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Abstract
Natural gas production in the Groningen field in the Netherlands is causing induced earth-
quakes that have raised concerns regarding the safety of the local population given that the 
exposed building stock (which is predominantly unreinforced masonry residential housing) 
has not been designed and constructed considering seismic loading. Significant effort has 
been invested to date in assessing the safety risk of these buildings within a probabilistic 
framework. This paper describes the efforts that have since been made to extend this frame-
work for probabilistic damage assessment of the buildings, for slight non-structural, slight 
structural and moderate structural damage. Fragility functions for non-structural damage 
have been developed considering the observed damage from damage reports, rather than 
from damage claims due to a number of issues with the latter, as described herein. Struc-
tural damage has been estimated using analytical models that have been calibrated through 
extensive in situ data collection and experimental testing. The probabilistic damage assess-
ment is presented in terms of F-N curves, which plot the annual frequency of exceedance 
against number of buildings reaching each damage state.

Keywords  Induced seismicity · Probabilistic risk · Damage assessment · Fragility 
functions · Unreinforced masonry

1  Introduction

Gas production in the Groningen field in the northern Netherlands is inducing earthquakes, 
the largest of which to date was the magnitude ML 3.59 (M 3.53: Dost et al. 2018) Huiz-
inge event of August 2012. In response to this induced seismicity, NAM (Nederlandse Aar-
dolie Maatschappij B.V.) has been developing a comprehensive seismic hazard and risk 
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model for the region, which comprises the entire gas field plus a 5 km buffer zone onshore 
(see Fig. 1a).

The initial focus of this hazard and risk assessment was on safety risk, and the estima-
tion of local personal risk (LPR), defined as the annual probability of fatality for a hypo-
thetical person who is continuously present without protection inside or near a building. 
The details of this probabilistic risk model have been described in van Elk and Doorn-
hof (2017), whereas the methodology for developing collapse fragility and consequence 
models for the estimation of LPR in the Groningen field are provided in Crowley et  al. 
(2017). In 2016 the Dutch Ministry of Economic Affairs (MEA) also requested the fore-
cast of group risk for damage (so-called Maatschappelijk Risico [Schade]). To meet this 
request, F-N curves that present the annual frequency of exceedance against number of 
damaged buildings have been calculated for both non-structural and structural damage 
states. This paper thus describes the development of damage fragility functions (which 
provide the probability of exceeding a given damage state, conditional on a level of input 
ground motion) for each structural system that has been identified within the region, for the 
calculation of the aforementioned F-N damage curves.

There are approximately 250,000 residential, commercial and industrial buildings in 
the Groningen field, and the location and characteristics (structural and architectural) of 
these buildings have been stored in an exposure database (Arup 2018). These buildings 
have been classified into 54 different structural systems using the GEM Building Taxon-
omy (Brzev et al. 2013). Only the occupied buildings (of which there are around 150,000) 
have been considered in the damage and risk assessment, the majority which, as shown in 
Fig. 1b, have been constructed in unreinforced masonry.

The next section of this paper describes the damage data that has been collected after 
induced earthquakes in the northern Netherlands in recent years, and the difficulty in using 
damage claims data for the forecast of future damage. The methodology to develop fragil-
ity functions for non-structural damage, based on damage reports, and for structural dam-
age, based on calibrated numerical models, is presented in Sect. 3. Finally, the methodol-
ogy used to calculate F-N damage curves and the results for the region shown in Fig. 1a are 
presented.

Fig. 1   a Extent of NAM’s hazard and risk assessment in and around the Groningen gas field, b percentage 
of each structural material used in the construction of occupied buildings (W wood, S steel, MUR unrein-
forced masonry, CR + PC precast reinforced concrete, CR + CIP cast in place reinforced concrete)
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2 � Observed damage and damage claims

2.1 � Preliminary fragility functions based on observed damage

A study of the building damage from induced earthquakes in the Netherlands first started 
in 2006 as part of a study commissioned by five oil and gas companies [NAM BV, BP Ned-
erland Energy BV (later TAQA), Vermilion Oil & Gas Netherlands BV and Wintershall 
Noordzee BV] (TNO 2009). Damage data reports from induced earthquakes in the Gronin-
gen and Roswinkel gas fields (with ML between 3.0 and 3.5) were retrieved and the build-
ings were grouped into three main categories: farmhouses, low-rise unreinforced masonry 
housing constructed before 1940 and low-rise unreinforced masonry housing constructed 
after 1940 (see Fig. 2 for examples of each of these categories).

