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Vibration assessment criteria for cosmetic building damage are specified in terms of peak
velocity thresholds. For masonry buildings, these thresholds are relatively low compared to
vibration levels generated by various sources in the built environment. Therefore they will be
exceeded numerous times over the lifetime of most buildings. These exceedances are
important when one tries to establish or disprove a causal relation between building
damage and a vibration source. Despite the relevance of this information, little is known
about the number of times velocity thresholds for cosmetic building damage are exceeded
in the built environment. The vibration data collected over a period of more than 5 years in
326 buildings, mostly constructed in masonry and randomly distributed over the Province
of Groningen, allowed for a unique opportunity to gain insight. First of all, to determine the
number of times these thresholds were exceeded, and secondly to make a comparison
between shallow earthquakes and other sources. The number of exceedances and the
return period were determined for a set of thresholds (i.e. 0.3, 1, 3, 5, 10, and 20mm/s),
which align with peak velocity thresholds typically encountered in vibration assessment
guidelines and standards. The results obtained over a 1 year period with very low seismic
activity (only earthquakes with M < 2.0) show that the velocity thresholds for cosmetic
damage to masonry buildings (i.e. 1, 3, and 5 mm/s) were exceeded on average less than
once a month for 80% of the building sensors. For buildings with a large number of
exceedances of these thresholds, the most important sources appear to be traffic,
construction work, and hits near the sensor. A subset of 59 building sensors was
selected, for which the full operational period of about 5 years was analysed to
determine the contribution of earthquakes to the threshold exceedances. Less than
1% of the 1mm/s exceedances measured by the 59 sensors over their full operational
period were caused by earthquakes. Only for building with few exceedances (less than 8),
the relative influence of induced earthquakes on the number of exceedances is significant
(between 30 and 50%).
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INTRODUCTION

Between April 2014 and December 2019 a monitoring network
was in place in approximately 350 mostly masonry buildings in
the Province of Groningen (Borsje and Langius, 2015). The
purpose of this network was to monitor building vibrations
caused by shallow earthquakes, which result from natural gas
extraction in this region. Over the operational period of the
Groningen network, a large number of vibrations were
measured, not only from shallow earthquakes but also from
other sources inside and outside the buildings. A certain part
of these vibrations exceeded velocity thresholds for cosmetic
building damage as specified in vibration assessment
guidelines. This paper makes a study of the number and level
of threshold exceedances measured in the Groningen network for
different threshold values and compares these with the number
and level of threshold exceedances associated with shallow
earthquakes in the region.

Information on the threshold exceedances is relevant when
assessing a possible relation between observed and/or claimed
damage to buildings and vibration sources that might have led to
this damage. For example, if an earthquake leads to an exceedance
of a predefined threshold, but in the same period similar
exceedances due to other sources are observed, this sheds
doubt on a possible causal relation between building damage
and the earthquake event. On the other hand, for buildings with
mainly low vibration levels, more reliable relations between
threshold exceedances and cosmetic damage may be defined.
These examples show that to reliably assess whether a certain
vibration source is likely to be responsible for observed and/or
claimed cosmetic building damage better information is needed
on: 1) the number and level of threshold exceedances by different
sources and 2) their relation with cosmetic building damage.

This study is a first step towards a more reliable assessment of
cosmetic building damage due to vibration sources in the built
environment. In this paper, the data from the Groningen network
is analysed to determine the number of exceedances of several
velocity thresholds for cosmetic damage. These are compared to
the number of exceedances due to shallow earthquakes, a
vibration source for which the exceedances could relatively
easily and reliably be extracted from the data. This paper does
not further analyse the exceedances by other non-seismic sources.
This is the subject of ongoing research, which combines the
findings described by (Geurts et al., 2020) and the results
presented in this paper. The relation with cosmetic building
damage will be investigated in the ensuing work, in which the
information obtained from damage inspections performed on
buildings in the monitoring network will be related to the findings
on the number and level of threshold exceedances.

Background provides findings of other seismic monitoring
networks on non-seismic vibration sources and discusses vibration
thresholds applied in practice for cosmetic building damage.
Description of the buildings in the network describes the setup of
the building vibration monitoring network, and Data analysis
explains the performed analysis on the heartbeat data. The results
are presented and discussed in Results and discussion. Conclusions
and recommendations are given in Conclusion.

BACKGROUND

Seismic Monitoring Networks
Seismic monitoring networks are generally installed to
characterize the subsurface structure and improve seismic risk
management in populated areas. Measurements of these
networks on man-made vibrations (i.e., from non-seismic
sources), also referred to as anthropogenic or seismic noise,
are recently being studied more thoroughly. Boese et al. (2015)
found elevated noise levels in records measured during the 2011
Rugby World Cup games by borehole seismometers installed
beneath Eden Park Stadium in Auckland. Diaz et al. (2017) could
relate peaks in records from a broad-band seismic station, located
near the centre of Barcelona, to an increase in traffic due to FC
Barcelona football games. Riahi and Gerstoft (2015) performed a
study on seismic noise measured by a monitoring network of
5,200 geophones in Long Beach California. They managed to
extract metro activity, departing and landing aircraft, and
highway traffic movement. Green et al. (2016) studied the
recordings of five broadband seismometers deployed in central
London. A comparison of power spectra with observatory
stations in sparsely populated areas showed most of the
spectrum is dominated by man-made vibrations. These studies
provide useful insights into the significant influence of man-made
vibrations in urban areas. However, they have mainly studied
specific sources or events or assessed the contribution of seismic
noise in the spectral domain. No studies were found that assessed
the overall number of exceedances of vibration thresholds for
cosmetic building damage.

