surface.
The distance dependent component g(.) has the following functional form:

g(R)  c4  c5  ln(R) ,

(5)

where c4 , c5 are model parameters depending on the fundamental period T .
The g(.) function has different model parameters ( c4,c5 ) for different ranges of
modified epicentre distance ( R ).
3.1.2.2.2 Probabilistic components
The mechanical model is subject to intrinsic and epistemic uncertainties. These
uncertainties can be split into three types (see also Figure 11):
• uncertainties related to between-earthquake variability (inter-event variability);
• uncertainties related to within-earthquake variability (intra-event variability);
 single station variability
 variability introduced due to the use of a point-source based distance metric
at larger magnitudes
• uncertainties related to the component to component variability
The uncertainties in the mechanical model are accounted for by the addition of
probabilistic components to the mechanical model. These probabilistic components
are built up of standard normally distributed random variables in the log-space (  )
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multiplied with a scaling factor representing the standard deviation of the
component. For the inter-event variability this scaling factor is equal to  . For the
intra-event variability this scaling factor is equal to (SS   ) , where SS accounts

for the single station variability and  for the variability introduced due to the use of
a point-source based distance metric at larger magnitudes. For the uncertainties
related to the component to component variability this scaling factor is equal to
 C 2C . For earthquakes with magnitude smaller than M  4 , the scaling factors

within-event + between-events

depend on the fundamental period of the structure only.

within-event

within-event

Figure 11: Illustration and comparison of inter-event and intra-event variability (Edwards & Fäh,
2014).

3.1.2.2.3 The combined model
The combination of the mechanical model and the probabilistic components results
in the following GMPEs for the geometric mean and the arbitrary direction
respectively:

ln(SaGM )  ln(Sa )   E    S  (SS   ),

(6)

ln(Saarb )  ln(Sa )   E    S  (SS   )   C  C2C ,

(7)

Where

SaGM
Saarb
Sa

is the geometric mean of the horizontal spectral acceleration [cm/s 2];
are the horizontal accelerations in arbitrary direction [cm/s 2];
is the median of the horizontal response spectral acceleration

E, S, C

[cm/s2], to be obtained from the mechanical model Eq.(3);
are standard normally distributed random variables for respectively


(SS   )

the inter-event variability, intra-event variability and the component
to component variability;
is the scaling factor accounting for the inter-event variability;
is the scaling factor of the intra-event variability, where SS accounts

 C2C

introduced due to the use of a point-source based distance metric at
larger magnitudes;
is the scaling factor of the component to component variability.

for the single station variability and  accounts for the variability
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3.1.2.2.4 Weighted model
The model parameters of the mechanical model ( ci ) and the scaling parameters of
the probabilistic components (  ,SS , , C2C ) are provided for 16 different
fundamental periods T . In order to capture the epistemic uncertainty and variability
in the GMPEs, the model parameters and scaling parameters are provided for three
models; a lower model, a central model and an upper model. These resulting
GMPEs should be combined to a final, weighted model.
3.1.2.2.5 Site-specific amplification factors
To account for the non-linear site amplification at a certain site ( L ) , a sitedependent amplification factor AFL is introduced to the weighted V2 model. To
account for the uncertainties in the amplification factor, an additional probabilistic
term is added too. The probabilistic component is built up of a standard normally
distributed random variable in the log-space (  Z ) multiplied with a site-dependent
scaling factor ( S2S,L ). The resulting model for the determination of the sitedependent horizontal accelerations then becomes:

ln(SaGM,L )  ln(SaGM )  ln(AFL )   Z S2S,L ,

(8)

ln(Saarb,L )  ln(Saarb )  ln(AFL )   Z S2S,L .

(9)

Where

L
SaGM,L

stands for a specific site;
weighted model of the spectral accelerations for the geometric mean at

Saarb,L

site L (see Eq.(6));
weighted model of the spectral accelerations for the arbitrary direction

AFL

at site L (see Eq.(7));
site-dependent amplification factor;

Z
S2S,L

standard normally distributed random variable;
scaling factor of the site-to-site variability.

Both the site-dependent amplification factor AFL as well as the scaling factor S2S,L
are a function of the earthquake magnitude ( M ), the epicentre distance ( Repi ), the
fundamental period ( T ) and a multitude of parameters related to the soil-conditions
at site. These soil-related parameters are provided for 167 different geological
zones.
3.1.3

Models used in this study

3.1.3.1

Adapted V2 model for the Groningen area

3.1.3.1.1 Acceleration model
Geometric mean to maximum horizontal acceleration
The V2 models provided by (Bommer, Dost, et al., 2015) describe the geometric
mean ( SaGM ) or the arbitrary direction ( Saarb ) of the horizontal spectral
accelerations. In this study however, we are interested in the maximum of the

TNO report | 2017 R10493-A

26 / 70

horizontal accelerations in local X- and local Y-direction ( Samax ) . To properly
describe Samax , therefore, the V2 model is slightly adapted. For this reason two
additional factors are introduced to the V2 model. The first factor accounts for the
average ratio between SaGM and Samax , being   SaGM / Samax . The second factor is
a probabilistic component accounting for the variability in  . This probabilistic

component is built up of a standard normally distributed random variable in the logspace   multiplied with a scaling factor   .
The mechanical model to be used for further analysis then becomes:

ln(Sa )  c1  c2  M  c3 (M  4.5)2  g(R)   .

(10)

The probabilistic model to be used for further analysis then becomes:

ln(Samax )  ln(Sa )   E    S  (SS   )      .

(11)

For the derivation of the parameters  and   for the fundamental period T  0 the
reader is referred to Annex C.1.1.
Site-independent amplification factor
The V2 model provides amplification factors for the non-linear site-amplification
at a certain location with a certain known distance to the epicentre. The model can
be used to individually correct data-points, however not to describe a general siteindependent GMPE. In this study we are however interested in the latter only, as
the location of interest is not known beforehand. To fit our purposes, an upperbound solution for the amplification factors and scaling factors is established. This
means that for each epicentre distance and for each location the amplification factor
AFL and the scaling factor S2S,L are determined. Subsequently for each epicentre
distance, the maximum amplification factor and the maximum scaling factor for all
locations are determined, resulting in an upper-bound solution. Consequentially the
GMPE for the horizontal spectral accelerations becomes:

ln(Samax,UB )  ln(Samax )  ln(AFL,UB )   Z S2S,L,UB ,

(12)

where

Samax,UB is the upper-bound value for the maximum horizontal spectral
Samax

AFL,UB
Z

S2S,L,UB

acceleration, including non-linear site-amplification, in [cm/s2];
is the maximum horizontal spectral acceleration, exclusive non-linear
site amplification, in [cm/s2] (see Eq. (11));
is the upper bound value for the amplification factor;
is a standard normally distributed random variable;
is the upper bound value for the scaling factor for the site to site
variability.

It is remarked that the use of the upper bound value of the amplification factor
results in a conservative GMPE. Furthermore, the use of the upper bound value of
the scaling factor generally results into conservative confidence bounds.
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3.1.3.1.2 Velocity model
No model is given for velocity in (Bommer, Dost, et al., 2015), therefore an
approximate method is used to obtain a velocity model from the V2 acceleration
model. The basis of this approximation is the work of Dost, Caccavale, van Eck,
and Kraaijpoel (2013) who reported both peak ground velocity ( PGV ) and peak
ground acceleration ( PGA ) GMPEs. These models are also calibrated to the
Groningen area but they are corresponding to an earlier, less sophisticated version
of GMPEs. Following Dost et al. (2013) the models are referred hereafter as D04. In
the approximate method the following assumptions are made:
• The spectral intensity measures (acceleration and velocity) recorded by TNO
sensors are close to the peak ground intensity measures, therefore the results
in (Dost et al., 2013) are applicable in this study as well.
• The ratio of PGV and PGA median values obtained from D04 is valid for V2 as
well.
• PGA of D04 is equated with Saarb,L of V2.
•

The ratio of PGV and PGA standard deviations obtained from D04 is valid for
V2 as well. In D04 the standard deviations are equal for PGV and PGA if they
are given in cm/s and m/s2 respectively.

From D04, the natural logarithm of the ratio of PGV and PGA (with units of cm/s
and m/s2 respectively) is equal to:

 PGV 
ln 
  ln(10)   0.12  0.17  M  .
 PGA 

(13)

Note that the ratio depends only on the magnitude ( M ) and the transformation
between different units can be incorporated through and additive term in the second
factor. Using this ratio the median of the horizontal spectral velocity can be
approximated as:

 PGV 
Medianln(Svmax )  Medianln(Samax )  ln 
.
 PGA 

(14)

The total standard deviation of velocity ( ln(Svmax ) ) is obtained from the total
standard deviation of the acceleration ( ln(Samax ) ) by equating them if they are given
units of cm/s and m/s2 respectively. Additional uncertainty, related to the adopted
approximate conversion from acceleration to velocity is not accounted for.
3.1.3.2

Adopted models for event based fitting
In this section the GMP models adopted and fitted to TNO measurements are
described. These are applied to each event separately, thus the magnitude is not
explicitly in the models. For brevity, these models are denoted with T1 and
distinguished by adding additional numbers to this core notation, e.g. T1.1.
Candidate T1 models are compared using different goodness-of-fit measures based
on which the T1.1 one selected. Therefore, only this T1.1 is included in the
summary Microsoft Excel workbook (GMPE_results.xlsx).
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3.1.3.2.1 Mechanical component
The full V2 model is overly complex given the intended end-use of the models and
that we are fitting models to separate seismic events. Therefore, instead of the most
up-to-date V2 model the basic form of the V1 model, Eq.(2) is used as a starting
point. For a given magnitude it has only three parameters:

ln(IM)  d1  d2  ln Repi2  d3 ,

(15)

where d1 , d2 , and d 3 are model parameters/coefficients. While the mathematical
operators would allow the [Repi2 , ] support for d 3 , we constrain it to the physically
meaningful (0, ] set to avoid singularity in the positive range of epicentral
distance.
Eq.(15) has the same form as that can be obtained from GMPE V2 if the explicit
dependence on magnitude, and epicentre distance ranges are discarded.
An even simpler model suggested by the observed linear cloud of data points in
log(IM)  log(Repi ) space contains only two parameters:

ln(IM)  b1  b2 ln(Repi ) .

(16)

The simplest extension of the univariate GMPE to two dimensions, i.e. to have a
support on a surface, is to assume circular symmetry, which means that the same
soil conditions are assumed in all directions.

ln(IM)  h(Repi ,)  c1  c2  M  c4  ln Repi2  exp(c5  M  c6 ) .
2

(17)

3.1.3.2.2 Probabilistic component
As in the V1 and V2 models uncertainty in the predicted variable ( ln(IM) ) is
modelled explicitly by adding an error term. The difference is that we do not
distinguish between different sources of uncertainties but lump them into a single
normally distributed random variable. For example, for Eq.(15):

ln(IM)  d1  d2  ln Repi2  d3   ,
where



(18)

normally distributed random variable with zero mean and   standard
deviation,  ~ N(0,  ) .

