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INTRODUCTION 

 

 

1.1 Background 

 

The Groningen field in the Netherlands is one of the largest onshore gas fields in the world. This gas field 

has produced for many decades. Associated to the gas extraction activities, induced earthquakes as well as 

subsidence are occurring. Magnitude and frequency of the earthquakes have been increasing up to midst 

2014. The largest events caused damage to buildings. To ensure the safety of the population and to reduce 

social unrest, the operator, NAM, initiated a Hazard and Risk Assessment (HRA) program. 

 

In the NAM HRA program, site response is embedded in the Ground Motion Model (GMM). The KEM-02 

project, as part of ‘Kennisprogramma Effecten Mijnbouw’, aims for an independent evaluation and validation 

of the site amplification component of the GMM.  

 

 

1.2 Objectives 

 

The objectives of the KEM-02 study are described by the Client in the Request for Offer as follows: 

1 To evaluate the site response model, its sensitivities and the quality and resolution of the data available 

to constrain it. 

2 To validate how well the model performed against the most recent data, thus evaluating its forecasting 

skill. 

3 To propose additional measurements or model improvements that would reduce the uncertainty in 

predicting local ground motions. 

 

 

1.3  Scope 

 

The KEM-02 project comprises three research questions.  

 

Research question 1 aims to evaluate, based on literature review and comparison with other ground motion 

models worldwide, the following sub questions: 

- Are research results available indicating that surface water bodies (ditches, canals) close to buildings can 

cause extra damage, because these features alter peak ground accelerations at the ground surface? 

- Is it possible that for slightly larger events ‘lateral spreading’ occurs? This has been observed in the 

Meuse levees as a result of the Roermond earthquake. If so, what effect can be expected for 

infrastructures and buildings in Groningen? 

 

Research question 2 encompasses an evaluation and validation of the overall performance of the GMM site 

amplification component, using the data newly collected after the NAM site response model was calibrated. 

Ground motion predictions of GMM version v5 and v6 are compared to actual ground motion recordings of 

KNMI. A residuals analysis is conducted in order to identify zones and/or geological/geotechnical conditions 

where the models perform well or poorly. Moreover, research question 2 aims to explain observed bias of 

the GMM predictions and to formulate possible GMM improvements. This complete evaluation forms the 

core of KEM-02. 
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Research question 3 aims to, partially based on the results of questions 1 and 2, suggest recommendations 

for future model developments and data collection. Research question 3 is covered by the present report. 

 

It is noted that the research question 1 study is limited to a brief literature review and basic computations. 

Research question 1 only forms a minor part of the KEM-02 project. Research question 2 forms the core of 

the KEM-02 project. For detailed results of both research question 1 and 2 the reader is referred to the 

corresponding KEM-02 reports (KEM-02 2020a, KEM-02 2020b) 

 

 

1.4 Report structure 

 

In chapter 2, a summary of results of research question 1 and 2 is given. Chapter 3 provides 

recommendations for future model generation and data collection. 
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SUMMARY OF RESEARCH QUESTION 1 AND 2 RESULTS 

 

 

2.1 Summary of Research question 1 results 

 

Topographic amplification effects 

The effect of surface water bodies, or more general: topographic irregularities, on peak ground acceleration 

(PGA) has been addressed in the present study based on combined literature review and numerical 

simulations. The effect of topographic irregularities on ground motion is not explicitly addressed by the 

GMM site response model (Bommer er al., 2018). It cannot be concluded if such effects are covered by the 

uncertainty range of the GMM and are therefore significant in terms of building damage potential. 

 

Several researchers have studied the phenomenon of topographic amplification. Some of them have 

proposed analytical methods to deal with topographic amplification in design. Codes and standards, like 

Eurocode 8, typically address topographic amplification by means of amplification factors on response 

spectra as function of topography measures. It is however concluded that both results from other research 

and code provisions are typically dealing with topographic features being substantially larger compared to 

the typical topographic irregularities observed in Groningen. Other studies do not really consider small 

topographic features at the detailed level because motions caused by tectonic earthquakes are typically 

characterized by lower frequencies and thus larger wavelengths (for which small-scale variations in the 

topography do not really matter). In Groningen the spectrum contains also significant energy at higher 

frequencies and motion is characterized by shorter wavelengths for which topographic features of smaller 

scale start to become relevant. For this reason the validity of these methods for Groningen could be 

questioned. 

 

An important complexity related to topographic amplification is formed by the fact that stratigraphic 

amplification and topographic amplification interfere. This means that if both soil layering and ground 

surface level vary spatially, the contribution of either mechanism is not easily identified. Moreover, ground 

motions are subject to inherent variability. As a consequence it is not possible to, based on the available 

ground motions recordings in Groningen made available to the KEM-02 project, derive solid conclusions 

regarding topographic amplification in Groningen. A much denser local grid of surface recording stations 

would be required to reach a solid conclusion as to the contribution of this mechanism in the amplification 

of the ground motion. 