Vibration Criteria for Cosmetic Building
Damage
Vibrations above a certain threshold can cause cosmetic damage.
Cosmetic damage is sometimes also referred to as light or aesthetic
damage. Masonry buildings are particularly susceptible to
vibration-induced damage, resulting in relatively low thresholds.
Cosmetic damage in masonry buildings is generally observed as
hairline cracks along masonry joints, or in some cases as cracks
initiated in the bricks. To reduce the risk of vibration-induced
damage to buildings, guidelines have been developed that provide
criteria for the assessment of measured vibrations. These vibration
assessment criteria are specified in terms of the peak vibration
velocity. Table 1 gives an overview of vibration threshold levels for
cosmetic damage to buildings obtained from four international
guidelines and standards. For the Netherlands, the SBR-A guideline
(SBRCURNET, 2017) is applied to assess vibration levels with
respect to building damage. The vibration thresholds in this
guideline are compared with three other international guidelines:
the German DIN 4150–3 (2016), the American Transit Noise and
Vibration Impact Assessment Manual (FTA, 2018), and the
Californian Transportation and Construction Vibration
Guidance Manual (Caltrans, 2020). The values in Table 1 for
the SBR-A and DIN 4150–3 are intended for vibrations
measured at foundation level, the FTA and Caltrans manuals do
not explicitly specify the measurement location. In all guidelines, a
differentiation is made in vibration type (single vibration or
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continuous), building category (e.g., concrete versus masonry), and
dominant frequency. The lowest threshold levels are found for
dominant frequencies below 10 Hz; these values are given in
Table 1.

The lowest thresholds with respect to building category are
specified for buildings that are susceptible to vibrations and/or
buildings with monumental status. The vibration thresholds
given for this building category range between 1.2 mm/s
(continuous vibration in SBR-A) and 3 mm/s (short duration
vibration in most guidelines studied). The second building
category is defined either as a residential building (DIN, 2016),
a masonry building (SBRCURNET, 2017), or a normal dwelling
(Caltrans, 2020). The thresholds in this category vary between 2
and 7.6 mm/s. The FTA manual differentiates between non-
engineered (5.1 mm/s) and engineered (7.6 mm/s) buildings.
All guidelines specify a vibration threshold of 5 mm/s,
suggesting it is a generally accepted limit for this second
building category. For the reinforced concrete building
category the thresholds are between 8 and 20 mm/s.

Even though these criteria have been used for quite some time,
little information is available about the number of times they are
exceeded in the built environment. With increasing vibration-
inducing activity in the built environment, such as road and
(underground) railway traffic, building activities, and
underground activities such as geothermal energy, and CO2
storage, there is a growing interest in assessing vibration levels
in relation to risks of damage. Information on the number of
threshold exceedances is valuable information when assessing
those risks. This paper aims at providing typical ranges of the
number of exceedances of peak velocity thresholds as being
applied in guidelines.

For this study, four threshold levels are used to study the
number of exceedances: a velocity threshold of 0.3 mm/s, which is
a lower bound value for the perception of vibrations, and
thresholds of 1, 3, and 5 mm/s, which cover the range of
values found in guidelines for cosmetic damage to masonry
buildings as shown in Table 1. To assess the contribution of
shallow earthquake events at larger vibration levels thresholds of
10 and 20 mm/s are applied.

BUILDING VIBRATION MONITORING
NETWORK

The building vibration monitoring network in the province of
Groningen was designed and built to study the effects of shallow

earthquakes on buildings. The earthquakes are the result of gas
extraction in this region. The emphasis of the Groningen network
was on obtaining data that would increase knowledge on the
structural behaviour with respect to the occurrence of damage
and safety assessments. This section describes the setup of the
network; more information can be found in (Borsje and Langius,
2015).

Description of the Buildings in the Network
The buildings in the monitoring network were selected such that
good coverage of the seismic region in the province of Groningen
and variability in building characteristics (e.g., building type,
construction material, and foundation type) was achieved.
Figure 1A shows 326 building locations that were used in the
current study to measure vibrations. These locations cover the
seismic hazard region and are located in various built
environments (i.e., city, town, and rural area).

Figure 2 gives an overview of various characteristics of the
buildings in the monitoring network, demonstrating the
representability of masonry buildings in the province of
Groningen. The construction year of the buildings ranges
quite evenly over the last century, having at least 10 buildings
from almost every decade; 27% of the buildings were constructed
before 1900. About 85% of the buildings were dwellings, which
were either free-standing, semi-detached, terraced, or houses of
farms. The other 15% were public buildings (e.g. schools, city
halls, or sports centra) and some industrial buildings. Most
buildings (87%) were constructed from unreinforced masonry
(URM). Half of these URM buildings have cavity walls, which is
quite common for buildings in the Netherlands constructed after
1920. The buildings mainly have two or three storeys, a small
portion has one storey. About half of the buildings (52%) are
known to have a shallow foundation, about a quarter has a pile
foundation and for another quarter the foundation type is
unknown.