The parameters to be inferred in this case are: θ  [d1 , d2 , d3 ,  ] for each seismic
event. This model is referred hereafter as T1.1.
The simple model (Eq.(16)) is extended the same way with the probabilistic
components as T1.1:

ln(IM)  b1  b2 ln(Repi )   .
The parameters to be inferred in this case are: θ  [b1 , b2 ,  ] for each seismic
event. This model is referred hereafter as T1.2.

(19)
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The uncertainty representation in T1 models is similar to adapted V2 in respect that
the total uncertainty is a zero centred normal distribution. However, in the adapted
V2 model the standard deviation of the error term depends on the epicentral
distance, in contrast with the homoscedasticity1 of T1 models.
3.1.3.3

Summary of considered models
The models considered in later chapters for historical seismic events are
summarized in Table 3. The adapted V2 model is already fitted to historical events
and used later as is. However, the T1 type models are fitted to each event.
Table 3: Summary of the considered GMPEs.

Model ID

Formula

Notes

Peak ground acceleration
adapted V2

Eq.(12)

Only in horizontal directions; no fitting.

T1.1

Eq.(18)

In horizontal and vertical directions; 4 free-parameters.

T1.2

Eq.(19)

In horizontal and vertical directions; 3 free-parameters.

Peak ground velocity
adapted V2

Eq.(14)*

Only in horizontal directions; no fitting.

T1.1

Eq.(18)

In horizontal and vertical directions; 4 free-parameters.

T1.2

Eq.(19)

In horizontal and vertical directions; 3 free-parameters.

*Additional considerations are given in Section 3.1.3.1.2.
3.2

Statistical tools

3.2.1

Inference techniques
The models are formulated in probabilistic terms and the parameters are inferred
from measurement data (Chapter 2). The method of moments (MM), maximum
likelihood method (MLM), and least square regression (LSR) are used for
parameter inference; the technical details are given in Annex C.2.1. Moreover, the
details of the statistical decontamination problem and the proposed solution are
given in Annex C.2.3

3.2.2

Evaluation and comparison of models
Once a model is fitted, goodness-of-fit checks and measures can be used to
compare the data and model, and also to compare different models.
Various qualitative and quantitative goodness-of-fit checks are utilized:
• Visual checks, which allow to qualitatively assess the absolute performance of
models:
 Plotting the fitted models with uncertainty bands against the observations.
This is often done in specially transformed spaces to enlarge critical regions.
 Residual plots.
• Quantitative checks:
1

In the present context homoscedasticity means that the intensity measure as a random variable
has the same finite standard deviation for all epicentral distances.
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 Information criteria, which allow to quantitatively measure the relative
performance of models. For the information criteria (Akaike (AIC) and
Bayesian (BIC) information criteria adopted in this report, the performance
measure rewards models that are close to the observations and penalizes
model complexity.

TNO report | 2017 R10493-A

4

Analysis of non-seismic events

4.1

Overview

31 / 70

Analysis of non-seismic origin events is undertaken to enable the later separation of
seismic events from non-seismic ones (see Section 5.1.1.4). As outlined in Annex
C.2.3, this separation requires the likelihood of observing an intensity measure with
a particular value with non-seismic origin. Non-seismic events constitute the
contaminating process in the framework introduced in Section 1.3.
Therefore, in this chapter probabilistic models of velocities and accelerations with
non-seismic origin are constructed. Given the large amount of recorded data and
the significant time demand to retrieve them from the current TNO database, it was
decided to use a single month heartbeat data for all available sensors to establish
the probabilistic models. The following main assumptions and simplifications are
made:
• The selected one month is representative of the non-seismic events of past and
future.
• Heartbeat realizations are independent in time.
• Heartbeat realizations are independent for each sensor.
• The non-seismic intensity measures can be described by a single univariate
distribution function or a mixture of univariate distribution functions.
• The guiding principle of model fitting is to be on the safe side, i.e. to
overestimate the probability of seeing large intensity measures compared to the
empirical data. As the mathematical formulation of the problem involves both
the density and the cumulative distribution function of the noise model (Eq.(34)),
this is not a straightforward task, so multiple sensors and fitted models are
used.
4.2

Heartbeat data
June of 2016 is selected as a month to be analysed for non-seismic vibration.
Heartbeat data (Section 2.1.2.3) for all sensors are used for the analysis This
means 30 days × 24 × 60 observations/day × 311 sensors ≈ 13.5 million data points
for a given intensity measure, e.g. maximum velocity in local X direction.
The selected month is not exempt of seismic events (with lower magnitudes than
the ones considered in the detailed analyses of this study), so the first step was to
remove these either induced or tectonic events from the data, because in this part
of the study we are interested in the vibration levels as a result of non-seismic
causes. Seismic events and origin times are extracted from a publicly available
KNMI database (KNMI, 2017b), summarized in Table 4, and illustrated in Figure 12.
The ±2min interval around the seismic event’s origin time is excluded from the
analysis. After the removal of seismic events and considering that for a few sensors
the measurement was not continuous, for the one-month period we have about 12.5
million data points per intensity measure.
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Figure 12: All seismic events with effect on the Groningen area over the course of June of 2016.
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Table 4: Summary of all seismic events registered by KNMI over the course of June of 2016.

Origin Time

Mag.

Type

Lat.

Long.

Depth
[km]
3

Place

2016-061.2
induced 53.361 6.75
Zeerijp
01T08:02:54
2016-061.5
induced 53.249 6.924 3
Wagenborgen
02T18:43:13
2016-060.3
induced 53.226 6.681 3
Harkstede
16T00:56:16
2016-060.5
induced 53.231 6.833 3
Hellum
16T03:27:08
2016-060.2
induced 53.249 6.863 3
Siddeburen
16T20:17:43
2016-060.1
induced 53.345 6.799 3
Leermens
18T11:10:46
2016-061.2
induced 53.184 6.766 3
Kolham
18T23:58:25
2016-060.7
induced 53.344 6.811 3
Oosterwijtwerd
22T13:10:10
2016-060.4
induced 53.267 6.977 3
Wagenborgen
29T00:47:17
2016-062.1
tectonic 50.797 6.341 18
Langerwehe*
02T08:48:47
(Germany)
*Sufficiently far away from the sensors to have no marked effect.

4.3

Statistical analysis of non-seismic events

4.3.1

Overview
Various characteristic statistics are calculated and diagnostic plots are produced to
gain insight into the data:
• Histograms of intensity measures for all sensors.
• Time plots of intensity measures for all sensors.
• Median, median absolute deviation, medcouple (a robust skewness measure),
90% fractile, and multiple empirical exceedance probabilities for all sensors.
Sample figures are provided in Annex D (Figure 55, Figure 56). Using these,
marked difference between sensors was observed.
The considered intensity measures:
SaX
spectral acceleration from a seismic or non-seismic event in local X

SaY

direction
spectral acceleration from a seismic or non-seismic event in local Y

SaZ

direction
spectral acceleration from a seismic or non-seismic event in vertical

Samax(X,Y)

(Z) direction
spectral accelerations from a seismic or non-seismic event in local
X and local Y directions; max(SaX , SaY )
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Sv X

peak ground velocity from a seismic or non-seismic event in local X

Sv Y

direction
peak ground velocity from a seismic or non-seismic event in local Y

Sv Z

direction
peak ground velocity from a seismic or non-seismic event in vertical

Svmax(X,Y)

(Z) direction
maximum of peak ground velocities from a seismic or non-seismic
event in local X and local Y directions; max(SvX , SvY ) .

The spectral intensity measures for non-seismic events are to be understood with
an associated time interval. The smallest time interval in this study is one minute,
the interval associated with a heartbeat. Spectral intensity is used as the sensors
are attached to buildings, therefore measuring the structural response albeit that is
expected to be close to the peak ground acceleration.
4.3.2

Fitting probabilistic models
As a first approximation the following simplification is made: the probabilistic models
are fitted to individual, representative sensors, in which “average” and “worst”
sensors are distinguished:
 average: the “average” non-seismic events are established by combining
measurements of all sensors;
 worst: sensors with highest measured intensity measures and highest
associated likelihoods are identified using diagnostics plots and statistics and
can be considered a “worst” case, i.e. a sensor which is strongly affected by
non-seismic events (Section 4.3.1).

4.3.2.1

Velocity
Using selected statistics and diagnostic plots sensor 138 and 15 have been
identified as “worst”, and 81 as “average”. The largest observations and empirical
cumulative distribution functions are plotted for these sensors in the exponential
space and shown in Figure 13-Figure 15. Additionally, an exponential distribution is
fitted to the right tail of the empirical cumulative distribution. Linear regression is
used in exponential space to find the model parameters, the right-tail threshold is
selected by trial-and-error and visual comparison of the fit to the observations. The
plots show that the exponential distribution describes reasonably well the right-tail
and there is a substantial difference between “worst” and “average” sensors.
Additionally, kernel distribution (Annex 0) is fitted to the data. Normal and
Epanechnikov kernels are tested and finally the Normal kernel is selected as the
difference between the two was found to be negligible. The fitted kernel distribution
is shown for sensor 138 in Figure 16. The plots show that outside of the largest
observation the kernel tail is decreasing rapidly, which is not conservative.
The parameters of the fitted models are summarized in Annex D.2, Table 14. As a
conservative model, sensor 15 with right-tail fitted exponential distribution is
selected for later analysis: separating seismic from non-seismic events. The
selection is based on comparing the effect of noise models on the GMPE fitted to
seismic events (Chapter 5), the most unfavourable noise model is selected as a
safe side approximation.
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Figure 13: Non-seismic horizontal velocity (Svmax(X,Y), heartbeat) values for sensor 138. The largest
100 observations (black circles), empirical distribution (red line), and exponential
distribution (blue) fitted to the right tail.

Figure 14: Non-seismic horizontal velocity (Svmax(X,Y), heartbeat) values for sensor 15. The largest
100 observations (black circles), empirical distribution (red line), and exponential
distribution (blue) fitted to the right tail.
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Figure 15: Non-seismic horizontal velocity (Svmax(X,Y), heartbeat) values for sensor 81. The largest
100 observations (black circles), empirical distribution (red line), and exponential
distribution (blue) fitted to the right tail.

Figure 16: Non-seismic horizontal velocity (Svmax(X,Y), heartbeat) values for sensor 15. The largest
100 observations (black circles), empirical distribution (red line), and kernel distribution
(dashed blue) fitted to the data.

4.3.2.2

Acceleration
The same exercise as for velocity is repeated for acceleration (Samax(X,Y)). Sensor
81 is kept although it does not represent an average behaviour in respect of
acceleration. The parameters of the fitted models are summarized in Annex D.2,
Table 14. Using the same considerations as for velocities, sensor 15 with right-tail
fitted exponential distribution is selected for later analysis as the most conservative
model. The empirical distribution and the right-tail fitted exponential distribution
(linear regression in exponential space) are shown in Figure 17.
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Figure 17: Non-seismic horizontal acceleration (Samax(X,Y), heartbeat) values for sensor 15. The
largest 100 observations (black circles), empirical distribution (red line), and
exponential distribution (blue) fitted to the right tail.