For each earthquake, a number of rings at different distances from the epicentre were 
defined, and the median peak ground velocity (PGV) within each ring was associated with 
the percentage of damaged buildings inside the ring, for each structural category. Each ring 
was defined by ensuring the same number of buildings per category would be found in 
each ring. The PGV was calculated using a ground-motion prediction equation (GMPE) 
developed by the Royal Netherlands Meteorological Institute (KNMI) using measured 
accelerometer and borehole seismometry data from the northern Netherlands (Dost et al. 
2004). The use of PGV as the intensity measure was felt to be justified, given that empiri-
cal evidence (e.g. Bommer and Alarcón 2006) has shown that low levels of building dam-
age correlate strongly with peak ground velocity (PGV) and most guidelines for tolerable 
shaking levels—implying disturbance to occupants and/or low damage levels—are speci-
fied in terms of PGV. The final percentage of damaged buildings (taken to represent the 
probability of damage) for the three building typologies was plotted against the median 
PGV.

The EMS damage scale (Grunthal et  al. 1998) describes 5 damage states for unrein-
forced masonry (URM) buildings, where the first damage grade (DS1 herein) refers to no 
structural damage and slight non-structural damage which is manifested through hairline 
cracks in walls and damage to plaster (see Fig. 3). The majority of the collected damage 
data is understood to have corresponded to DS1. The most fragile building type was shown 
to be the farmhouses, which is not surprising given the lower stiffness of the long façades 
found in these buildings, compared to the relatively short façades of the low-rise dwellings.

Several international norms exist to help assess vibration levels and their impact on 
buildings such as e.g. DIN-4150 in Germany and SBR-2017 in the Netherlands. The lat-
ter guidelines define a minimum threshold vibration velocity value of 5 mm/s for typical 

Fig. 2   a Farmhouses, b low-rise unreinforced masonry housing pre-1940, c low-rise unreinforced masonry 
housing post-1940
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dwellings (i.e. the low-rise buildings considered herein) and 3  mm/s for other buildings 
that are more sensitive to vibrations, such as the farmhouses. Experience has shown that 
if such thresholds are complied with, damage that reduces the serviceability of the build-
ing will not occur. The damage data analysed by TNO (2009) showed that the probability 
of reaching or exceeding DS1 under the aforementioned peak ground velocities was in the 
order of 1 and 2%, which is consistent with the recommendations of the Dutch regulations. 
However, it is worth noting that these thresholds of PGV are low compared to e.g. British 
Standards, which indicate appreciably higher thresholds for ‘cosmetic damage’, starting at 
a minimum of over 15 mm/s for weak structures (BSI 1993).

2.2 � Comparison of empirical fragility functions and damage claims

The damage data described in the previous section was used to estimate the number of 
damaged buildings for two events in the Groningen field: the Huizinge (August 16, 2012) 
and Hellum (September 30, 2015) earthquakes. The relationship for farmhouses, the weak-
est of the three typologies, has been conservatively applied to all buildings and the peak 
ground velocities that the buildings were exposed to have been estimated with an updated 
empirical ground motion prediction equation developed specifically for the Groningen 
field (Bommer et al. 2016). The estimated numbers of damaged buildings have then been 
compared with the number of damage claims received within 10 weeks after each seismic 
event.

The Huizinge earthquake had a magnitude of ML = 3.59 and affected a large area of the 
Groningen province. Figure 4 (left) shows in yellow the area where the buildings would 
have had at least a 1% probability of damage based on the empirical fragility function for 
farmhouses. This area corresponds quite well with the area from which damage claims 
were received. Also, it is noted that the forecast number of damaged buildings (around 
2500) was very close to the number of damage claims in the 10 weeks following the earth-
quake (around 2000).

The same methodology has been applied to the Hellum earthquake of 2015 (ML = 3.1), 
but in this case the comparison was found to be very different. Due to the lower energy 
released during the Hellum earthquake (around 5.5 times less than Huizinge), the area 
where the earthquake was predicted to have potentially caused damage was much smaller, 
as shown by the reduced yellow area in Fig. 5 (left). However, the area from which dam-
age claims were received in the 10  weeks after the event was much larger than that of 

Fig. 3   EMS damage grade 1 (DS1) for URM buildings (Grunthal et al. 1998)
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Huizinge: there were almost 7000 damage claims, but only 200 buildings were predicted to 
have reached or exceeded DS1 using the empirical fragility function.

Thus, for the Huizinge earthquake, the analysis showed a strong correlation between 
the predicted building damage and the actual damage claims. That correlation was instead 
much weaker for the Hellum earthquake, where the number of damage claims was much 
higher than the predicted building damage. The reason for the difference in damage claims 
between the Huizinge and Hellum earthquakes is likely to be due to the increased atten-
tion given to building damage following the Huizinge earthquake (which has been the larg-
est earthquake recorded to date in the field). This increased attention to earthquake activ-
ity could have led homeowners to study more attentively their houses, and they may have 
identified damage that had already been there, possibly caused by other phenomenon such 
as differential settlement or lack of maintenance. Similar findings have been observed in 
the geothermal field in Basel, Switzerland, where the insurance payments from an induced 
event that occurred in December 2006 did not necessarily reflect extensive damage, but 
were likely to have been influenced by pre-existing non-structural damage as well as some 
cases of what the insurance industry refers to as ‘moral hazard’ (Bommer et al. 2015).