Building Sensors
Sensors were installed at the building locations shown in
Figure 1A. At each location, a single vibration measurement
system was installed at foundation level, near a stiff corner on the
inside or outside wall of the building, as shown in Figures 1B,C.
This aligns closely with the Dutch vibration guideline SBR-A
(SBRCURNET, 2017), which specifies for a single sensor
measurement setup to place the sensor near a stiff corner at
foundation level closest to the vibration source of interest. The
SBR-A refers to this setup with one sensor per building as an

TABLE 1 | Overview of vibration thresholds in terms of peak vibration velocity (in mm/s) from international guidelines and standards for the assessment of vibration-induced
cosmetic damage to buildings.

Guideline SBR-A (2017) DIN 4150–3 (2016) FTA (2018) Caltrans (2020)

Vibration type S R C R C - C

Fragile/monumental building [mm/s] 2.9 3.0 2.5 2.0 1.2 3.0 2–2.5
Residential/masonry building [mm/s] 5.0 5.0 5.0 3.3 2.0 5.1/7.6 5.0
Reinforced concrete building [mm/s] 20 20 10 13.3 8 12.7 -

The lowest threshold levels per building category are specified for the different vibration types (S � short duration, R � repetitive short duration, and C � continuous).
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‘indicative measurement’. Peak velocity levels measured at this
location are used as assessment values using the criteria in this
guideline. The X- and Y-direction of each sensor were oriented
parallel and perpendicular to the wall, the Z-direction was
pointing upwards.

The measurement systems were supplied by GeoSig and
consist of a recorder (GMSplus measuring system) and a tri-
axial sensor (AC-73 force balance accelerometer). The AC-73
sensor has a dynamic sensing range of 165 dB and a bandwidth

from DC to 200 Hz. The full scale range of each sensor was set
at ±2 g. The sensitivity of the sensors at this range is 5.0 V/g.
The resolution of the AD-converter of the GMSplus system is
24 bits. The recorded acceleration signals are continuously
sampled at 250 Hz, with an analog anti-aliasing filter. To
remove trends in the data, the measured signals were
filtered with a 0.8 Hz high-pass digital filter (fourth order
Butterworth). After trend removal, the measured
acceleration signals were locally integrated to velocity

FIGURE 1 | (A) Building locations in the vibration monitoring network in the province of Groningen. Geosig sensors near a stiff corner on (B) the outside and (C) the
inside of a building. The large blue box is the recorder, the small blue box is the (A) Building locations in the vibration monitoring network in the province of Groningen.
Geosig sensors near a stiff corner on (B) the outside and (C) the inside of a building. The large blue box is the recorder, the small blue box is the sensor.
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signals. Each measurement system was calibrated by GeoSig
before installation.

Heartbeats and Trigger Events
Two vibration data sets were stored in the monitoring network: 1)
time traces of events exceeding a threshold of 1 mm/s, referred to
as trigger events, and 2) the peak vibration levels measured for
each minute, referred to as heartbeats.

A trigger event is defined as the moment that the vibration
velocity in X, Y, or Z-direction exceeds a threshold level of 1 mm/
s. Event time traces (acceleration and velocity) were stored for a
period between 10 s before the event and 20 s after the last
threshold exceedance. So, for a single exceedance, the time

series has a length of 30 s. If multiple exceedances occurred
shortly after each other, longer time traces were measured. In
Moretti et al. (2020) and Geurts et al. (2020), the trigger event
traces were used to define a set of signal characteristics for various
vibration sources. The trigger event traces are not used in
this paper.

The second dataset consists of heartbeat data, which were
recorded to check that the sensors were functioning correctly.
Every minute the sensors sent a “heartbeat” message, which
contained information on the unit’s health (power status,
clock sync status, error messages) and the maximum
accelerations and velocities in X, Y, and Z-direction measured
over the last minute. Besides a check on the health of the sensor,

FIGURE 2 | Characteristics of the buildings in the Groningen monitoring network: (A) construction year, (B) building type, (C) construction material, (D) number of
stories, (E) foundation type.
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the vibrations levels obtained with these heartbeat measurements
also give information on the vibration levels experienced by the
buildings, caused by activities in and around the buildings. In this
study, the heartbeat data are used to determine the number of
exceedances of several vibration thresholds for cosmetic building
damage.

Post-Trigger Evaluation Database
Besides the vibration measurements that were performed on
buildings in the monitoring network, a website was
maintained where building owners could provide reasons for
threshold exceedances. The main aim of this website was to
involve building owners and to raise acceptance for the outcomes
of the measurements in the monitoring network. When a trigger
event was registered in a building, which was not caused by an
earthquake, the building owner was sent an email with the request
to specify a reason for the trigger event in a web form. The owner
could then select a reason from the following list:

- Earthquake
- Construction work on house
- Construction work nearby
- Traffic in the street
- Hit nearby sensor
- Hit against sensor
- Weather (e.g. thunder or heavy wind)
- Other
- Unknown

In case the option “Other” was selected, the owner could give a
more specific reason for the trigger event. Examples of some
reasons that were mentioned are:

- “Felling a tree nearby the house”
- “Carbide shooting on New Year’s Eve” (carbide shooting is a
New Year’s Eve ritual in some rural parts of the Netherlands)

- “Drilled holes in the wall around 15.00–15.15”
- “Due to high temperatures doors and windows are open and
sometimes slam closed”.