4.3.2.3

Application in separating seismic from non-seismic events
The models fitted above give the exceedance probability of intensity measures in a
60s long observation period, i.e. a single heartbeat ( P(IMN  imN |1 heartbeat) ).
However, as mentioned in Section 2.1.2.4, due to how the data are collected and
recorded, the maxima of three consecutive heartbeats are assigned to each sensor
for each seismic event. This means that the non-seismic models should be adjusted
accordingly. Using the assumption that heartbeat data are independent for each
sensor:

P(IMN  imN |3 heartbeats)  P(IMN  imN |1 heartbeat)3 ,

(20)

Where:

IMN

intensity measure with non-seismic origin.

If the non-seismic intensity measure can be described by a single distribution
function then the connection is:

F(imN |3 heartbeats)  F(imN |1 heartbeat)3 .

(21)

The exponentiation has the effect of shifting the cumulative distribution function to
the right, leading to a larger probability of observing larger intensity measures.
This is illustrated in Figure 18 for an exponential distribution.
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Figure 18: Illustration of the shift of the cumulative distribution function due to exponentiation in
untransformed (left) and exponential space (right) for an exponential distribution.

4.3.3

Additional analysis: non-seismic vibration statistics for damage assessment of
buildings
In this section selected summary statistics and plots of the non-seismic vibrations
are presented to gain insight into their nature and to facilitate the damage
assessment of buildings. For example by comparing non-seismic vibration intensity
measures with those of seismic or other origin, certain damage causes might be
eliminated from the pool of candidate causes.
The empirical distribution and histogram of the monthly maxima of heartbeat
velocities of all sensors are presented in Figure 19. The median value is 0.4mm/s
which is below the 1 mm/s trigger threshold as the strictest limit of the SBR
Guideline A for vibration damage. Similar plots are constructed for the acceleration
and shown in Figure 20. Note that these plots and values are conditioned on the
selected time interval. As non-seismic vibration heartbeat can be considered as a
process with independent realizations, the longer the time interval, the larger the
probability of observing a given intensity measure or a larger value. This is
illustrated for a “worst” and an average sensor in Figure 21 and Figure 22. The
1 min, 1 hour, and 1 day empirical distributions are plotted with the assumption that
the 1 min maxima are independent. The distributions are accompanied with the
associated median values which can substantially increase by increasing the time
interval, e.g. from 0.08 mm/s to 0.26 mm/s by going from an hour to a day. This
means that if a building is older it is more likely to be subjected to larger vibrations
of non-seismic origin already. To have a more qualitative statement about the
related intensity measures and probabilities, longer than one month period could be
analysed. This analysis was not completed as it is outside the scope of this study.
To facilitate further analyses, the processed data, statistics, and diagnostic plots of
the analysed month are available as digital annexes to this report.
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Figure 19: Empirical distribution (left) and histogram (right) of the monthly maxima of heartbeat
velocities per all sensors (2016 June).

Figure 20: Empirical distribution (left) and histogram (right) of the monthly maxima of heartbeat
accelerations per all sensors (2016 June).
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Figure 21: Empirical distribution of velocities for 1 min, 1 hour, and 1 day intervals based on the
assumption of independent minute-wise maxima. Sensor (TNO_ID = 81) representing
the average behaviour of sensors.

Figure 22: Empirical distribution of velocities for 1 min, 1 hour, and 1 day intervals based on the
assumption of independent minute-wise maxima. Sensor (TNO_ID = 15) representing
the “worst” behaviour of sensors.
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Separate analysis of seismic events
In this chapter seismic events with M greater than or equal to 2.5 are analysed. If
sufficient data are available for an event then a GMPE is fitted to them, which is
only the case for the events for which data from the TNO Monitoring Network are
available. The fitting is done separately, which means the parameters in the GMPE
are determined independently for each events and besides the functional form there
is no further connection between events. This means that the magnitude is not
explicitly considered in the GMPEs. The fit is made to top values of the heart beats.
Horizontal (Svmax(X,Y), Svmax(X,Y)) and vertical (SvZ, SaZ) velocity and acceleration
GMPEs are fitted to these events. Only the horizontal results are given here as
those are more relevant for building damage assessment. The results for the
vertical direction are given in the digital annexes.
Furthermore, for all events the adapted V2 model is also determined based on the
known magnitude. For events with only KNMI data, this is the only model that is
established, since there is too little data to fit a model.

5.1

Events with TNO and KNMI data

5.1.1

Detailed analysis of Hellum – 2015 Sept 30
In this section the analysis of the Hellum event is described in detail. The other four,
most recent events, for which TNO data are available, are analysed in the same
way as the Hellum event. For those events only the most important resulting plots
are provided for illustrative purposes in Section 5.1.2 to improve the readability of
the report. Detailed analyses of these events are provided in Annex E.

5.1.1.1

Model comparison and selection
In this section the T1.1 and T1.2 models are compared in terms of how well they fit
the data. Akaike and Bayesian information criteria are used for this purpose, which
offer a trade-off measure between how closely the model fit the data and model
complexity. These measures and their interpretation are detailed in Annex C.2.2.
The fitted, median models for horizontal velocity and acceleration are compared in
Figure 23 and Figure 24 respectively.
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Figure 23: Hellum, horizontal velocity (Svmax(X,Y)). Fitted, median T1.1 and median T1.2 GMPEs
without considering non-seismic events in the statistical analysis.

Figure 24: Hellum, horizontal acceleration (Samax(X,Y)). Fitted, median T1.1 and T1.2 GMPEs
without considering non-seismic events in the statistical analysis.

TNO report | 2017 R10493-A

43 / 70

The fitted models are displayed only on the [min(Repi,data ), ] range because often
unrealistically large intensity measure values are observed in the (0,min(Repi,data )]
range. The reason for these large values is twofold: (i) the adopted functional form
allows such behaviour; and (ii) lack of data in the region. Thus we do not
recommend the extrapolation to epicentre distances lower than the smallest
epicentre distance with an observation. The visual comparison suggests that the
fitted models are very similar.
Additionally to the visual comparison, quantitative goodness-of-fit measures are
calculated and collected in Table 5. For all intensity measures the AICc favours the
T1.1 model, in some cases it is substantially better than T1.2. The BIC measure
shows no consistent preference for a single model. To assist the decision on which
model to be used in later analysis the other four events are also analysed in a
similar fashion. The results show weak preference for T1.2 in terms of AICc and
considerable preference for it in terms of BIC; the numerical details are presented in
Annex 5.
Given that neither measure shows clear, strong preference for a single model, and
T1.1 is more realistic as T1.2 inherently contains singularity at Repi  0 , the former
(T1.1) is selected for further analysis of both intensity measures in all directions.
Table 5: Summary of model comparison for the Hellum event (no correction for non-seismic
events).

5.1.1.2

Model ID

IM

  [cm/s];[m/s2]

AICci  AICcmin

BIC i  BICmin

T1.1

Svmax(X,Y)

0.46

0

0

T1.2

Svmax(X,Y)

0.47

7.8

4.4

T1.1

SvZ

0.39

0

0

T1.2

SvZ

0.40

8.8

5.4

T1.1

Samax(X,Y)

0.51

0

0.03

T1.2

Samax(X,Y)

0.52

3.4

0

T1.1

SaZ

0.51

0

3.4

T1.2

SaZ

0.52

0.09

0

Comparison to KNMI data
The selected T1.1 GMPE is fitted to TNO data and compared to KNMI
measurements in Figure 25 and Figure 26 for velocity and acceleration respectively.
Both GMPEs are accompanied by a 95% confidence band to assist the model
comparison. For both intensity measures the KNMI and TNO data are in reasonable
agreement, although for larger epicentral distances the KNMI measurements
appear to be systematically below the TNO data. This discrepancy is further
analysed in later sections.

TNO report | 2017 R10493-A

44 / 70

Figure 25: Hellum, horizontal velocity (Svmax(X,Y)). T1.1 GMPE fitted to TNO data and accompanied
by a 95% confidence band. KNMI data are displayed only for comparison.

Figure 26: Hellum, horizontal acceleration (Samax(X,Y)). T1.1 GMPE fitted to TNO data and
accompanied by a 95% confidence band. KNMI data are displayed only for
comparison.
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Comparison to adapted V2
TNO and KNMI measurements are compared to the adapted V2 model in Figure 27
and Figure 28 for horizontal velocity and acceleration respectively. The
measurements and the model are in good agreement. The median of the adapted
V2 model is slightly above the centre of the measurements, which is likely
attributable to the upper bound amplification factor adopted in the model.

Figure 27: Hellum, velocity: TNO (black symbols) and KNMI (red symbols) observations with
adapted V2 GMPE (green) accompanied with a 95% confidence band.
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Figure 28: Hellum, acceleration: TNO (black symbols) and KNMI (red symbols) observations with
adapted V2 GMPE (green) accompanied with a 95% confidence band.

5.1.1.4

Separating seismic and non-seismic events
In the analysis of separating seismic and non-seismic vibrations the following
approximation is made: the noise model of the “worst” sensor is applied to all
sensors as a safe side approximation to get an upper bound on the possible effect
of noise. As a conservative assumption the noise model was also applied to
triggered sensors. The “worst” sensor is the same for both velocity and acceleration
(TNO_ID = 15).
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Figure 29: Hellum: TNO (black symbols) and KNMI (red symbols) observations with fitted GMPEs.
O, observed model refers to a fit without considering the possibility of contamination
by non-seismic events. IM, decontamination model accounts for non-seismic events
and uses the worst noise model (TNO_ID=15) (Section 4.3.2.1) for all sensors. The
latter model is accompanied with a 95% confidence band.