Figure 6 shows the cumulative number of damage claims since the Huizinge earthquake, 
where the increasing rate of received damage claims can clearly be observed. After the 

Fig. 4   Map of the probability of DS1 (left) compared with the spatial extent of actual damage claims (right) 
for the Huizinge earthquake (NAM 2016) (note the location of Groningen city has been signalled in both 
plots to aid comparison)

Fig. 5   Map of the probability of DS1 (left) compared with the spatial extent of actual damage claims (right) 
for the Hellum earthquake (NAM 2016) (note the location of Groningen city has been signalled in both 
plots to aid comparison)
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Huizinge earthquake (16th August 2012) the rate at which damage claims were received 
initially rose sharply, but tailed off after some weeks. However, during 2013 and the first 
three quarters of 2014, an average of 210 damage claims were received each week. In Sep-
tember 2014, this rate doubled to around 560 damage claims each week. The vertical lines 
in Fig. 6 indicate the occurrence of earthquakes with a magnitude above ML = 2.0, and 
although the claim rate does seem to increase after some earthquakes, this causes only a 
small deviation from the general (linear) trend, and a sharp increase for the whole of 2015 
is observed without the presence of any earthquakes, which suggests that there may have 
been other reasons for the increase in damage claims.

The outcome of this study illustrates the difficulty of using claims data to forecast future 
damage, and highlights the importance and usefulness of studies such as the one carried 
out by TNO, whereby damage reports of individual buildings are used. These empirical 
fragility functions are particularly important as there is limited experience in using experi-
mental data and analytical models to estimate non-structural damage (which is typically 
cracking in the plaster of the walls). The damage data supplied by TNO (assumed by the 
authors to correspond to DS1) has thus been re-evaluated and expanded for use in NAM’s 
probabilistic damage assessment, as described in the next section, and has been combined 
with experimental and analytical modelling for structural damage (DS2 and DS3), given 
that the latter damage states have not been sufficiently observed in the field.

3 � Development of fragility functions for DS1, DS2 and DS3

3.1 � Non‑structural damage (DS1)

The process that has been selected for the development of fragility functions in the 
Groningen hazard and risk assessment is mainly based on numerical modelling, cali-
brated using a wide range of data, from in situ material properties to shake table tests 
of full-scale buildings taken to collapse (Crowley et  al. 2017; Crowley and Pinho 
2017). Limited attention was however given to the experimental testing of DS1 in unre-
inforced masonry buildings; the majority of the test specimens were not constructed 

Fig. 6   Cumulative number of damage claims over time. The red vertical lines indicate earthquakes with 
local magnitude greater than 2.0 (NAM 2017)
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with plaster finish. Therefore, for DS1 it was instead decided to update the empirical 
fragility functions described in the previous section through the consideration of dam-
age data from earthquakes in the Groningen field that were not included in the original 
TNO (2009) study, together with the use of an updated field-specific ground-motion 
prediction equation for PGV that is valid for the magnitude range ML 1.8–4.0 (Bom-
mer et al. 2017a).

The following Groningen field related earthquakes have thus been considered as 
input, based on data provided by TNO:

•	 Hoeksmeer 2003 ML = 3.0
•	 Stedum 2003 ML = 3.0
•	 Westeremden 2006 ML = 3.5
•	 Huizinge 2012 ML = 3.6

Fragility functions for DS1 have been developed using the aforementioned damage 
data and the median PGV associated with each group of damaged buildings (based on 
the ‘rings’ approach described previously). Each fragility curve is defined as a lognor-
mal function with a median value of the hazard demand parameter (in this case PGV) 
that corresponds to the threshold of the damage state and by the variability associated 
with that damage state. The conditional probability of exceeding DS1 given the PGV is 
then given by the following function:

where θ is the median value of PGV at which the threshold of damage state DS1 is reached, 
β is the standard deviation of the natural logarithm of PGV for DS1 and Φ is the standard 
normal cumulative distribution function. The DS1 fragility functions have been fitted for 
each of the typologies defined in the TNO report using maximum likelihood estimation, 
leading to the functions shown in Fig. 7 and reported in Table 1.

(1)P
eDL1 = Φ

(
ln (PGV) − θ

�

)

Fig. 7   Updated empirical fragility functions for DS1
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3.2 � Slight and moderate structural damage (DS2 and DS3)

The fragility functions for slight and moderate structural damage (DS2 and DS3) have been 
developed using analytical models, the majority of which have been calibrated using the 
results of a large experimental testing campaign. The following sections summarise the 
process that has been followed to produce these analytical fragility functions and the reader 
is referred to Crowley et al. (2017) and Crowley and Pinho (2017) for the full details of the 
methodology.