The reasons provided by the building owners were originally
not intended as research material. Moretti et al. (2020) made a
study to assess the potential of this database for the identification
of vibration sources. This study found that the provided reasons
give some idea of the likely sources responsible for the trigger
events. In numerous cases it is however unlikely that the specified
reason was the actual source responsible for the event, given the
characteristics of the measured signal. It was concluded that the
database by itself is too unreliable for the identification of
vibration sources responsible for threshold exceedances.
Moretti et al. (2020) recommended that the properties of the
time traces of the trigger events might be used to arrive at a more
reliable method for source identification; this is the subject of
currently ongoing research. In the study presented here, the
database was used to provide the reasons specified by building
owners at buildings where large numbers of threshold
exceedances were measured.

FIGURE 3 | Heartbeat peak velocity traces (X-direction) obtained from two sensors in the network for the period May 2018 to May 2019: (A) sensor with a large
peak in the dataset, and (B) sensor with a period Heartbeat peak velocity traces (X-direction) obtained from two sensors in the network for the period May 2018 to May
2019: (A) sensor with a large peak in the dataset, and (B) sensor with a period of missing data.
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DATA ANALYSIS

This section explains the processing performed on the heartbeat
data. More information can be found in Moretti et al. (2019).

Selection of Heartbeat Datasets
Two heartbeat datasets from the building vibration monitoring
network were selected for analysis: 1) the data of all sensors for a
1 year period with low seismic activity and 2) the data of the full
operational period from a selection of sensors.

The first heartbeat dataset was selected based on the seismic
activity during the operational period of the monitoring network
from July 29, 2014 to November 18, 2019. During this time a total
of 27 earthquakes were recorded with an intensity M > 2.0. The
seismic activity between May 1, 2018 and May 1, 2019 was
particularly low. The largest earthquake observed in this
period had a magnitude of M � 1.9. The largest peak velocity
measured in the Groningen network during this earthquake was
1.6 mm/s; the 1 mm/s threshold was exceeded only 12 times.
Because of the low seismic activity, this period was selected to
study the threshold exceedances caused by vibration sources
other than earthquakes.

A second heartbeat dataset was selected containing the full
operational period (∼5 years) of a subset of the building sensors.
This dataset was used to investigate the influence of induced
earthquakes on the threshold exceedances. Paragraph 5.2
describes the selection procedure and the resulting heartbeat
dataset.

Large Peaks and Missing Data
Figure 3 shows the heartbeat peak velocities in X-direction of two
sensors in the network, measured from May 1, 2018 to April
30, 2019.

The data in Figure 3A shows a large spike on the 11th of
January, which upon closer inspection consists of a period of
about 15 min in which very large vibration levels (200–800 mm/s)
were measured by the sensor. These vibrations are due to
handling and maintenance of the sensor, and not caused by
external vibration sources. All periods with peaks that could be
attributed to handling of the sensors were removed from the
heartbeat datasets.

Figure 3B shows another record of heartbeat peak velocities.
Between May 25, 2018 and September 10, 2018, no heartbeat data
was recorded by this sensor. This is about 30% (∼15 weeks) of
heartbeat data that are missing. To limit the influence of the
missing data on the analysis, sensors that are missing more than
2% of heartbeat data (corresponding with a cumulative period of
1 week in a year) have been discarded for this study. This yields
254 sensors with 98% or more of the one-year heartbeat data
complete, and 73 heartbeat datasets with less than 98% complete
which were discarded.

Selection of Earthquake Heartbeats
To determine the heartbeats that correspond with verified
earthquakes, a procedure was developed that compares the
expected vibration level from the earthquake event at every
sensor in the network with the measured vibration level. A

general explanation of the procedure is provided here; the
reader is referred to Moretti et al. (2019) for a detailed
explanation.

A list of earthquake events, comprising time-stamp, location
(latitude and longitude), magnitude, type of earthquake (tectonic or
induced) and other information is publicly available on the KNMI
website (KNMI, 2021). For each induced earthquake in this list of
earthquake events, the expected maximum peak ground velocity is
estimated using the empirical model by Bommer et al. (2019). This
model gives the expectedmaximum velocity in horizontal direction,
as well as the confidence bounds, induced by an event of magnitude
M at a distanceD from the epicentre. For each sensor, a comparison
is made between the measured maximum velocity recorded in an
interval 1 min before and 5min after the registered time of the
earthquake event and the maximum horizontal velocity as
estimated by the model of Bommer et al. (2019). If the recorded
velocity is larger than the estimated upper 95% confidence bound of
the expected maximum velocity, the vibration is likely to have been
caused by another source than an earthquake. When the recorded
velocity is below the upper 95% confidence bound, it is assumed to
have been the result of the earthquake.

With this procedure, two datasets are obtained for the
selection of building sensors for which the full operational
period is analysed: 1) a dataset with all heartbeat data, and 2)
a dataset without heartbeat data that are likely to have been
caused by an earthquake.