 

Groningen-specific numerical simulations are performed in this project. In particular, 2D finite element 

simulations of ground response around canals and at artificial dwelling hills (wierden) are performed. Input 

ground motions have been considered from the 50 m depth G-stations available in the field and a number 

of typical Groningen soil profiles have been analysed. Simulation results indicate that the spatial extent over 

which topographic irregularities affect surface ground motions is relatively well captured by analytical 

methods available in codes and (international) literature. In addition, the results point out that a significant 

increase in the PGA values (up to 40 % compared to the flat case) can occur in close vicinity to slopes with a 

height disregarded by EN1998-5. The scatter in absolute (de)amplification levels is, however, large and 

limited data is available to substantiate which method from literature performs best for Groningen. From a 

perspective of a balance between simplicity and accuracy the method proposed by Bouckovalas & 

Papadimitriou (2005) could be useful, possibly with some Groningen-specific modifications. 
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It is noted that in the present study (following the request for offer) the impact of topographic irregularities 

on peak ground accelerations (PGA) is assessed. PGA is a ground motion intensity measure that is sensitive 

to high frequency content of ground motions. This makes PGA sensitive to small topographic irregularities. 

Ground motion intensity measures that are typically used for hazard and risk or damage assessments, like 

spectral acceleration for larger periods or peak ground velocity (PGV) may be less sensitive to small 

topographic irregularities. Results for other intensity measures, like peak ground velocity or spectral 

accelerations, could be extracted from the simulations performed with limited additional effort. 

 

Lateral spreading 

Kramer (2013) provides the following definition of lateral spreading: Lateral spreading is the finite, lateral 

movement of gently to steeply sloping, saturated soil deposits caused by earthquake-induced liquefaction. It is 

important to emphasize that the precondition for lateral spreading to occur, is earthquake-induced 

liquefaction. Several definitions of liquefaction exist, but in general it is described as the state in which a 

saturated granular material has negligible (shear) stiffness and strength, comparable to a thick fluid. This 

state can be reached by repetitive shearing of the granular material during an earthquake.  

 

In the present study, the focus is not placed on the likelihood of a soil deposit in Groningen to get liquefied. 

Instead, the focus is placed on quantification of the effect of lateral spreading provided that liquefaction 

manifests. For the assessment of liquefaction potential we use the Groningen-specific assessment procedure 

developed by Green et al. (2018) that is also incorporated in the NPR9998. An indicative overview of the 

presence of loosely packed sands in the shallow Groningen subsurface can found in Korff et al. (2016), 

findings and discussion on what earthquake magnitude is needed to trigger liquefaction can be found in 

Green & Bommer (2019), and findings on the likelihood of surficial liquefaction manifestations in Groningen 

can be found in Green (2018) and Green et al. (2018). 

 

In general, methods available in international literature to predict lateral spreading displacements are semi-

empirical derived on the basis of observations from tectonic earthquakes. The functional form hereof can 

lead to significantly larger displacement than is likely to develop by the induced earthquakes in Groningen. 

The present study has evaluated expressions for lateral spreading displacement from different researchers. A 

method that accounts for acceleration time history rather than magnitude 𝑀 and epicentral distance 𝑅 is 

considered to be more appropriate for Groningen due to the different nature of tectonic and induced 

earthquakes. Moreover, we require that the method can also be used for finite slopes with a given free face 

height. Integrating this, based on equal-displacement relations, results in ‘new’ combined methods. Methods 

and combinations of methods subsequently have been tested for Groningen based on a case studies. A 

combined method integrating Hamada (1999) and Zhang et al. (2004) is proposed to be applied for 

Groningen. The main reasons why we suggest specifically this method are consistency of predicted values at 

short distances from the slope and outcome sensitivity with respect to an often uncertain fines content. 

 

For situations where, following the method by Green et al. (2018), the predicted liquefied layer thickness 𝐻𝑙𝑖𝑞 

is significant and continuous in horizontal direction, there is no indication that lateral spreading cannot occur 

in Groningen. However, following the conclusions by Green et al. (2018) such locations are scarce in 

Groningen given the combined seismic hazard and liquefaction susceptibility. The results of these studies 

indicate that large scale liquefaction is unlikely for earthquake events being slightly larger compared to the 

events recorded to date. 

 

The proposed expression can be used to provide a first quantitative indication of the displacements, using 

local soil investigations, geometry data and location specific seismic hazard. As the horizontal displacement 

is expressed as a function of the distance from the free face, it is possible to establish horizontal strain levels. 

To assess risks for foundations and (infra-)structural objects related to lateral spreading, it is recommended 

to couple these strains to the performance of these objects. This can be combined with a region-wide 

assessment of the relevance of lateral spreading, by zooming in on locations where significant lateral 

spreading displacements are calculated. 

 

One additional key aspect for lateral spreading potential is the vertical position of the liquefied layer(s) 

relative to the free face height. A simple provision from literature is provided in the present report, which 
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may prove very helpful when assessing the many ditches and canals in Groningen that have a relatively small 

free face height. 

 

 

2.2 Summary of Research question 2 results 

 

Seismic Cone Penetration Test data at G-station locations 

The development of the GMM uses data from both B-stations (seismometer at ground surface) and G-

station arrays (seismometer at ground surface and downhole geophones at 50, 100, 150 and 200 m depth). 