3.2.1 � Transformation of MDOF models to SDOF models

Real representative buildings from the region have been identified for each building class 
(so-called index buildings) and the structural drawings of these buildings have been used 
to develop multi-degree-of-freedom (MDOF) numerical models of their structural systems, 
together with the predominant non-structural elements (such as partition walls and external 
façade walls).

Nonlinear dynamic analysis (using a set of 11 triaxial ground motions) of the major-
ity of the index buildings has then been undertaken using LS-DYNA (LSTC—Livermore 
Software Technology Corporation 2013) and ELS (ASI 2017) for the URM buildings and 
SeismoStruct (Seismosoft 2017) for reinforced concrete (RC), steel and timber buildings. 
For some of the stronger buildings (i.e. those constructed in reinforced concrete, steel or 
timber), nonlinear static analysis has been performed. The results of these analyses are 
fully presented in Arup (2017) and Mosayk (2015, 2017). The results of a large number 
of in situ and laboratory tests (Graziotti et al. 2016a, b, 2017a, b, 2018; Tomassetti et al. 
2017; Correia et al. 2018; Kallioras et al. 2018; Sharma et al. 2018; Brunesi et al. 2018a, b, 
c) have been used to validate and/or calibrate the aforementioned software tools as well as 
the inputs to the structural models (as described in Mosayk 2014; Arup et al. 2015, 2016a, 
b, 2017; Avanes et al. 2018a, b; Malomo et al. 2018a, b, c; Montalbini et al. 2018).

SDOF backbone capacity curves were then defined for each model using either the static 
pushover curves directly or the points from the dynamic hysteresis loops representing the 
peak base shear and corresponding attic floor (i.e. highest level in the building before the 
roof) displacement in each direction of the building (Fig. 8). It is noted that shear and attic 
floor displacement response time-histories of MDOF structural systems are not necessarily 
fully in-phase, particularly when multiple modes of vibration or failure mechanisms are 
activated during the response of a given structure (a phenomenon that is further accentu-
ated when the structure is pushed highly into the nonlinear inelastic response range). This 
effectively implies the presence of a time-lag between the moment when the peak value of 
base shear is observed and the instant at which the corresponding attic floor displacement 
is recorded; the latter typically arriving with a slight delay with respect to the former. In 
the definition of the SDOF backbone capacity curves, this time-lag obviously needs to be 

Table 1   Median PGV (θ) and 
dispersion values (β) of the 
updated lognormal fragility 
functions for DS1

Building category θ (mm/s) β

Farmhouses 44.3 1.20
Low-rise housing < 1940 56.1 1.25
Low-rise housing > 1940 113.9 1.42
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removed (since it has no physical meaning within a SDOF representation of the response), 
this being the reason why the black dots in the plots in Fig. 8 (representing the max shear-
displacement points with the time-lag removed) do not necessarily always appear on top of 
the hysteretic curves (where the time-lag is instead present).

The points of peak base shear and corresponding attic displacement from each nonlinear 
dynamic/static analysis have been transformed to equivalent SDOF properties using the 
transformation methodology presented in Casarotti and Pinho (2007). Figure 9 shows an 
example backbone SDOF curve obtained by transforming the points of peak base shear 
and corresponding attic displacement from each nonlinear dynamic/static analysis. These 
backbone curves, together with a hysteresis model (e.g. Takeda) and springs that represent 
the stiffness and damping due to foundation flexibility and radiation damping, comprise the 
SDOF models (see Crowley et al. 2017; Crowley and Pinho 2017 for more details). Once 
again it is noted that these SDOF models represent the global behaviour of the structure, 
but have been derived from MDOF models that include both in-plane and out-of-plane 
response (in the case of URM buildings).

Fig. 8   Example static pushover analysis (left) and hysteresis loops of the 11 dynamic analyses (right) for 
two index buildings (Crowley and Pinho 2017)

Fig. 9   Example SDOF backbone 
curve (Crowley and Pinho 2017)
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3.2.2 � Nonlinear dynamic ‘cloud’ analysis

A model of the probabilistic relationship between the ground motion intensity and the non-
linear structural response of the SDOF system has been developed using the cloud method 
(Jalayer 2003), due to its simplicity. Sufficiency of the selected intensity measures (i.e. 
independence with respect to other properties of the accelerograms, as discussed in Luco 
and Cornell 2007) has been checked to avoid the need to use hazard-consistent ground 
motions. The hazard model that has been developed for the field is dependent on the pro-
duction scenario (see e.g. Bourne et al. 2015; Bourne and Oates 2017), and as the latter has 
been under significant fluctuation over recent years, this has made it more challenging to 
derive hazard consistent ground motions.