Probability of Exceedance and Return
Period
Themeasured heartbeat data of each sensor consist of 1-min peak
velocity traces in X, Y, and Z-direction. The 1-min peak velocity
trace over these three directions is obtained with:

Vtop(t) � max(Vx(t),Vy(t),Vz(t)) (1)

This study assesses how often the peak vibration level Vtop is
above a certain vibration threshold level v. Therefore the 1-min
peak velocity trace Vtop(t) for each sensor is presented as a
complementary cumulative distribution function (CCDF). This
function is the opposite of the cumulative distribution function
(CDF). In literature, e.g. Tableman and Kim (2003) and Ebeling
(2010), the CCDF is often used to describe the probability that an
object of interest will survive beyond a specified time. In that
context, it is better known as the survival or reliability function. In
risk analysis, the CCDF is also known as the risk curve, which
describes the probability that loss or damage will exceed a
particular value during a given time period (Porter, 2021).
Here the CCDF is used to describe the probability of
exceedance of a certain vibration level v in a time period of
1 min and is defined as:

F(v) � P(Vtop > v) � Pe (2)

With the probability P that the random variableVtop is larger than
threshold v in a given minute, which is also known as the
probability of exceedance Pe. The probability of exceedance is
computed with:
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Pe � Ne/N (3)

Where Ne is the number of exceedances of vibration threshold v
and N is the total number of 1-min peak samples in Vtop. The
probability of exceedance Pe per minute is not a very intuitive
parameter to describe the exceedance of a certain threshold. It can
also be expressed as a return period, which is a statistical
parameter that is easier to understand. The return period is
determined with:

T � 1/Pe (4)

This return period (in minutes) is an estimated average time
between the exceedances of a certain vibration threshold level v.

RESULTS AND DISCUSSION

This section presents and discusses the results of the heartbeat
analysis. In the first paragraph, the analysis is given on how often
the thresholds for cosmetic building damage are exceeded by
non-seismic vibration sources. This is based on the data from a
1 year period with low seismic activity. The second paragraph
describes the selection of the building sensors for which the full
operational period (∼5 years) is analysed. The heartbeat data of
the full operational period of the selection of building sensors
have been used to evaluate the contribution of shallow
earthquakes on the threshold exceedances. The third
paragraph compares the results of this 5-year period with the

FIGURE 4 | Complementary cumulative distribution functions of the 254 one-year heartbeat datasets (blue). The graph shows the quartiles and envelopes (red) of
the CCDF’s and indicates the velocity thresholds (black).

TABLE 2 | The number of exceedances and return periods at different velocity thresholds for the one-year period.

Threshold Lower envelope 25th quartile Median 75th quartile Upper envelope

Number of exceedances Ne

0.3 mm/s 0 16 103 566 22,154
1 mm/s 0 0 2 9 1928
3 mm/s 0 0 0 1 48
5 mm/s 0 0 0 0 13

Return period T

0.3 mm/s - 23 days 4 days 15 hours 24 minutes
1 mm/s - - 6 months 6 weeks 5 hours
3 mm/s - - - 1 year 8 days
5 mm/s - - - - 4 weeks

The specified number of exceedances correspond with the intersections of the black lines (thresholds) and red lines (quartiles) in Figure 4. For most buildings, the thresholds for cosmetic
building damage (i.e. 1 mm/s, 3 mm/s, and 5 mm/s) were rarely exceeded.
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results of the 1 year period and discusses the influence of shallow
earthquakes on the results.

Analysis of 1 year With Low Seismic Activity
This paragraph presents the results of 254 buildings for the
1 year period May 1, 2018–May 1, 2019, which was a year with
low seismic activity. Figure 4 shows the complementary

cumulative distribution functions (CCDF) determined from
the 1-year heartbeat datasets of the 254 building sensors. The
left vertical axis specifies the probability of exceedance Pe, the
right vertical axis gives the absolute number of exceedances Ne.
Highlighted with a solid red line is the median value. The 25th
(lower) and 75th (upper) quartile are indicated with striped
red lines and the lower and upper envelope with dotted red

FIGURE 5 |Return periods determined from the 1-year heartbeat data for velocity thresholds: (A) v � 0.3mm/s, (B) v � 1mm/s, (C) v � 3mm/s and (D) v � 5mm/s.

TABLE 3 | The percentage of buildings within a certain return period range at the different velocity levels v.

Threshold Return period

1 min–1 h 1 h–1 day 1 day–1 week 1 week–1 month 1 month–1 year >1 year

0.3 mm/s 1% [4] 29% [73] 30% [76] 20% [50] 19% [48] 1% [3]
1 mm/s 0% [0] 3% [7] 6% [16] 12% [31] 42% [107] 37% [93]
3 mm/s 0% [0] 0% [0] 0% [0] 2% [4] 27% [69] 71% [181]
5 mm/s 0% [0] 0% [0] 0% [0] 0% [1] 20% [50] 80% [203]

The absolute number of buildings is specified between brackets.
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lines. Table 2 gives the number of exceedances and return
periods of the median, the lower and upper quartile, and the
lower and upper envelope at four vibration levels, which are
threshold levels associated with the lower perception threshold
(0.3 mm/s) and damage to masonry (1, 3, and 5 mm/s). These
threshold levels are also indicated in Figure 4 with vertical
black lines.