Figure 30: Hellum: TNO (black symbols) and KNMI (red symbols) observations with fitted GMPEs.
O, observed model refers to a fit without considering the possibility of contamination
by non-seismic events. IM, decontamination model accounts for non-seismic events
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and uses the worst noise model (TNO_ID=15) (Section 4.3.2.2) for all sensors. The
latter model is accompanied with a 95% confidence band.
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5.1.2.1

Wirdum - 2015 Jan 06
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Figure 31: Wirdum, velocity (Svmax(X,Y)): TNO (black symbols) and KNMI (red symbols)
observations with fitted GMP models (top) and the adapted V2 model (bottom). The
green transparent band is corresponding to 95% confidence interval in both plots.
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Figure 32: Wirdum, velocity (Samax(X,Y)): TNO (black symbols) and KNMI (red symbols)
observations with fitted GMP models (top) and the adapted V2 model (bottom). The
green transparent band is corresponding to 95% confidence interval in both plots.
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Scharmer - 2014 Dec 30

Figure 33: Scharmer, velocity (Svmax(X,Y)): TNO (black symbols) and KNMI (red symbols)
observations with fitted GMP models (top) and the adapted V2 model (bottom). The
green transparent band is corresponding to 95% confidence interval in both plots.
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Figure 34: Scharmer, acceleration (Samax(X,Y)): TNO (black symbols) and KNMI (red symbols)
observations with fitted GMP models (top) and the adapted V2 model (bottom). The
green transparent band is corresponding to 95% confidence interval in both plots.
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Zandeweer - 2014 Nov 05

Figure 35: Zandeweer, velocity (Svmax(X,Y)): TNO (black symbols) and KNMI (red symbols)
observations with fitted GMP models (top) and the adapted V2 model (bottom). The
green transparent band is corresponding to 95% confidence interval in both plots.
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Figure 36: Zandeweer, acceleration (Samax(X,Y)): TNO (black symbols) and KNMI (red symbols)
observations with fitted GMP models (top) and the adapted V2 model (bottom). The
green transparent band is corresponding to 95% confidence interval in both plots.
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Garmerwolde - 2014 Sep 30

Figure 37: Garmerwolde, velocity (Svmax(X,Y)): TNO (black symbols) and KNMI (red symbols)
observations with fitted GMP models (top) and the adapted V2 model (bottom). The
green transparent band is corresponding to 95% confidence interval in both plots..
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Figure 38: Garmerwolde, acceleration (Samax(X,Y)): TNO (black symbols) and KNMI (red symbols)
observations with fitted GMP models (top) and the adapted V2 model (bottom). The
green transparent band is corresponding to 95% confidence interval in both plots.
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Summary of events with TNO and KNMI data
Comparison of the standard deviations of the event-fitted T1.1 and adapted V2
GMPEs is given in Table 6. For the former the standard deviation is constant due to
the homoscedasticity assumption, while for the adapted V2 a range is given as the
standard deviation of the amplification factor depends on the epicentral distance.
With the exception of the Garmerwolde event the standard deviation of T1.1 is
smaller than that of the adapted V2. The reduction in standard deviation can be as
large as 30%, and likely contributable to inter-event variability. Note that this does
not imply the superiority of the event-fitted T1.1 model as its model complexity
might be greater due to having different coefficients for each event. Furthermore, its
range of applicability is more restricted than that of the adapted V2., e.g. close to
the epicentre. The coefficients of the fitted models are summarized in Table 17Date:
2017 June .
The fitted T1.1 median GMPEs are compared in Figure 39 and Figure 40 for
horizontal velocity and horizontal acceleration respectively. Both intensity measures
exhibit a reasonably coherent pattern among events, although the logarithmic scale
slightly conceals their differences. These combined plots illustrate combined interevent and magnitude variability.
Table 6: Summary of the total standard deviations for velocity and acceleration. T1.1 is using the
noise model of sensor 15 for acceleration and velocity as well. For velocity the
standard deviation obtained by the noise model of sensor 81 is also given in brackets.
For acceleration, choosing a different sensor has a marginal effect, therefore it is not
included.

Location

std(ln(IMmax(X,Y) ))

IM

Unit of

IM
T1.1
adapted V2
Svmax(X,Y)
Hellum
0.47(0.46)
0.69-0.72
[cm/s]
Svmax(X,Y)
Wirdum
0.56(0.53)
0.69-0.72
[cm/s]
Svmax(X,Y)
Scharmer
0.63(0.52)
0.69-0.72
[cm/s]
Svmax(X,Y)
Zandeweer
0.58(0.55)
0.69-0.72
[cm/s]
Svmax(X,Y)
Garmerwolde
0.87(0.78)
0.69-0.72
[cm/s]
Samax(X,Y)
Hellum
0.48
0.69-0.72
[m/s2]
Samax(X,Y)
Wirdum
0.50
0.69-0.72
[m/s2]
Samax(X,Y)r
Scharmer
0.45
0.69-0.72
[m/s2]
Samax(X,Y)
Zandeweer
0.57
0.69-0.72
[m/s2]
Samax(X,Y)
Garmerwolde
0.88
0.69-0.72
[m/s2]
For comparison, in the earlier GMPEs by Dost et al. (2013) the natural
logarithm of the standard deviation for peak is 0.76 for both peak ground
acceleration and peak ground velocity.
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Figure 39: Summary of fitted, median horizontal velocity (Svmax(X,Y), [mm/s]), T1.1 GMPEs for all
locations with TNO and KNMI measurements.

Figure 40: Summary of fitted, median horizontal acceleration (Samax(X,Y), [mm/s2]), T1.1 GMPEs for
all locations with TNO and KNMI measurements.

TNO report | 2017 R10493-A

5.2

Events with only KNMI data

5.2.1

Detailed analysis of Froombosch - 2014 Sep 01
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Similarly to Section 5.1.1, in this section the analysis of an illustrative event is
described in detail. The Froombosch event is selected, as it is the most recent for
which only KNMI data are available.
Given the scarcity of data, no GMPE is fitted to the measurements but the adapted
V2 model (Section 3.1.3.1) is adopted. KNMI measurements and the adapted V2
models are plotted in Figure 41 and in Figure 42 for acceleration and velocity
respectively. The measurements are in good agreement with the model for both
intensity measures, almost all of them are in the 95% confidence band around the
model. Note that the plotted adapted V2 models are using a conservative upper
bound on the amplification factor, which might explain why the median of the model
(solid green line in Figure 41) is running above the measurements.

Figure 41: Froombosch. Adapted V2 acceleration GMPE with 95% confidence band (green) and
KNMI measurements (red triangles).
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Figure 42: Froombosch. Adapted V2 acceleration GMPE with 95% confidence band (green) and
KNMI measurements (red triangles).

5.2.2

Other events with only KNMI data
The other events, for which only KNMI data are available, are analysed in the same
way as the Froombosch event. For those events only the resulting plots are
provided for illustrative purposes in Annex E.2 (Figure 71-Figure 88) to improve
readability of the main text of the report. For all events the measurements are
generally in good agreement with the adapted V2 model both for acceleration and
velocity as well.

5.3

Delivery of results
This study has resulted in GMP models that can be used to determine the
earthquake-induced vibration level and the associated uncertainty at a given
location during a given historical seismic event.
To facilitate the use of the results a Microsoft Excel workbook is compiled which can
be used to obtain the probability of exceedance of selected intensity measures for
historical seismic events. It is referred hereafter as the GMPE workbook; its main
characteristics, features:
• T1.1 and adapted V2 GMP models for the historical seismic events listed in
Table 2.
• Velocity and acceleration GMP models in local sensor locations and as
maximum horizontal values (Samax(X,Y), Svmax(X,Y), SaX, SaZ).
• The parameters of T1.1 models presented in the workbook are based on a
statistical analysis without explicit consideration of non-seismic events. This is
justified since their effect is small and their neglect is on the safe side.
• Calculation of the probability of exceedance of a user specified threshold value
of a selected intensity measure in a selected location.
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Plotting a GMPE, and probability density function of the intensity measure and
noise at a user selected location.
The workbook contains only the fitted model parameters but no measurements.
The workbook contains no information about the individual buildings where the
sensors are located.

Illustrative screenshots of the available inputs, numerical outputs, and graphical
outputs are shown in Figure 43, Figure 44, and Figure 45, respectively.
Geographical
coordinates of the
location of interest.
List of historical
seismic events.
List of GMPE models.
List of intensity
measures.

Figure 43: Illustration of the available input values in the GMPE workbook.

Lower and upper confidence
limits of the intensity measure
at user specified confidence
level.

Figure 44: Illustration of the main numerical outputs of the GMPE workbook. The displayed values
are corresponding to inputs shown in Figure 43.
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Figure 45: Illustration of the main graphical output of the GMPE workbook. The displayed values
are corresponding to inputs shown in Figure 43.

5.3.1

Example
For the 2015-09-30 Hellum event, example calculations are presented in Table 7
and Table 8. The calculations are based on a fixed threshold value of 1 mm/s for
the velocity and 50 mm/s2 for the acceleration.
Table 7 shows that the maximum velocities as well as the exceedance probabilities
can differ considerably between the T1.1. and adapted V2 models. For larger
epicentral distances (Repi>10 km) T1.1 tends to give smaller exceedance
probabilities, though the difference is small. For larger epicentral distances the trend
is opposite. Similar trends are observed for horizontal accelerations (Table 8).
For seismic events where both models are available the T1.1 model is
recommended since that is fitted to individual events and uses more
measurements. Therefore it can be considered as more accurate and has smaller
uncertainty.
Table 7: Example calculations with the GMPE workbook for the Hellum event (velocities).

Lon
6.734
6.634
6.534
6.834
6.834
6.834

Lat
53.234
53.234
53.234
53.254
53.334
53.434

Repi
[km]
6.7
13.3
20.0
2.2
11.1
22.3

T1.1 [mm/s]
Svmax(X,Y),med
1.34
0.48
0.26
5.36
0.63
0.22

P(>1)
0.74
0.06
0.00
1.00
0.16
0.00

adapted V2 [mm/s]
Svmax(X,Y),med P(>1)
1.53
0.73
0.87
0.42
0.09
0.00
5.92
0.99
1.24
0.62
0.27
0.03
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Table 8: Example calculations with the GMPE workbook for the Hellum event (accelerations).

Lon

Lat

6.734
6.634
6.534
6.834
6.834
6.834

53.234
53.234
53.234
53.254
53.334
53.434

Repi
[km]
6.7
13.3
20.0
2.2
11.1
22.3

T1.1 [mm/s2]
Samax(X,Y),med
45.0
14.2
7.17
243
19.2
5.98

P(>50)
0.42
0.01
0.00
1.00
0.03
0.00

adapted V2 [mm/s2]
Samax(X,Y),med P(>50)
59.8
0.60
33.9
0.29
13.4
0.03
232
0.98
48.7
0.48
10.5
0.01
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Discussion and recommendations
In this study the vibrations on the foundation level of houses in the Groningen area
are analysed. The objective of the study was to determine the expected
earthquake-induced vibration level and the associated uncertainty at a given
location during a given historical seismic event.
The focus is on vibrations with induced earthquake origin. A limited analysis of nonseismic vibrations is also done to remove the effects of these vibration from the
derived models. Velocity and accelerations are considered as vibration intensity
measures that are relevant for the probabilistic damage assessment of buildings
from various vibration sources. This study is one component in the global
assessment done by TU Delft.
Based on the completed analyses the following main conclusions and observations
are made:
• After careful analysis and selection of TNO sensors (based on their response
characteristics, location, installation, etc.) it appears that the heartbeat data of
non-triggered sensors can be used alongside data from the triggered sensors to
derive specific GMPE’s for past earthquakes, even though the heartbeat data
was not originally intended for this purpose. It should be noted that the
heartbeat data might be contaminated by non-seismic vibrations.
• Non-seismic vibration intensity measures obtained over the course of June
2016 have been analysed and probabilistic models (univariate distribution
functions) are fitted to selected sensors. Furthermore, a limited analysis of nonseismic vibrations is performed to support the damage assessment of buildings
due to vibrations of non-seismic origin. The importance of the considered time
interval is demonstrated: the longer the observation period, the larger the
maximum expected vibration level in that period.
• The maximum of the maxima of local, perpendicular, horizontal intensity
measures ( max(IMX,max , IMX,max ) ) are recommended to fit the GMP models to