The cloud method has thus been employed using a large suite of records to ensure that 
a wide range of nonlinear structural response (from pre-yield to collapse) has been cap-
tured for all structural models, with limited need to scale records. The nonlinear dynamic 
analyses of each SDOF system have been undertaken in OpenSees (McKenna et al. 2000) 
and multivariate linear regression has been applied to the maximum nonlinear displace-
ment response data for a range of scalar/vector intensity measures. The expected value of 
the natural logarithm of the displacement response (D) given the scalar/vector intensity 
measure (IM) is thus modelled by a linear regression equation (Eq. 2) with parameters b0 
and bi (i = 1, …, m), whilst the standard deviation or dispersion (Eq. 3) is estimated by the 
standard error of the regression:

An example cloud data plot and associated regression is shown in Fig. 10, and it is noted 
that the observations with displacements greater than the collapse capacity have been plot-
ted at the collapse displacement capacity value. A censored regression (Stafford 2008) has 
been applied to correctly treat these values for which the displacement response is not reli-
ably predicted, but is known to exceed the displacement collapse capacity (see Crowley 
et al. 2017 for more details).

The sufficiency of four different scalar/vector IMs has been checked with respect to 
magnitude, distance and ground shaking duration: (1) spectral acceleration at an initial 
period (Sa[T1]), (2) spectral acceleration at T1 and 5–75% significant duration (DS5–75), (3) 
spectral acceleration at two periods T1 and T2, (4) spectral acceleration at two periods T1 
and T2 and 5–75% significant duration. The final IM has been selected as that which is both 
sufficient and highly efficient (i.e. has the lowest standard deviation according to Eq. 3), 
and with a low Pearson coefficient (i.e. low correlation between the IMs).

3.2.3 � Structural fragility functions

The regression analyses described in the previous section allow equations to be derived that 
relate the level of shaking with an estimate of the displacement response of an equivalent 
SDOF system. By identifying the thresholds to specific damage states in terms of SDOF 
displacements (or drifts, obtained by dividing the SDOF displacement by the effective 

(2)E[lnD|IM] = ln ηD|IM = b0 + b1 ln
(
IM1

)
+ b2 ln

(
IM2

)
+⋯ + bm ln

(
IMm

)

(3)βD�IM ≈

�∑n

i
(ln

�
di
�
− ln ηD�IM

�
IMi

�
)2

n − (m + 1)
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height of the SDOF), it is possible to produce fragility functions that describe the prob-
ability of exceeding a number of distinct damage/collapse states. The variability in these 
damage/collapse state thresholds (βDL) should be accounted for in the dispersion of the 
response, and can be combined with the record-to-record variability (βR) and an additional 
building-to-building variability to account for changes in stiffness and strength of the back-
bone curve across the building class (βBB):

The damage/collapse state threshold variability has been assumed constant, with a value 
of 0.3, based on studies in the literature (e.g. Dymiotis et al. 1999; Borzi et al. 2008), the 
building-to-building variability has been taken as 0.1 and the record-to-record variability 
has been obtained directly from the cloud analyses.

The probability of exceeding the limit displacement to each structural damage or col-
lapse state under a given level of ground shaking is thus calculated as follows:

where ln ηD|IM is given by Eq.  (6) and Φ() is the cumulative distribution function of the 
standard normal distribution, DL is the displacement limit of each damage state, and βs is 
the total dispersion from Eq. 4 (i.e. due to record-to-record variability, backbone stiffness 
and strength variability and damage/collapse state threshold variability).

(4)βs =

√
β2
R
+ β2

BB
+ β2

DL

(5)P
eDL

= 1 − Φ

(
ln (DL) − ln �

D|IM

�
s

)

(6)ln ηD|IM = b0 + b1 ln
(
Sa[T1]

)
+ b2 ln

(
D

S5−75

)
+ b3 ln

(
Sa[T2]

)

Fig. 10   Example cloud data plot with censored regression



4506	 Bulletin of Earthquake Engineering (2019) 17:4495–4516

1 3

The following section describes the definition of DL for damage states DS2 and DS3 for 
each building class.

3.2.4 � Damage state thresholds

Two structural damage states, similar to DS2 and DS3 in the EMS98 damage scale, have 
been identified for each structural system.

The drift levels at which damage occurs in the URM buildings has been informed by the 
large testing campaign that has been carried out on components and structures that match 
the construction practices and materials used in the Groningen field. A specific report 
focusing on the damage observed in the numerous tests has been compiled (Graziotti et al. 
2017b), and its results in terms of the damage descriptions and levels of attic displace-
ment have been used to identify SDOF drift limits to damage. The damage states have been 
defined as follows:

•	 DS2: minor structural damage. This has been determined as the onset of cracking in 
primary resisting elements. The observed damage could be easily repaired.

•	 DS3: significant structural damage. This level of performance was associated with a 
damage observed in all the piers contributing to the in-plane response of the building.