Figure 4 and Table 2 show that the perception threshold of
0.3 mm/s was regularly exceeded (more than once per week) for
more than half of the buildings. There is however also significant
variability between buildings. The buildings in the lower quartile
experienced an exceedance of 0.3 mm/s less than once every
23 days. Whereas for buildings in the upper quartile the same
peak velocity was exceeded approximately once every 15 h up to
once every 24 min.

The velocity thresholds for cosmetic building damage (i.e., 1, 3,
and 5 mm/s) were rarely exceeded for most buildings in this
1 year period. Half of the buildings experienced only two or fewer
exceedances of the 1 mm/s threshold. About 75% of the buildings
did not observe an exceedance of the 3 mm/s threshold, and the
5 mm/s threshold was not exceeded for about 80% of the
buildings.

Figure 4 furthermore shows that at some building sensors
relatively large vibration levels (> 50 mm/s) were measured. From
a building damage perspective, it is important that the sources
responsible for these large exceedances are identified. The
building owners did not specify any reasons for these large
levels. It is likely however that these vibrations were caused by

activities like hammering very near the sensor or an (accidental)
hit against the sensor. In Geurts et al. (2020) these large vibration
levels were only observed for these types of sources, which are
unlikely to result in building damage. In ongoing work, the trigger
event traces are used to determine the most probable sources
responsible for the threshold exceedances.

Table 3 gives the number of buildings within a certain return
period range at the different velocity thresholds. The perception
threshold of 0.3 mm/s is exceeded more than once a week for
about 60% of the buildings; the return period for 20% of the
buildings is between a week and a month. The last 20% of the
buildings experienced an exceedance less than once a month,
indicating a quiet low-level vibration environment. This is not
necessarily related to a rural area. Figure 5A shows that the return
periods for the 0.3 mm/s threshold determined for various
buildings in the city of Groningen are a week or more, while
return periods less than a week are seen at several buildings in
rural areas.

The velocity thresholds for cosmetic building damage (i.e. 1, 3,
and 5 mm/s) were rarely exceeded for most building sensors over
this 1 year period. For example, the threshold of 1 mm/s was
exceeded less than once a month for 80% of the buildings. There
are some buildings however where these velocity thresholds were
exceeded more regularly. For seven buildings the value of 1 mm/s
was on average exceeded more than once a day. Figure 5B shows
that six of these buildings are located in small rural towns; in 5
cases the buildings are located near a main road through the
town. These observations combined with the reasons specified in

FIGURE 6 |One-minute peak vibration levels measured in X-direction at a building near a bus stop for the periods (A) 2/7/2018 ‒ 23/7/2018, and (B) 15/10/2018 ‒

5/11/2018.
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the webform by four building owners indicate heavy traffic like
busses or tractors are an important reason for the relatively large
number of exceedances. Hits near the sensor, for example due to
a door near the sensor that regularly slammed shut, are another
reason regularly mentioned for threshold exceedances at some
building locations. For three buildings this reason was
responsible for 60–80% of the recorded 1 mm/s exceedances.
Figures 5C,D show the few buildings where the 3 and 5 mm/s
velocity thresholds were regularly exceeded (i.e., between once a
week and once a month). For these buildings, traffic was also
provided as the main reason for the relatively large number of
exceedances.

The geographical map in Figure 5 shows there is no clear
relation between the geographical location of the buildings and
the return period of the four presented thresholds. This indicates
that the number of exceedances for these velocity thresholds are
mainly determined by local circumstances. An example of such
local circumstances is shown in Figure 6, which gives heartbeat
velocity data in X-direction measured by a network sensor for

the periods July 2, 2018–July 23, 2018 and October 15,
2018–November 5, 2018. The sensor was placed in a building
situated next to a bus route, with a nearby bus stop. Figure 6A
shows a relatively low level of vibration on nights and on Sundays
(the eighth, 15th, and 22nd of July) and higher levels of vibration
during the day and weekdays (e.g. Second to sixth of July). In the
3-week period from the 15th of October to the fifth of November
shown in Figure 6B, an increase in the number of peaks above
1 mm/s is observed between the 16th and 29th of October. In this
period the trains were temporarily replaced by a bus service
leading to more bus traffic in this period, hence resulting in more
vibrations.

Sensor Selection Full Operational Period
Based on the results of the 1-year dataset, a subset of sensors is
selected for which the full operational period is analysed. The
results of this dataset are compared with the results obtained for
the 1-year dataset and are used to investigate the influence of
induced earthquakes on the number of exceedances. The sensors

FIGURE 7 | (A) Position of the selected sensors for analysis of the full operational period. The red dots indicate the selected sensors while the grey circles indicate
the distance from Loppersum (1, 5, 10, 15, 20, 25, and 30 km). (B) CCDF curves of the 1-year dataset (blue) and of the selected sensors (red).
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in the full period dataset are selected based on the following
criteria:

- The sensors were installed before January 1, 2015;
- The heartbeat data of these sensors contain at least 90% of the
operational period;

- The selected sensors provide a good representation of the
vibration levels observed for the sensors in the period May
1, 2018–May 1, 2019.

- The selected sensors provide good geographical coverage of the
Province of Groningen.

These selection criteria yielded a total of 59 sensors. Figure 7A
shows the well-distributed coverage of these sensors over the

North of the Netherlands. A concentration of six sensors is found
near Loppersum (the centre circle), a small township in close
proximity of most earthquake epicentres with a magnitude M >
2.0. Figure 7B shows the complementary cumulative distribution
functions (CCDF) of the one-year dataset, with the CCDF curves
of the 59 sensors highlighted in red. The 59 datasets are evenly
spread out over the range of CCDF curves.