•

•

and to be used as a proxy intensity measure for building damages. It should be
noted that the soon to be published V4 (Version 4) report for Groningen will
contain a model for this maximum of maxima intensity measure as well.
Based on the literature, two simple GMPEs (referred to as T1.1 and T1.2) are
selected and fitted to the TNO measurements (for five events). Based on
goodness-of-fit measures and physical considerations the T1.1 is selected and
recommended for further analysis. The model is fitted to each event separately
and should neither be applied to epicentral distances smaller than the smallest
one for which a measurement is available, nor to new seismic events. The
presented model is intended for improved explanatory analysis and not for
prediction.
The V2 model, available in the literature is adapted for our current purposes by
making the following adjustments:
 An epicentral distance dependent upper bound is applied to the amplification
factor. The use of this upper bound is compared with the direct application of
a location specific amplification factor to each measurement. The difference
between the two approaches is minor, hence the simpler, upper bound based
approach is used and recommended.
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 The geometric mean V2 model is approximately converted to the maximum
of maxima by applying a single scaling factor with associated uncertainty.
This uncertainty is established from measurement data. The publication of
the V4 model could make this approximate method obsolete.
 The velocity GMP model is approximately derived based on the report of
Dost et al. (2013). This is deemed to be sufficient for our current purpose. It is
expected to be covered by the V4 model as well.
The TNO and KNMI measurements are in good agreement for both velocity and
acceleration. The KNMI data are mostly within the 95% confidence band of the
GMP model fitted to TNO measurements (T1.1). The KNMI measurements tend
to be systematically slightly lower than the TNO values; however, the deviation
is not consistent, and it varies by event. No single, clear explanation has been
found for this, though the following hypotheses are offered and have been
partially tested:
 The systematic difference may be partially attributed to non-seismic
vibrations, which affect almost solely the TNO measurements due to the way
the data is recorded. Even when the “worst” effects of these non-seismic
events are taken into account, this cannot fully explain the discrepancy.
 TNO sensors are installed on the foundation level of houses (attached to
them), while the KNMI sensors are sitting mostly on concrete slabs in
structures or on top of boreholes. Therefore in the TNO sensors an effect of
the transfer of the vibration from soil to building may affect the measurement.
This effect cannot be quantified of the basis of current measurements.
The statistical analysis with explicit consideration of non-seismic and seismic
vibrations shows that non-seismic vibrations have negligible impact on the fitted
GMPE even if the “worst” noise model is applied to all sensors. For velocity the
effect of noise is larger but it can still be neglected in future studies. This is as a
safe side assumption which leads to a small overestimation of the velocities.
Comparison of the event-fitted T1.1 and adapted V2 models shows the merits of
the former over the latter. These stem from:
 Significantly more measurements are available to infer the parameters of
T1.1.
 Due to their placement the TNO sensors represent the expected vibration
level in buildings better.
 The T1.1 model does not contain the inter-event variability and therefore
yields a narrower uncertainty range.
These merits are conditional on the application purpose, the T1.1 model is for
historical seismic events and building damage assessment, while the adapted
V2 model has a more general scope. There can be substantial differences
between the expected vibration intensity measures determined by the two
models.
Based on the above considerations, for the assessment of building damage due
to seismic vibrations the T1.1 model is recommended for events for which it has
been established. The use of the adapted V2 model is recommended only for
events for which no T1.1 model parameters are available.
Comparison of the adapted V2 model with TNO and KNMI measurements
reveals that they are in a reasonably good agreement. The measurements are
mostly within the 95% confidence interval of the adapted V2. Furthermore, the
median of the adapted V2 is typically systematically above the centre of the
cloud of data points, hence providing a safe side approximation. These support
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the application of the adapted V2 model for events where only KNMI
measurements are available.
The same procedure as for horizontal intensity measures is applied for the
vertical direction. Acceleration and velocity GMPEs are fitted using the T1.1
model (the results are documented in the digital annexes of this study). The
models capture well the structure of the data. No V2-based GMPE is available
for intensity measures in the vertical direction.

To summarize and extend the preceding points the following recommendations are
made based on the completed study:
• The T1.1 model is recommended to be used for historical seismic events where
TNO measurements are available (events after 2014-09-29), otherwise the
adapted V2 model is advocated (events before 2014-09-29).
• After the publication of the V4 model, we recommend to revise the models used
in this study. It is expected that in the light of the V4 model many assumptions
could be checked and many approximations could be refined. This revision is
particularly advocated for the adapted V2 velocity model.
• For the analysis of future seismic events the parameters of the T1.1 model
could be determined using the same procedure as used here for the five
historical events:
 Collect measurement data from TNO sensors.
 Infer the model parameters (the influence of non-seismic vibrations can be
neglected).
The procedure is applicable even if the T1.1 model’s components are updated.
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Digital annexes
List of files in the Digital_annexes.zip:
file_list.txt
GMPEs/adapted_V2/2006-08-08_M=3.5_Sa_maxXY[mm.s^2].csv
GMPEs/adapted_V2/2006-08-08_M=3.5_Sv_maxXY[mm.s].csv
GMPEs/adapted_V2/2008-10-30_M=3.2_Sa_maxXY[mm.s^2].csv
GMPEs/adapted_V2/2008-10-30_M=3.2_Sv_maxXY[mm.s].csv
GMPEs/adapted_V2/2009-05-08_M=3_Sa_maxXY[mm.s^2].csv
GMPEs/adapted_V2/2009-05-08_M=3_Sv_maxXY[mm.s].csv
GMPEs/adapted_V2/2011-06-27_M=3.2_Sa_maxXY[mm.s^2].csv
GMPEs/adapted_V2/2011-06-27_M=3.2_Sv_maxXY[mm.s].csv
GMPEs/adapted_V2/2012-08-16_M=3.6_Sa_maxXY[mm.s^2].csv
GMPEs/adapted_V2/2012-08-16_M=3.6_Sv_maxXY[mm.s].csv
GMPEs/adapted_V2/2013-02-07_M=3.2_Sa_maxXY[mm.s^2].csv
GMPEs/adapted_V2/2013-02-07_M=3.2_Sv_maxXY[mm.s].csv
GMPEs/adapted_V2/2013-09-04_M=2.8_Sa_maxXY[mm.s^2].csv
GMPEs/adapted_V2/2013-09-04_M=2.8_Sv_maxXY[mm.s].csv
GMPEs/adapted_V2/2014-02-13_M=3_Sa_maxXY[mm.s^2].csv
GMPEs/adapted_V2/2014-02-13_M=3_Sv_maxXY[mm.s].csv
GMPEs/adapted_V2/2014-09-01_M=2.6_Sa_maxXY[mm.s^2].csv
GMPEs/adapted_V2/2014-09-01_M=2.6_Sv_maxXY[mm.s].csv
GMPEs/adapted_V2/2014-09-30_M=2.8_Sa_maxXY[mm.s^2].csv
GMPEs/adapted_V2/2014-09-30_M=2.8_Sv_maxXY[mm.s].csv
GMPEs/adapted_V2/2014-11-05_M=2.9_Sa_maxXY[mm.s^2].csv
GMPEs/adapted_V2/2014-11-05_M=2.9_Sv_maxXY[mm.s].csv
GMPEs/adapted_V2/2014-12-30_M=2.8_Sa_maxXY[mm.s^2].csv
GMPEs/adapted_V2/2014-12-30_M=2.8_Sv_maxXY[mm.s].csv
GMPEs/adapted_V2/2015-01-06_M=2.7_Sa_maxXY[mm.s^2].csv
GMPEs/adapted_V2/2015-01-06_M=2.7_Sv_maxXY[mm.s].csv
GMPEs/adapted_V2/2015-09-30_M=3.1_Sa_maxXY[mm.s^2].csv
GMPEs/adapted_V2/2015-09-30_M=3.1_Sv_maxXY[mm.s].csv
GMPEs/GMPE_results.xlsx
GMPEs/T1.1_param_summary.xlsx
Noise_diagnostics/hist_Sa_maxXY[mm.s^2].pdf
Noise_diagnostics/hist_Sa_X[mm.s^2].pdf
Noise_diagnostics/hist_Sa_Y[mm.s^2].pdf
Noise_diagnostics/hist_Sa_Z[mm.s^2].pdf
Noise_diagnostics/hist_Sv_maxXY[mm.s].pdf
Noise_diagnostics/hist_Sv_X[mm.s].pdf
Noise_diagnostics/hist_Sv_Y[mm.s].pdf
Noise_diagnostics/hist_Sv_Z[mm.s].pdf
Noise_diagnostics/honey_Sa_maxXY[mm.s^2].pdf
Noise_diagnostics/honey_Sa_X[mm.s^2].pdf
Noise_diagnostics/honey_Sa_Y[mm.s^2].pdf
Noise_diagnostics/honey_Sa_Z[mm.s^2].pdf
Noise_diagnostics/honey_Sv_maxXY[mm.s].pdf
Noise_diagnostics/honey_Sv_X[mm.s].pdf
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Noise_diagnostics/honey_Sv_Y[mm.s].pdf
Noise_diagnostics/honey_Sv_Z[mm.s].pdf
Noise_diagnostics/stat_Sa_maxXY[mm.s^2].csv
Noise_diagnostics/stat_Sa_X[mm.s^2].csv
Noise_diagnostics/stat_Sa_Y[mm.s^2].csv
Noise_diagnostics/stat_Sa_Z[mm.s^2].csv
Noise_diagnostics/stat_Sv_maxXY[mm.s].csv
Noise_diagnostics/stat_Sv_X[mm.s].csv
Noise_diagnostics/stat_Sv_Y[mm.s].csv
Noise_diagnostics/stat_Sv_Z[mm.s].csv
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B

Data – technical details

B.1

TNO

B.1.1

Considered sensors and outliers
Table 9: IDs of the initial set of TNO sensors considered in the analyses. Not all are present for all
events as they were installed at different dates.