After each stage of the shake-table testing sequence, detailed surveys were carried out to 
obtain the maximum achieved top floor (attic) drift (%) at which a given level of damage 
was not observed. These values have been used to identify the attic limit state displace-
ments for each damage state (DLi), which have then been transformed to SDOF drift lev-
els by dividing by both the SDOF transformation factor and the effective height (Table 2). 
These drift limits have been found to be slightly lower than those proposed in the liter-
ature; for example, Borzi et  al. (2008) assume a value of 0.13% for DS2 and 0.35% for 
DS3. These values are certainly conservative limits to damage, given that they have been 
obtained from a series of shake table tests wherein damage accumulates. However, given 
that the buildings in the Groningen field have already been subjected to a number of low 
magnitude events and in some cases they already have pre-existing damage from differen-
tial foundation settlement, it is assumed that it is appropriate to use these lower drift values 
for the damage assessment.

The drift levels at which damage is predicted to occur in wall–slab–wall reinforced con-
crete buildings typical of the region has been informed by the cyclic tests on cast-in-place 
and precast RC specimens (see Brunesi et al. 2018a, b). The results in terms of the damage 
descriptions and levels of attic displacement and associated SDOF drift have been used to 
identify the appropriate damage limits for the fragility functions.

Table 2   SDOF drift limits for each damage state, as observed in the URM shake-table tests

Shake table test θSDOF,DL2 (%) θSDOF,DL3 (%)

EUC-BUILD1 (2 storey terraced house, cavity walls, concrete floor) 0.09 0.26
LNEC-BUILD1 (1 storey terraced house, cavity walls, concrete floor) 0.13 0.30
EUC-BUILD2 (1 storey detached house, solid walls, timber floor) 0.01 0.25
Average 0.08 0.27
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The damage states that have been observed for the cast-in-place RC specimen are as 
follows:

•	 DS2: full-depth hairline cracks at base of walls, and also cracks appearing at wall-slab 
joints.

•	 DS3: Hairline cracks lengthen and extend, though with limited opening. Strength deg-
radation begins.

whereas the damage states observed in the precast RC specimen are instead described as:

•	 DS2: narrow cracks initiate around the wall connectors.
•	 DS3: sliding of the slabs above walls and permanent flexural deformation in the con-

nectors leading to residual displacements. Strength degradation initiates.

The values of SDOF drift at which each of the aforementioned damage states were reached 
in the cast-in-place (EUC-BUILD3) and pre-cast (EUC-BUILD4) RC cyclic tests are pre-
sented in Table 3.

For all other typologies (which are mainly RC, timber and steel frames) the recom-
mended drift values for slight and moderate damage given in FEMA (2004) have been 
used.

3.2.5 � Parameters of DS2 and DS3 fragility functions

A total of 54 structural systems have been identified in the Groningen field, and the param-
eters for the fragility functions of all these building types have been provided in Crowley 
and Pinho (2017). Herein, a summary of the fragility functions for the 5 most common 
URM building types and the 2 most common RC building types (in terms of number of 
buildings) is provided instead. These 7 structural systems make up over 70% of the build-
ing stock (see Table 4) and thus inevitably provide the largest contribution to the group 
damage plots presented in the next section. The parameters that have been obtained to 
compute the fragility functions according to Eq. 5 for these building types are presented in 
Table 5.

3.2.6 � Consistency checks

As a consistency check on the performance of the URM fragility functions in Table 5, a 
comparison with the results of other fragility studies of European brick masonry buildings 
has been undertaken. A comparison of different fragility functions is never straightforward 
due to differences in the details of the building classes, the intensity measures used, and the 
definitions of the damage states. Many existing fragility functions for URM buildings are 
in terms of peak ground acceleration (PGA), whereas as described previously, the fragility 

Table 3   SDOF drift limits for 
each damage state, as observed in 
the RC cyclic tests

Shake table test θSDOF,DL2 (%) θSDOF,DL3 (%)

EUC-BUILD3 (cast-in-place low-rise) 0.8 1.25
EUC-BUILD4 (pre-cast low-rise) 0.14 0.50
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functions derived herein are in terms of sufficient vector intensity measures, including 
spectral ordinates and significant duration.

Further, the majority of the URM buildings in the Groningen field are low rise (between 
1 and 2 storeys) and are constructed with bricks, and a distinction has been made herein 
on the lateral load resisting system, the rigidity of the diaphragm and the presence of large 
openings at the ground floor (see descriptions in Table  4), whilst most of the European 
URM fragility functions found in GEM’s global vulnerability database1 distinguish only 
between the type of masonry (brick or stone) and the number of storeys. There are two 
studies in the latter database that can be compared with the URM buildings presented 
herein, and they are both for 2-storey URM clay brick buildings with a low percentage of 
voids (Ahmad et al. 2011; Borzi et al. 2008). Both of these studies have derived fragility 
functions in terms of PGA, and the same limit state drifts have been assumed for the first 
two damage states (as presented previously in Sect. 3.2.4), though they are referred to as 
LS1 (light damage) and LS2 (significant damage) by Borzi et  al. (2008) and slight and 
moderate by Ahmad et al. (2011).