Influence of Shallow Earthquakes Over the
Full Operational Period
This paragraph compares the results of the full operational period
of the network (∼5 years) with the results of the 1 year period and
assesses the contribution of shallow earthquakes. Figure 8 shows

FIGURE 8 | Complementary cumulative distribution functions of the 254 one-year heartbeat datasets.

TABLE 4 | The number of exceedances and return periods at different velocity levels for the full operational period. For comparison, the values in Table 2 are provided here
between brackets.

Threshold Lower envelope 25th quartile Median 75th quartile Upper envelope

Number of exceedances Ne

0.3 mm/s 7 [0] 116 [16] 1,056 [103] 6,661 [566] 89,019 [22,154]
1 mm/s 0 [0] 8 [0] 31 [2] 250 [9] 12,319 [1928]
3 mm/s 0 [0] 2 [0] 5 [0] 17 [1] 650 [48]
5 mm/s 0 [0] 1 [0] 3 [0] 6 [0] 277 [13]
10 mm/s 0 [-] 0 [-] 1 [-] 4 [-] 70 [-]
20 mm/s 0 [-] 0 [-] 1 [-] 2 [-] 15 [-]

Return period T

0.3 mm/s 9 months [-] 17 days [23] 2 days [4] 7 hours [15] 30 minutes [24]
1 mm/s - [-] 9 months [-] 9 weeks [27] 8 days [42] 4 hours [5]
3 mm/s - [-] 2.5 years [-] 1 year [-] 4 months [12] 3 days [8]
5 mm/s - [-] 5 years [-] 2 years [-] 1 year [-] 1 week [4]
10 mm/s - [-] - [-] 5 years [-] 1.5 years [-] 4 weeks [-]
20 mm/s - [-] - [-] 5 years [-] 2.7 years [-] 4 months [-]

Frontiers in Built Environment | www.frontiersin.org July 2021 | Volume 7 | Article 70324712

Bronkhorst et al. Threshold exceedances Groningen monitoring network

https://www.frontiersin.org/journals/built-environment
www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles


the CCDF’s of the 59 building sensors for which the heartbeat
data of the full operational period were analysed.Table 4 gives the
number of exceedances Ne and the return periods T of the three
quartiles (lower, median and upper quartile) and the lower and
upper envelopes at velocity levels of 0.3, 1, 3, 5, 10, and 20 mm/s.

The thresholds of 10 and 20 mm/s are added to assess the
contribution of the shallow earthquake events at these larger
vibration levels.

A comparison of the return periods in Table 4 with those
in Table 2 (specified between brackets in Table 4) shows that

FIGURE 9 |Return periods determined from the heartbeat data of the full operational period for velocity thresholds: (A) v � 0.3mm/s, (B) v � 1mm/s, (C) v � 3mm/s
and (D) v � 5 mm/s.

TABLE 5 | The number of exceedances determined for the full operational period with and without earthquake events at different velocity thresholds.

Threshold Lower envelope 25th quartile Median 75th quartile Upper envelope

With Without With Without With Without With Without With Without

0.3 mm/s 7 5 116 106 1,056 1,048 6,661 6,640 89,019 88,993
1 mm/s 0 0 8 4 31 30 250 248 12,319 12,311
3 mm/s 0 0 2 1 5 5 17 16 650 650
5 mm/s 0 0 1 0 3 2 6 6 277 277
10 mm/s 0 0 0 0 1 1 4 3 70 70
20 mm/s 0 0 0 0 1 0 2 2 15 15
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the return periods obtained for the full period dataset are in
most cases shorter than those obtained for the 1-year dataset.
This indicates that the period May 1, 2018–May 1, 2019,
discussed in paragraph 5.1, was a year with relatively low
vibration levels. Large differences are especially observed for
the threshold levels of 1, 3, and 5 mm/s. This is caused by the
relatively small number of exceedances for these thresholds
in the 1-year period. The comparison with the 5-year data
shows that for most buildings quite long monitoring periods
(at least more than 1 year) are needed for a reliable
assessment of the return period of the thresholds for
cosmetic building damage. The threshold levels of 10 and
20 mm/s are rarely exceeded for most buildings. About half
of the buildings did not observe any exceedances of these
thresholds over their operational time. Figure 8 shows that
only one building observed more than 10 exceedances of
these two thresholds. No reasons were provided by the
building owner for these exceedances.

Figure 9 shows the geographical position of the building
sensors and indicates by colour the different return periods
determined for velocity levels of 0.3, 1, 3, and 5 mm/s. Similar
to Figure 5, no relation with the geographical location of the
sensor is observed. A comparison with Figure 5 shows that the
buildings with short return periods for the 3 and 5 mm/s
thresholds are in this case observed at other buildings than for
the 1 year period. Unfortunately, the owners of these buildings
provided relatively few reasons for the threshold exceedances.
The reasons these owners did specify suggest that traffic,
construction work to the road, and hits near the sensor were
primarily responsible for the relatively small return periods. The
fact that the short return periods in Figure 5 for the 3 and 5 mm/s
thresholds are observed at other buildings, suggests that the
exceedances of these thresholds are caused by incidentally or
temporarily occurring vibration sources instead of sources that
are permanently present.