TNO ID
11

83

157

227

303

361

432

615

683

865

13

85

158

229

305

362

434

620

684

867

14

89

162

230

308

368

442

621

688

868

15

91

167

231

309

374

444

624

689

871

16

95

170

232

317

378

447

625

696

872

17

97

171

238

319

379

450

626

718

873

20

100

172

240

320

380

452

629

720

875

21

103

176

241

322

381

453

635

721

876

26

104

177

242

323

382

454

636

722

877

27

105

178

243

324

384

459

637

723

878

29

106

181

244

325

385

460

638

724

879

33

107

184

245

326

388

467

639

804

880

35

113

191

246

327

389

472

641

807

884

36

118

193

247

331

390

473

642

811

886

39

119

194

254

333

392

480

644

812

889

43

121

195

257

335

393

484

645

813

891

48

126

199

258

336

396

485

646

817

912

50

127

201

259

337

398

486

649

818

924

52

128

204

261

338

399

488

652

820

932

53

129

207

272

343

400

493

654

822

951

55

131

208

276

344

402

496

658

824

59

133

210

279

345

405

498

661

827

64

137

211

280

348

412

499

664

828

67

138

212

284

351

413

601

665

829

70

140

215

286

353

414

602

667

830

71

144

217

288

354

417

603

668

851

72

145

218

291

355

419

604

674

856

74

146

219

292

356

421

605

675

857

75

148

222

295

357

423

606

676

858

79

152

224

299

358

424

608

677

859

81

154

225

301

359

426

612

678

862
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Outliers were identified from the initial set of sensors, these are summarized in
Table 10. Outliers are understood here as sensors that are clearly showing
unreliable behaviour, which can be caused by various effects such as network
problems, sensor problems a presence of non-seismic vibrations. Heartbeat
spaghetti plots are produced (Figure 46-Figure 50) to detect potential outliers per
event. Characteristics of these plots are:
• Recorded heartbeat data around the ±10min window of the seismic event for
velocities and accelerations. The points are connected to ease the identification
of sensors.
• Heartbeat values are plotted against a pseudo time, which is pseudo because
the sensor clocks might be out of sync (this can be observed in some of the
spaghetti figures). Since the out of sync gap of sensors is not recorded thus the
rank of heartbeat (chronological order of data recording) is used as a time
measure.
• Maxima per sensors over the 20min interval is indicated with a red square. Note
that these are not necessarily the maxima used for fitting GMPEs, as those are
selected from a 3min window around the seismic event.
• The colouring of lines is associated with epicentral distance, the darker the
colour closer the sensor to the epicentre.
• Potential outliers are detected as heartbeat values constantly high or low
without marked effect of the seismic events, see for example sensor
TNO_ID=16 in Figure 46 bottom.
Table 10: Summary of sensors that are identified as outliers from the initial set of sensors (Table
9).

TNO_ID
16
444
444
348
348
210
348

IM
Samax(X,Y)
Samax(X,Y)
Samax(X,Y)r
Samax(X,Y)
Samax(X,Y)
Samax(X,Y)
Samax(X,Y)

Origin Time
2015-09-30T18:05:37
2015-01-06T06:55:28
2014-12-30T02:37:36
2014-12-30T02:37:36
2014-11-05T01:12:34
2014-11-05T01:12:34
2014-09-30T11:42:03

Event Location
Hellum
Wirdum
Scharmer
Scharmer
Zandeweer
Zandeweer
Garmerwolde
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Figure 46: Hellum. Recorded heartbeat data around the ±10min window of the seismic event for
velocities (top) and accelerations (bottom). Red squares are indicating the maxima per
sensors which are identified by their TNO_ID. The colouring of lines is associated with
epicentral distance, the darker the colour, the closer the sensor to the epicentre.
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Figure 47: Wirdum. Recorded heartbeat data around the ±10min window of the seismic event for
velocities (top) and accelerations (bottom). Red squares are indicating the maxima per
sensors which are identified by their TNO_ID. The colouring of lines is associated with
epicentral distance, the darker the colour, the closer the sensor to the epicentre.
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Figure 48: Scharmer. Recorded heartbeat data around the ±10min window of the seismic event for
velocities (top) and accelerations (bottom). Red squares are indicating the maxima per
sensors which are identified by their TNO_ID. The colouring of lines is associated with
epicentral distance, the darker the colour, the closer the sensor to the epicentre.
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Figure 49: Zandeweer. Recorded heartbeat data around the ±10min window of the seismic event
for velocities (top) and accelerations (bottom). Red squares are indicating the maxima
per sensors which are identified by their TNO_ID. The colouring of lines is associated
with epicentral distance, the darker the colour, the closer the sensor to the epicentre.
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Figure 50: Garmerwolde. Recorded heartbeat data around the ±10min window of the seismic
event for velocities (top) and accelerations (bottom). Red squares are indicating the
maxima per sensors which are identified by their TNO_ID. The colouring of lines is
associated with epicentral distance, the darker the colour, the closer the sensor to the
epicentre.
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Sensor location with respect to ground level
Sensors are also classified based on their vertical position with respect to the
ground level. The classes are summarized in Table 11 and plotted in Figure 51.
About 90% of the sensors are within the ±0.5m range of the ground level, these are
considered to be closer in response to KNMI sensors which are free field sensors,
(see Section 2.2).
Table 11: Sensor classes based their relative vertical position to ground level. The sensor
numbers are corresponding to the date of 2016-06-24.

ID
A

Description
Sensor is positioned within -0,5m and +0,5m with respect to
ground level.
B1
Sensor is positioned more than +0,5m above ground level.
B2
Sensor is positioned more than -0,5m below ground level.
C1
Sensor is positioned more than +1m above ground level.
C2
Sensor is positioned more than -1m below ground level.
1Total number of sensors with data suitable for this study.

Sensors1
193
4
11
1
10

Figure 51: TNO sensor locations with colouring based on sensor class (Table 11) on 2016-06-24.
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Adapted V2 model for the Groningen Area
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Geometric mean to maximum horizontal acceleration
To be able to describe the maximum of the horizontal accelerations in local X- and
Y-direction ( Samax ) two additional factors are introduced to the V2 model for the
geometric mean (see Section 3.1.3.1.1 Eq. (10) and (11)). The first factor (  )

accounts for the average ratio between SaGM and Samax . The second factor (     )
is a probabilistic component accounting for the variability in  and is built up of a
standard normally distributed random variable (   ) combined with a scaling factor
(   ).
The values for  and   are derived as follows. For each event and each triggered
TNO-sensor the ratio between SaGM and Samax is determined . Figure 52 presents
the frequency histogram of this ratio. The mean value of  is equal to   0.78 .
The standard deviation is equal to    0.16 .
In the model, it is assumed that  is a lognormally distributed random variable in
the “normal” (untransformed) space, which results in a normally distributed random
variable in the log-space. As the lognormal distribution is unbounded at the upper
tail, and the ratio  is bounded between 0    1.0 , this assumption is not correct.
However, as   is relatively low, the contribution of the uncertainties in 
compared to the total uncertainties in the V2 model is low (the addition of the
probabilistic term     increases the equivalent standard deviation of the V2-model
by approximately 20% ). For this reason no additional effort is put into the
probabilistic modelling of  .
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Figure 52: Ratio between the geometric mean of the spectral accelerations to the maximum of the
horizontal accelerations in local X- and Y-direction.

Site-independent amplification factor
The V2 model provides amplification factors for the non-linear site-amplification at a
certain location with a certain known distance to the epicentre. These amplification
factors can be used to individually “correct” data points (AF-correction on data). In
this study we are however interested in a general site-independent GMPE, which
has resulted in the upper bound V2 model as described by Eq. (12)) (AF-correction
on GMPE).
In the following, both the differences between the AF-correction on the data as well
as the AF-correction on the GMPE will be illustrated for the Hellum event.
Figure 53 shows the V2 model for the maximum horizontal spectral accelerations
( Samax , see Eq. (11)), combined with the corrected KNMI and TNO data. The
corrected data seem in reasonable agreement with the V2 model, although the
median seems to be slightly above the data points.
Figure 54 shows the upper bound V2 model for the maximum horizontal spectral
accelerations ( Samax,UB , see Eq. (12)), combined with the uncorrected KNMI and
TNO data. The median of the upper bound V2 model lies above the centre of the
data points.
It can be observed that, the AF-correction on the individual data points results in a
better agreement between the data and the GMPE than the AF-correction on the
GMPE. The AF-correction on the GMPE however results in a more conservative
estimation of the horizontal spectral accelerations.
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Figure 53 – Hellum, GMPE (black line) for the maximum horizontal spectral accelerations,
accompanied by a 95% confidence band (blue area). The KNMI (red) and TNO
(black) data are corrected for site-dependent non-linear amplification.
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Figure 54 - Hellum, upper bound of the GMPE (black line) for the maximum horizontal spectral
accelerations, accompanied by a 95% confidence band (blue area). The KNMI (red)
and TNO (black) data are not corrected for site-dependent non-linear amplification.

C.1.2

Inference of GMPE parameters
The maximum likelihood method is used to estimate the GMPE parameters from
data. The related modelling choices, assumptions:
• homoscedasticity;
•  ~ N(0,  )
•

the residuals ( r , Eq.(30)) are independent and identically distributed.

Illustration of the maximum likelihood estimation for the T1.1 model (Eq.(18)),
θ  [d1 , d2 , d3 ,  ] :
1.

ri  ln(imi )  d1  d2  ln Repi,i 2  d3  ;



2.

n
 r
L(θ|m)    i
i 1
 

3.

θMLM  max  L  θ|m   .


;


θ

Where  (.) is the standard normal density function.
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Statistical tools
Descriptions of the employed statistical tools are given to improve reproducibility,
for further details follow the cited literature.

C.2.1

Inference techniques
The frequentist paradigm is used to represent and interpret probability. The method
of moment (MM), maximum likelihood method (MLM), and least square regression
(LSR) are used for parameter inference.
The method of moments (MM) is based on equating the sample and distribution
moments: for a distribution with n parameters the first n moments are used. It is a
widespread technique in civil engineering. It is a typically asymptotically unbiased
though not in general efficient estimator (Ramachandran & Tsokos, 2009).
The maximum likelihood method (MLM) is typically an asymptotically efficient and
consistent estimation technique that selects the model which is most likely
generated the data (Casella & Berger, 2001). Inference of the unknown parameters
θ is completed by maximizing the likelihood function L(θ) :
n

L  θ    fX  xi , θ  ,

(22)

i 1

where:

xi
fX (.)

ith observation;
probability density function.

The maximum likelihood estimate:

θMLM  max  L  θ   ,
θ

where:

θMLM

maximum likelihood estimate of the parameters θ .

In related methods and in numeric algorithms often the natural logarithm of the
likelihood is applied, which is termed the log-likelihood function.
Least-square regression (LSR) based fitting aims to find the model parameters
which minimize the summed squared deviance of the model from observations.
Although it is generally not recommended to fit distributions, in specially
transformed spaces, e.g. normal space, it can be used for that purpose.
If the inference technique permits the point estimates are accompanied by
uncertainty intervals to illustrate statistical parameter estimation uncertainty. For
example in case ML this means the construction of confidence intervals.
Furthermore, statistical model selection uncertainty is explored using multiple
candidate models.

(23)
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Evaluation and comparison of models
Once a model is fitted goodness-of-fit checks can be used to compare the data and
model, and also to compare different models. The former contains for instance P-P,
Q-Q, residual plots, while the latter typically based on statistical tests or information
theory measures. It is important that model-to-model comparisons do not guarantee
good fit since it is a relative comparison and even the best model can perform
poorly. To evaluate the goodness of model fits various qualitative and quantitative
goodness-of-fit checks are utilized:
• Visual checks, which allow to qualitatively assess the absolute performance of
models:
 Plotting the fitted models with uncertainty bands against the observations.
 Residual plots.
• Quantitative checks:
 Akaike information criterion (AIC).
 Bayesian (BIC) information criterion (BIC).
The guiding principle of model comparison and model selection is that “all models
are wrong, but some are useful” (Wit et al., 2012).
Akaike information criterion (AIC)
It is an asymptotic information criterion, which is based on the premise that the
model with the smallest information loss (Kullback-Leibler divergence) should be
preferred. In the absence of the true model, the information loss cannot be
calculated in absolute terms; however, the models can be compared and their
relative “strength” can be expressed by the difference in AICs or by using Akaike
weights w . The information criterion is given as:

AIC  2  k  2  ln  L(θMLM ) ,

(24)

where:

k

number of model parameters.