In order to reconcile the different intensity measure types, the three sets of fragility 
functions have been combined with the uniform hazard spectra (UHS) with a 2475 year 
return period that have been developed for the area (van Elk et al. 2017) to produce maps 
of the conditional probability of exceedance of DS2 and DS3. The five URM types have 
been combined at each location by assuming a weighted average based on the total number 
of each typology in the field (Table 4). For type URM4L, the 5–75% significant duration is 
an input parameter, and it has been assumed to be equal to 1.5 s (based on the significant 
duration GMPE developed for the field by Bommer et al. 2018), though it is noted that the 
assumed value has not been found to significantly change the damage distribution. The 
maps for DS2 are presented in Fig. 11 and those for DS3 in Fig. 12.

These results show that the fragility functions for DS2 developed herein are similar to 
those from Borzi et al. (2008), though they predict higher values of DS2 exceedance at the 
edge of the exposure model. The DS2 limit state is a pre-yield limit state and thus the dam-
age estimations are influenced by the elastic response of the masonry models. The fact that 
the DS2 drift limit used herein is lower than that of the other two studies (see Sect. 3.2.4) 
suggests that the capacity of the models used in this study have a higher initial stiffness 
(leading to lower displacement demands) than the models of Borzi et al. (2008). On the 

Table 5   Input parameters to the fragility functions (Eq. 5) for the structural systems in Table 4

Code T1 (s) T2 (s) b0 b1 b2 b3 βs DLDS2 (m) DLDS3 (m)

URM3L 0.25 0.5 − 4.066 1.315 0 0.39 0.55 0.003 0.011
URM6L 0.25 0.5 − 4.165 0.952 0 0.23 0.46 0.002 0.008
URM7L 0.01 0.3 − 3.901 1.651 0 0.98 0.54 0.002 0.007
URM4L 0.5 – − 2.629 1.192 − 0.043 0 0.52 0.003 0.010
URM2L 0.4 0.25 − 3.282 0.803 0 0.40 0.42 0.004 0.015
RC3L 0.85 – − 1.960 0.909 0 0 0.38 0.036 0.056
PC3L 0.4 0.7 − 2.784 0.621 − 0.075 0.41 0.43 0.006 0.021

1  https​://platf​orm.openq​uake.org/vulne​rabil​ity.

https://platform.openquake.org/vulnerability
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other hand, despite the lower drift limits for DS3, the forecast is lower than either of the 
other two studies, though in this case it is closer to that based on the fragility functions 
of Ahmad et  al. (2011). As the DS3 damage state is taken to occur post-yield, the dis-
placement demand and thus damage estimation is influenced by the base shear capacity of 
the models, and the lower results suggest that the strength of the URM models developed 
herein (which have been calibrated against experimental test results of full-scale building 
prototypes) is higher than that predicted in the other studies.

4 � Probabilistic damage assessment

The probabilistic damage assessment is evaluated by Monte Carlo sampling of the alea-
tory variability within the causal sequence of conditional probability models and builds 
on the engine developed for a previous hazard model (Bourne et al. 2015). The steps of 
this engine are described in detail in van Elk and Doornhof (2017), and are illustrated in 

Fig. 11   Maps of the distribution of the probability of exceeding DS2 using a fragility functions from 
Table 5, b Borzi et al. (2008) and c Ahmad et al. (2011)
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Fig. 13. In summary, a given production scenario is assumed, and then earthquake cata-
logues are simulated from the input probability distributions of total seismic moment, 
number of events and event epicentres, and for every simulated earthquake exceeding a 
given threshold, the ground motion model (Bommer et al. 2017b, 2018) forecasts the prob-
ability distribution of near-surface amplifications for every surface location within a dense 
surface grid of observation points.

For the assessment of aggregate risk metrics (such as F-N curves for damage), spatial 
correlation is important and in the present model rules are applied in the sampling of the 
variability distributions such that near-perfect correlation of the motions at all grid points 
within zones of uniform site classification are produced, and zero correlation is assumed 
between zones. This simple model provides a good first order approximation to a more 
realistic model for the variation of spatial correlation with separation distance. The period-
to-period correlation of spectral ordinates and correlation with significant duration is, on 
the other hand, explicitly modelled (Stafford et  al. 2018), which is important given that 

Fig. 12   Maps of the distribution of the probability of exceeding DS3 using a fragility functions from 
Table 5, b Borzi et al. (2008) and c Ahmad et al. (2011)



4512	 Bulletin of Earthquake Engineering (2019) 17:4495–4516

1 3

the intensity measures (IM) of the fragility functions vary between building classes, and 
some make use of vector-based IMs, as described in Sect. 3.2.2. Given the simulated cata-
logue of ground motions, the structural fragility model is used to forecast the probability 
of exceedance of each damage state for each building class at each observation point. The 
aggregate number of buildings (N) that simultaneously reach or exceed DS2 or DS3 across 
the field (or within specific communities) for each simulation is then calculated and plotted 
against the annual frequency of exceedance (F).