Table 5 gives the number of exceedances with and without
earthquakes for the median, the lower and upper quartile, and the
lower and upper envelope. This table shows that only for
buildings with few exceedances (less than 8), the relative
influence of shallow earthquakes on the number of
exceedances is significant (between 30 and 50%). Because of
the relatively large contribution of earthquakes and the limited
number of exceedances by other sources, these buildings are
particularly suitable for research into a possible relationship

between shallow earthquakes and the development of cosmetic
damage.

The relatively small contribution of shallow earthquakes is
also observed in Table 6, which shows the total number of
exceedances for the full operational period with and without
earthquake events. Less than 1% of the trigger events
(i.e., Vtop ≥ 1 mm/s) measured at the 59 sensors in the
building vibration monitoring network were caused by
earthquakes during this period. Up to a threshold of
10 mm/s, the relative contribution of earthquakes increases
with threshold level. At the 10 mm/s threshold, the
contribution is almost 7%. At a threshold of 20 mm/s, the
contribution has decreased again to 3.3%, mainly because there
have been few earthquakes which caused an exceedance of this
threshold in the monitored buildings. The highest observed
vibration level during the operation of the network was
27.6 mm/s during the January 8, 2018 Zeerijp earthquake
with magnitude M � 3.4.

Table 5 and Table 6 show that for most buildings, vibration
sources other than earthquakes contribute more to the number of
exceedances of the various thresholds for building damage.
Besides the shallow earthquake events, these sources can also
be the cause of observed and/or claimed building damage.
Reliable information about the type of sources responsible for
the other exceedances and the relationship with the development
of cosmetic damage over time is essential to assess the extent to
which there is a causal relationship between the different sources
and the observed damage.

CONCLUSION

The Groningen building vibration monitoring network was in
operation between April 2014 and December 2019 to study the
effects of shallow earthquakes on buildings due to gas extraction in
the Province of Groningen. Over the operational period of the
network, a large number of vibrations weremeasured, resulting from
both natural andman-made sources. This paper presented a study of
the 1-min peak vibration levels (heartbeats) measured at foundation
level by 326 building sensors in this network. The number of
exceedances Ne and return period T were determined for a set of
vibration thresholds (i.e., 0.3, 1, 3, 5, 10, and 20mm/s) which align
with vibration thresholds that are typically encountered in vibration
assessment guidelines and standards. The results of this study show:

TABLE 6 | The total number of exceedances in the monitoring network of the selected velocity threshold levels for the full operational period with and without earthquake
events.

Threshold Total
number of exceedances

Number of exceedances
during earthquakes

Relative contribution
earthquakes (%)

0.3 mm/s 418,039 654 0.2
1 mm/s 33,345 188 0.6
3 mm/s 1788 55 3.1
5 mm/s 640 29 4.5
10 mm/s 210 14 6.7
20 mm/s 92 3 3.3
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- The perception threshold of 0.3 mm/s was regularly
exceeded (more than once per week) at most buildings.
At about 20% of the buildings, this threshold is exceeded
less than once a month over the period May 1, 2018–May
1, 2019.

- The threshold levels for cosmetic damage to masonry buildings
(1, 3, and 5 mm/s) are exceeded only a small number of times
for most buildings. For the period May 1, 2018–May 1, 2019,
80% of the building sensors recorded an exceedance of 1 mm/s
less than once a month.

- The reasons provided by building owners indicate that traffic,
construction work, and hits near the sensor are important
sources at buildings with a large number of exceedances of
the 1, 3, and 5 mm/s threshold levels.

- Less than 1% of the trigger events (i.e., velocity larger 1 mm/s)
measured by the 59 sensors over the full operational period of
the building vibration monitoring network were caused by
earthquakes.

- Only for buildings with few exceedances (less than 8), the
relative influence of induced earthquakes on the number of
exceedances is significant (between 30 and 50%).

This study has given insight into how often vibration
threshold levels for cosmetic building damage are exceeded
in the built environment. The contribution of shallow
earthquakes to the number of exceedances was found to be
relatively small compared to other sources, ranging between
1% at a threshold of 1 mm/s and almost 7% at a threshold of
10 mm/s. Unfortunately, the database with reasons provided
by the building owners did not provide sufficiently reliable
information to allow for differentiation of the threshold
exceedances between other sources than earthquakes. In
ongoing work, the heartbeat findings presented here are
combined with the source characterization findings by
Geurts et al. (2020) to allow for such a differentiation. The
relation with cosmetic building damage will be investigated in
future work, in which the information obtained from damage
inspections performed on buildings in the Groningen network
will be related to the findings on the number and level of
threshold exceedances.

This study highlights the necessity of knowing the properties and
vibration levels of all sources of the vibrations present during
monitoring. In the case of the Groningen network, the emphasis
was on the effect of shallow earthquakes. However, to assess these in
relation to observed damage, the contribution of other vibration
sources cannot be ignored and should be incorporated in any study
on causes of damage.

This paper only considers vibrations as a possible source of
damage. However, the assessment of damage causes should not be
limited to vibrations only. Causes related to the buildings
themselves and the environment, e.g., local settlements may
also (solely or in combination with vibrations) contribute to
observed damage in the area.
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