For finite sample size ( n ) the corrected Akaike information criteria is applied:

AICc  AIC 

2  k  (k  1)
.
n  k 1

(25)

Akaike weight wi is the weight of evidence in favour of model i given that one of the
R candidate models must be the best model in Kullback-Leibler divergence sense.
The Akaike weight is defined as follows:

wi 

exp( 1 2  i )
R

 exp( 1 2 r )
r 1

where:

,

(26)
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 AIC i  AICmin (or  AICci  AICcmin ).

An even more informative measure is the evidence ratio w j / wi which shows by
how much the jth model ( Mj ) is more probable to minimize the information loss
(Kullback-Leibler divergence) than the ith model ( Mi ). It is convenient to give the
ratio in respect of the best performing model:

wmax
 exp(1 2 i ,min ) .
wi

(27)

Table 12 summarizes the AIC based measures and the associated model
performance interpretations recommended in the literature.
Table 12: Use of AIC for model comparison, after Burnham and Anderson (2002).

i ,min  AICi  AICmin

Evidence ratio,

Level of empirical support of model i

wmax / w i
0-2

1-2.7

Substantial

4-7

7.4-33

Considerably less

>10

>148

Essential none

Bayes/Schwartz information criterion (BIC)
Bayes information criterion is a “dimension consistent” criterion, which is widely
used for model selection (Burnham & Anderson, 2004):

BIC  ln n   k  2  ln L(θMLM ) .

(28)

Under certain conditions it can be used as an asymptotic approximation of the
Bayes factor, which is the ratio of the posterior probabilities of the same data using
two models:

P(data|Mi )
 Bij  exp(1 2  BICij )
P(data|Mi )

(29)

where:

Bij
Mi

Bayes factor;
model.

Despite the Bayesian terminology we use BIC here in the frequentist framework as
it requires only the maximized likelihood function. Table 13 summarizes the BIC
based measures and the associated model performance interpretations
recommended in the literature.
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Table 13: Use of BIC for model comparison, after Kass and Raftery (1995) and using Eq.(29) to
approximate the connection between BIC and Bayes factor.

i ,min  BICi  BICmin

log10  Bi ,min 

Bayes factor,

Evidence against model i

Bi ,min
0-2.3

0-0.5

1-3.2

Not worth more than a bare
mention

2.3-4.6

0.5-1

3.2-10

Substantial

4.6-9.2

1-2

10-100

Strong

>9.2

>2

>100

Decisive

Residual plots
Residuals in this report are defined in ln-scale as the difference of observed (
and predicted intensity measures (

IMobs )

IMmod ):

ri  ln(IMobs,i )  ln(IMmod,i ).

(30)

Two residual plots considered in this report:
• histogram of residuals; and
• residuals plotted against epicentre distance.
Analysing residuals is recognized as an overall goodness-of-fit approach to
evaluate GMPE fits by Stewart et al. (2013).
Q-Q plot
A probability plot where theoretical and empirical fractiles (quantiles) are plotted
against each other. Closer the points to a 45° line closer the empirical distribution to
the theoretical. Both distributions can be theoretical but only the former is used in
this study.
Probability plot
A plot in a specially transformed space where a specific, transformation related
cumulative distribution function type forms a straight line. The plots are named after
the related distribution type, for example Normal plot, Gumbel plot. Probability plots
offer the following advantages:
• easy visual comparison of models;
• deviation from the particular distribution type is clear, can be visually assessed;
• the crucial tail regions are often enlarged by the transformation.
C.2.3

Contaminated sample
The contaminated observation problem is often referred to as measurement error
problem and arises in many areas where only the contaminated values are
attainable to the observer but the interest lays in the inference of true,
uncontaminated values. Among others, these areas include astronomy,
econometrics, biometrics, medical statistics, and image reconstruction (Koen &
Kondlo, 2009; Meister, 2009; Stefanski & Bay, 2000).
The general measurement error problem can be formulated as follows:
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h(Y)
X 

Z

(31)

where:

X
Z
Y
h(.)

variable of interest, e.g. peak velocity from a seismic event;
observed, contaminated variable;
vector of variables contributing the contamination, e.g.
measurement error, other simultaneous processes;
function describing the mathematical structure (mapping) of
contamination.

For brevity, the further elaboration of the problem and the proposed solution are
given for the special case that is selected to describe the contamination of seismic
events in the TNO Monitoring Network.
Let’s denote z  z1 , z2 ,...zn the contaminated sample of observations and assume
that these observations are the pair-wise maxima of the realizations of random
variables X and Y . Taking the maxima is justified by the data acquisition and
recording system of TNO (Section 2.1.2). Thus for the realizations and for the
random variables the following relationships hold:

zi  max(xi , yi )

(32)

Z max(X ,Y )

(33)

where:

max(.)
Z

X
Y

plays the role of the h(.) function in Eq.(31);
intensity measure recoded by the TNO sensors, directly observable
by us;
intensity measure generated by seismic events;
intensity measure generated by non-seismic events;

The task (decontamination) is then to infer the probabilistic model of X given that
we have only access to Z . It is assumed that X and Y are independent;
furthermore, let’s assume that Z , X , and Y can be represented as random
variables, then the decontamination can be completed by formulating the density
function of Z in terms of the parameters of X .
Irrespectively of the adopted statistical technique to infer the parameters of X , the
density function of Z is needed. This function, for the particular problem given in
Eq.(33) can be expressed as follows:

fZ (z)  fX (z)  FY (z)  FX (z)  fY (z) ,
which expresses the sum of two disjoint events whose union covers the total
sample space:
• x  y , thus z  x and y  z , therefore P(z | x  y)  fX (z)  FY (z) ;
•

y  x , thus z  y and x  z , therefore P(z |y  x)  FX (z)  fY (z) .

(34)
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An alternative derivation of the density function of Z can be completed by first
deriving the cumulative distribution function. Given that
z  max(x1 , y1 ),max(x2 , y2 ),...max(xn , yn ) , and X and Y are independent the
cumulative distribution function of Z is:

FZ (Z  z)  FX ( X  z)  FY (Y  z) .
With a more concise notation:

FZ (z)  FX (z)  FY (z) .
Differentiating it by z , the density function is:

fZ (z)  fX (z)  FY (z)  FX (z)  fY (z) ,
which is equivalent to Eq.(34).
In the context of the current report the following additional assumptions, decisions
are made:
• The probabilistic model types (distribution type) of X and Y are known (fixed).
• The parameters of the probabilistic model of Y are inferred separately from the
contamination problem, using a long measurement period and filtering out
seismic events (Chapter 4).
Note that the case when only Z is observed, and the type of X and Y is known, is
still in general an ill-posed problem, which means that there might be no unique
solution.

C.3

Probabilistic models
The probability distributions (in terms of cumulative distribution functions) and their
parametrizations used in this report are summarized below.
Normal distribution

1 
 x   
 x 
FNorm (x;  , )    1  erf 
  


2 
  
   2 

(35)

Where

F<dist_name> (.)


erf (.)

cumulative distribution function;
location parameter/mean [, ] ;
scale parameter/standard deviation (0, ] ;
error function.

Exponential distribution

1  exp(  x) x  0
FExp (x; )  
x0
0
Where



rate parameter )0, ] .

(36)
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Pareto distribution

 xm 
x  xm

FPar (x; xm , )   x 
1
x  xm


(37)

Where

xm



scale parameter (0, ] ;
shape parameter (0, ] .

Right-tail fitted distribution

FRt (x ; pint , θ)  (1  pint )  F (x ; θ)  pint

(38)

Where

θ
pint

parameters of F (.) ;
probability corresponding to the selected threshold (lower bound) of
the right tail.

Kernel distribution
Kernel distribution is defined here as the integral of a kernel density:
x

FK (x ; θ) 

 f (y; θ)  dy.
K

(39)



Where

f<dist_name> (.) density function;
θ
parameters of the kernel distribution.
Kernel parameters play different role than those of the parametric families. For
example, the same kernel parameters (e.g. bandwidth) yield different kernel density
for different samples.
Kernel density is a non-parametric density function which offers great flexibility to
approximate density functions. At the same time this flexibility demands more
choices in respect of parameters and kernel type than typical parametric densities.
Kernel density functions are sums of multiple density functions (kernels) centered at
the observations. In this report kernel densities with Normal and Epanechnikov
kernels are considered, and an “oversmoothed bandwidth” is used (Wand & Jones,
1995).
Empirical distribution function

Femp (xi ) 
Where

i
xi
n

observation rank;
ith observation (ranked);
number of observations.

i  0.4
n  0.2

(40)
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D

Analysis of non-seismic events – technical details

D.1

Diagnostic plots

Figure 55: Sample of noise-diagnostic histograms with selected statistics for selected sensors.
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Figure 56: Sample of noise-diagnostic honeycomb plots for selected sensors.
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Fitting probabilistic models
Table 14: Fitted models for horizontal velocity (heartbeat, Svmax(X,Y), [mm/s]) generated by nonseismic events. The model selected for later analysis is highlighted in bold.

Sensor

Prob. model

TNO_ID = 138

rt. exp.*; Eq.(36),(38)

Model parameters
pint  0.80 ;   4.02

TNO_ID = 138

kernel; Annex 0

NA

TNO_ID = 15

rt. exp. ; Eq.(36),(38)

pint  0.81 ;   4.01

TNO_ID = 15

kernel; Annex 0

NA

TNO_ID = 81

rt. exp.*; Eq.(36),(38)

*Right-tail

*

pint  0.94 ;   18.2

fitted exponential distribution.

NA – not applicable.
Table 15: Fitted models for horizontal acceleration (heartbeat, Samax(X,Y), [mm/s2]) generated by
non-seismic events. The model selected for later analysis is highlighted in bold.

Sensor

Prob. model
exp.*;

TNO_ID = 280

rt.

Eq.(36),(38)

TNO_ID = 280

kernel; Annex 0

Model parameters
pint  0.50 ;   0.080
NA

TNO_ID = 15

rt. exp. ; Eq. (36),(38)

pint  0.67 ;   0.056

TNO_ID = 15

kernel; Annex 0

NA

TNO_ID = 81
*Right-tail

*

rt.

exp.*;

Eq. (36),(38)

fitted exponential distribution.