For DS1, synthetic earthquake catalogues have only been generated for events between 
ML 1.8 and 4.0 (i.e. all events above 4.0 have been removed from the catalogue). The limi-
tation on magnitude range is because the PGV ground-motion prediction equation (Bom-
mer et  al. 2017a) can only be used with confidence to estimate peak ground velocity in 
the Groningen field for earthquakes with magnitudes from 1.8 to 3.6. The model has been 
extrapolated slightly beyond the upper limit to 4 (in which range the extrapolation is most 
likely slightly conservative), but cannot be extrapolated further due to the purely linear 
magnitude scaling in the model, which would not be appropriate for a broader magnitude 
range. The equation can be applied with confidence up to 30 km and probably with rea-
sonable confidence to 50 km from the epicentre. In all damage calculations it is assumed 
that any resulting building damage is repaired after the event and before the next one (i.e. 
‘instant repair’).

Figure 14 shows the F-N curves in terms of the aggregate number of buildings (N) 
which simultaneously reach DS1, DS2 or DS3 across the field against the annual fre-
quency of exceedance (F). These calculations have been undertaken for various gas 
depletion scenarios (van Elk and Doornhof 2017; Uilenreef et  al. 2018), and only the 
results for the 24 bcm per year gas production scenario over a 5-year period from 2018 
to 2022 are shown herein. As can be seen in Fig.  14, the exceedance curve for DS1 

Fig. 13   Schematic diagram of probabilistic damage calculation process (van Elk and Doornhof 2017)
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crosses that of the other two damage states, which is not realistic. The reason for this is 
due to the fact that the events larger than ML = 4.0 were removed from the catalogue (as 
the PGV GMPE was not valid for larger events) and because the DS1 fragility function 
is only well constrained for the data that is available at low levels of PGV (which have 
high frequencies of exceedance). There is a large level of variability in this empirical 
data (possibly due to the grouping of all buildings into just three categories), and this 
leads to high values of dispersion (see Table 1), which in turn lead to lower probabilities 
of exceedance at higher levels of ground shaking. Hence, the data shown in Fig. 14 are 
only reliable for the high frequencies of exceedance, and analytical fragility functions 
should be developed to constrain the probability of exceedance under levels of ground 
shaking that are higher than those that have been observed so far in the field.

A history check of the structural fragility functions has been carried out by estimat-
ing the F-N curves using the actual earthquake events with ML greater than 2.5 that have 
been observed in the field between 1995 and 2018. By calculating the expected value of 
the F-N damage curve and multiplying this by the number of years considered, it was 
found that the model predicts an average number of buildings with DS2 of 98 buildings, 
and with DS3 of 3 buildings. The same calculations have been undertaken using the 
seismicity between the years 2012–2018, and the average number of buildings with DS2 
over this period was found to be 82 and with DS3 was calculated as 3. The prediction 
that the majority of damage occurred in the period 2012-2018 is expected, given that 
the two largest earthquakes in the field have occurred during this time period.

There is limited public data available on the number of buildings that have expe-
rienced DS2 and DS3 over the time periods considered in these history checks, and 
inspections that have been carried out have not just considered earthquake damage but 
also other sources of damage such as differential foundation settlement and lack of 
maintenance. However, the authors are aware that in the years following the Huizinge 
earthquake, the number of buildings that experienced damage greater than DS1 was less 
than a few hundred buildings, and thus the fragility models developed herein appear to 
provide consistent results with respected to actual structural damage observations.

Fig. 14   F-N damage curves for the whole Groningen field
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5 � Conclusions and future developments

This paper has presented the recent developments that have been undertaken to extend the 
risk assessment of the Groningen field for the assessment of damage in terms of group 
damage curves (known as F-N curves). For this purpose, fragility functions for non-
structural and structural damage states have been estimated considering a combination of 
observed damage data, experimental testing and numerical modelling. The structural fra-
gility functions have been compared with studies from the literature on similar building 
types, and have been found to give consistent results. The non-structural fragility functions 
are based on observed damage reports and whilst they are thus appropriate for use over the 
range of ground motions that have been experienced in the field, it has been shown that 
their extrapolation to higher ground motions leads to an underestimation of the damage. 
Future developments of this work will therefore look at deriving analytical fragility func-
tions for DS1 calibrated using experimental test results of URM walls with plaster finish 
(and thus ensuring that all damage state fragility functions use the same intensity meas-
ures). Another aspect that will require more attention in future updates is the modelling of 
the various sources of correlation (e.g. spatial correlation of ground motions and building 
damage), which will influence the tails of the F-N curve and in particular the values of the 
group damage curves at low frequencies of exceedance.
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