NA – not applicable.

pint  0.96 ;   0.024
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E

Separate analysis of seismic events – technical
details

E.1

Events with TNO and KNMI data

E.1.1

Detailed analysis of Hellum – 2015 Sept 30

E.1.1.1

Normality assumption of residuals
The probabilistic model of GMPEs (for T1 and V2 types as well) hinges on the
assumption of normally distributed residuals, i.e. the difference between the
measurements and model predictions in natural logarithmic scale. As this
assumption completely determines the likelihood function that is used in the
statistical analysis, in this subsection the normality of the residuals is investigated.
This is done by the combination of diagnostic plots and a null hypothesis
significance test (NHST):
• Shapiro-Wilk test (Shapiro & Wilk, 1965);
• Q-Q plot (Annex C.2.2);
• Normal plot (Annex C.2.2).
The Shapiro-Wilk test does not reject the normality hypothesis for Svmax(X,Y) on the
widely used 5% confidence level:
• W = 0.99;
• p = 0.59;
where W and p are the test statistics and the p-value respectively.
Note that this result does not affirm normality, such outcome cannot be obtained by
NHST. Additionally to the Shapiro-Wilk test, Q-Q and Normal space plots are used
for a visual check of normality (Figure 57, Figure 58). From these the normality
assumption appears to be reasonable. As the plots are considered to be more
informative only those are provided for the horizontal acceleration (Figure 59,
Figure 60). These also support the normality assumption.
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Figure 57: Horizontal velocity (Svmax(X,Y), [mm/s]) residuals against epicentre distance (left) and
histogram (right). T1.1 decontaminated GMPE.

Figure 58: Normal Q-Q plot (left) and Normal space plot (right) for visual check of normality of
horizontal velocity (Svmax(X,Y), [mm/s]) residuals. T1.1 decontaminated GMPE.
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Figure 59: Horizontal acceleration (Samax(X,Y), [mm/s2]) residuals against epicentre distance (left)
and histogram (right) without the suspected outlier (largest residual). T1.1
decontaminated GMPE.

Figure 60: Normal Q-Q plot (left) and Normal space plot (right) for visual check of normality of
horizontal acceleration (Samax(X,Y), [mm/s2]) residuals. T1.1 decontaminated GMPE.

E.1.1.2

Parameter estimation uncertainty
Since only a finite sample size is available for the inference of GMPE parameters,
the estimations are burdened with uncertainty. This uncertainty is not captured by
the goodness-of-fit measures, neither by the plotted figures, as those use only the
“best” point estimates. In this subsection the analysis of the uncertainty in the
estimated parameters is undertaken.
Parameter estimation uncertainty is analysed using the observed Fisher information
matrix and the normal distribution assumption (asymptotically true). For horizontal
velocity (Svmax(X,Y)), the marginal sampling distributions for parameters and the
correlation matrix are illustrated in Figure 61 and Figure 62 respectively. The largest
uncertainty is observed for the d 3 parameter, which controls the position of the
singularity in the GMPE. The rest of the parameters show lower but considerable
estimation uncertainty (standard error). This result shows the d 3 parameter has
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small influence on the likelihood value, it is flat in the d 3 dimension around the point
estimation.
The correlation plot (Figure 62) reveals strong negative correlation between d1 and

d2 , while   (sigma_E) is practically uncorrelated to the rest of the parameters.

Figure 61: Sampling distributions of the GMPE parameters fitted to horizontal velocities (Svmax(X,Y),
[mm/s]), accompanied by 95% confidence intervals (gray fill and numbers).

Figure 62: Visualization of the correlation matrix of estimated GMPE parameters, fitted to
horizontal velocities (Svmax(X,Y), [mm/s]).

E.1.2

Other events with TNO and KNMI data

E.1.2.1

Model comparison
Table 16: Summary of model fitting for events with TNO and KNMI data (no correction for nonseismic events).

Location

IM [cm/s];[m/s2]

AICcT1.2  AICcT1.1

BIC T1.2  BIC T1.1

Wirdum

Svmax(X,Y)

-2.1

-5.1

Wirdum

Samax(X,Y)

-2.1

-5.1

Scharmer

Svmax(X,Y)

-2.1

-5.1

Scharmer

Samax(X,Y)

-0.5

-3.5

Zandeweer

Svmax(X,Y)

1.2

-1.7
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Zandeweer

Samax(X,Y)

-0.03

-2.9

Garmerwolde

Svmax(X,Y)

-2.1

-4.9

Garmerwolde

Samax(X,Y)

-2.1

-4.9
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Wirdum - 2015 Jan 06

Figure 63: Horizontal acceleration (Samax(X,Y) [mm/s2]) residuals against epicentre distance (left)
and histogram (right); (decontaminated T1.1 GMPE).

Figure 64: Horizontal velocity (Svmax(X,Y) [mm/s]) residuals against epicentre distance (left) and
histogram (right); (decontaminated T1.1 GMPE).
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Scharmer - 2014 Dec 30

Figure 65: Horizontal acceleration (Samax(X,Y) [mm/s2]) residuals against epicentre distance (left)
and histogram (right); (decontaminated T1.1 GMPE).

Figure 66: Horizontal velocity (Svmax(X,Y) [mm/s]) residuals against epicentre distance (left) and
histogram (right); (decontaminated T1.1 GMPE).
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Zandeweer - 2014 Nov 05

Figure 67: Horizontal acceleration (Samax(X,Y) [mm/s2]) residuals against epicentre distance (left)
and histogram (right); (decontaminated T1.1 GMPE).

Figure 68: Horizontal velocity (Svmax(X,Y) [mm/s]) residuals against epicentre distance (left) and
histogram (right); (decontaminated T1.1 GMPE).
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Garmerwolde - 2014 Sep 30

Figure 69: Horizontal acceleration (Samax(X,Y) [mm/s2]) residuals against epicentre distance (left)
and histogram (right); (decontaminated T1.1 GMPE).

Figure 70: Horizontal velocity (Svmax(X,Y) [mm/s]) residuals against epicentre distance (left) and
histogram (right); (decontaminated T1.1 GMPE).

E.1.2.6

Summary of fitted parameters
Table 17 contains the maximum likelihood point estimates of the T1.1 GMP model
for the five events where TNO measurements are available.
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Table 17: Summary of fitted (MLE) T1.1 parameters.

d1
3.238
2.748
7.039
7.371
1.472
1.570
5.234
6.136
2.833
2.735
7.446
7.292
4.117
6.576
7.667
13.075
3.950
2.559
7.649
6.596

E.2

d2
-1.527
-1.662
-1.691
-1.855
-1.020
-1.471
-1.123
-1.632
-1.469
-1.738
-1.888
-1.911
-1.712
-2.840
-1.859
-3.789
-1.736
-1.660
-1.931
-1.662

d3
2.749
1.843
1.260
0.762
0.000
7.109
0.067
5.116
0.097
0.000
3.234
0.000
11.574
87.039
3.587
76.805
0.000
0.000
0.428
0.000

σE
0.458
0.388
0.512
0.680
0.526
0.472
0.500
0.639
0.511
0.433
0.453
0.599
0.549
0.631
0.574
0.706
0.777
0.673
0.873
0.903

Location
Hellum
Hellum
Hellum
Hellum
Wirdum
Wirdum
Wirdum
Wirdum
Scharmer
Scharmer
Scharmer
Scharmer
Zandeweer
Zandeweer
Zandeweer
Zandeweer
Garmerwolde
Garmerwolde
Garmerwolde
Garmerwolde

IM
Sv_maxXY [mm/s]
Sv_Z [mm/s]
Sa_maxXY [mm/s^2]
Sa_Z [mm/s^2]
Sv_maxXY [mm/s]
Sv_Z [mm/s]
Sa_maxXY [mm/s^2]
Sa_Z [mm/s^2]
Sv_maxXY [mm/s]
Sv_Z [mm/s]
Sa_maxXY [mm/s^2]
Sa_Z [mm/s^2]
Sv_maxXY [mm/s]
Sv_Z [mm/s]
Sa_maxXY [mm/s^2]
Sa_Z [mm/s^2]
Sv_maxXY [mm/s]
Sv_Z [mm/s]
Sa_maxXY [mm/s^2]
Sa_Z [mm/s^2]

Events with only KNMI data
In this section events for which only KNMI sensors available are treated. The
measured data are compared with the adapted V2 model. Velocity GMPEs are
derived as described in Section 3.1.3.1.2. Note that the presented GMPEs are not
separately/individually fitted to the observations and contains the upper bound
estimation on the amplification factor.
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Froombosch - 2014 Sep 01

Figure 71: Adapted V2 based acceleration GMPE with 95% confidence band (green) and KNMI
measurements (red triangles).

Figure 72: Adapted V2 based velocity GMPE with 95% confidence band (green) and KNMI
measurements (red triangles).
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Het Zandt - 2014 Feb 13

Figure 73: Adapted V2 based acceleration GMPE with 95% confidence band (green) and KNMI
measurements (red triangles).

Figure 74: Adapted V2 based velocity GMPE with 95% confidence band (green) and KNMI
measurements (red triangles).
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Zeerijp - 2013 Sep 04

Figure 75: Adapted V2 based acceleration GMPE with 95% confidence band (green) and KNMI
measurements (red triangles).

Figure 76: Adapted V2 based velocity GMPE with 95% confidence band (green) and KNMI
measurements (red triangles).
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Zandeweer - 2013 Feb 07

Figure 77: Adapted V2 based acceleration GMPE with 95% confidence band (green) and KNMI
measurements (red triangles).

Figure 78: Adapted V2 based velocity GMPE with 95% confidence band (green) and KNMI
measurements (red triangles).
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Huizinge - 2012 Aug 16

Figure 79: Adapted V2 based acceleration GMPE with 95% confidence band (green) and KNMI
measurements (red triangles).

Figure 80: Adapted V2 based velocity GMPE with 95% confidence band (green) and KNMI
measurements (red triangles).
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Garrelsweer - 2011 Jun 27

Figure 81: Adapted V2 based acceleration GMPE with 95% confidence band (green) and KNMI
measurements (red triangles).

Figure 82: Adapted V2 based velocity GMPE with 95% confidence band (green) and KNMI
measurements (red triangles).
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Zeerijp - 2009 May 08

Figure 83: Adapted V2 based acceleration GMPE with 95% confidence band (green) and KNMI
measurements (red triangles).

Figure 84: Adapted V2 based velocity GMPE with 95% confidence band (green) and KNMI
measurements (red triangles).
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Loppersum - 2008 Oct 30

Figure 85: Adapted V2 based acceleration GMPE with 95% confidence band (green) and KNMI
measurements (red triangles).

Figure 86: Adapted V2 based velocity GMPE with 95% confidence band (green) and KNMI
measurements (red triangles).
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Westeremden - 2006 Aug 08

Figure 87: Adapted V2 based acceleration GMPE with 95% confidence band (green) and KNMI
measurements (red triangles).

Figure 88: Adapted V2 based velocity GMPE with 95% confidence band (green) and KNMI
measurements (red triangles).
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Computer codes
The calculations in this study have been executed using Matlab (Matlab, 2016),
Python (Python, 2016), and R (R Core Team, 2016). We have written custom codes
and relying on excellent packages of which the most important ones are:
• ObsPy (Beyreuther et al., 2010);
• ggplot2 (Wickham, 2009);
• ggmap (Kahle & Wickham, 2013).
The work and commitment of the developers of these applications are highly
appreciated.