G-stations have the highest potential for validation of the site amplification component of the Empirical 

Ground Motion Prediction Equation (EGMPE), because these record ground motions at different depths. 

Moreover, the G-stations represent actual ground motions, whereas B-stations are located in buildings and 

their recordings are influenced by soil-structure interaction effects. High quality geotechnical data by means 

of Seismic Cone Penetration Tests (SCPT) exactly at the G-station locations were not available for the 

development of the GMM version v5 and v6. In order to improve the quality of the KEM-02 and KEM-04 

projects a field survey campaign has been executed in May 2019 by Fugro, resulting 14 SCPT soundings at 

G-station locations. The availability of this data provided an excellent opportunity to reconstruct site 

response models that could be used for direct validation of the GMM site amplification component for the 

upper 200 m of the soil column. 

 

Field wide verification of overall GMM performance 

A field wide verification of the overall GMM performance (not just the site amplification component) is 

performed in order to select locations/areas for further detailed verifications. This verification is performed as 

a residuals analysis (i.e. recorded minus predicted ground motions) for GMM v5, GMM v6 and EGMPE 2019. 

It is concluded that GMM v5 gives an overall underprediction, especially at short hypocentral distances, for 

all spectral periods with a non-uniform bias over the field. GMM v6 predictions are in much better 

agreement with the recordings. For hypocentral distances larger than 5 km, and for events larger than 

magnitude 2.5, the median residuals for GMM v6 are close to zero at short periods and tend to negative 

(conservative) at longer periods. At short hypocentral distances (<5 km), GMM v6 performs better than GMM 

v5, but is still underpredicting the field ground motion recordings. Stations around Froombosch (also for 

GMM v6) show a relatively high positive bias, especially station G450, which shows the largest bias in the 

whole field. The Southeast area shows an overestimation of the ground motions, meaning that although the 

overall bias is zero, it is not uniform over the field. The Empirical Ground Motion Prediction Equation 

(EGMPE) 2019 is concluded to perform well. 

 

The spatial distribution of the mean residuals for GMM v6 is not random over the field. In regions with 

negative bias the predicted ground motions are too high (i.e. conservative predictions) and perhaps of lesser 

concern. For regions with positive bias it is recommended to trace the causes. It has been shown that the 

presence of very soft soil layers in the top meters can cause larger ground motions locally. These are not 

visible in the averaged zone and hence could lead to such bias. It is recommended to further substantiate 

the importance of this towards hazard and risk quantification. 

 

Zone dependent amplification factors 

GMM v5 and v6 incorporate a zonation with approximately 160 zones to which specific site amplification 

factors are assigned. For a pre-selected zone, around Froombosch, the median and uncertainty of the zone 

specific site amplification factors are found to be in agreement with the results of the site response 

simulations for this zone. This provides confidence that site response simulation results have been correctly 

processed into GMM site amplification factors. However, this does not mean that zone dependent 

amplification factors are generally unbiased and / or that the current zonation captures any site located 

within a certain zone. 

 

Verification of the upper 200 m site amplification model based on G-stations recordings 

The 200 m depth reconstructed site amplification models were used to calculate the ground response for a 

ground motion input recorded at the deepest G-station geophone (200 m depth). These calculations were 

performed both 1D (as for GMM development) and 2D. The calculated ground responses have been 
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compared to recorded ground motions at 150, 100 and 50 m depth and at the ground surface. This resulted 

in the following conclusions and observations: 

- Both GMM v5 and GMM v6 incorporate a too high value of the small strain damping for soils in the 

upper 300 m.  

- We acknowledge that the peaks in the Fourier transfer function at low frequencies are better described 

using the small strain damping adopted in the v5 and v6 GMM, however this does not hold for the 

higher frequencies. It is recommended to investigate this effect thoroughly as it shows to be the most 

likely explanation for the observed underprediction in the GMM. 

- 2D site response simulations are of added value in explaining deficiencies between predictions and 

recordings, because they better capture both the observed response spectra as well as the Fourier 

transfer functions. 

- Preliminary 2D site response simulations in the upper 200 m of soil did not explain the consistent 

underpredictions for long spectral periods. From the 2D simulations, it is only concluded that the long 

period spectral response is sensitive to non-zero angles of incidence of the waves at 200m depth. The 

deeper subsurface may play an important role here, but this is outside of the scope of the KEM-02 

project. 

- The presence of very soft soils at shallow depths (up to a few meters) can locally increase the ground 

motion response. This is not well captured by GMM v5 and v6. It is possible that such a local site 

amplification effect diminishes when a building is present, but this should be further investigated. 

 

Explanation of underprediction of GMM v5 compared to v6 

The fact that GMM v6 includes even higher damping compared to GMM v5 should lead to an even larger 

underestimation of ground response of v6. This however is not the case, because for GMM the surface G-

stations rather than the G-stations at 200 m depth have been used in the inversion. This means that a 

mismatch in the site response (damping) model is effectively nullified. Overall mismatches in site response 

are now reflected in the intensity for the source term during the inversion process. Damping overestimation 

in site response leads to a larger source term, such that at the surface the vibration intensity is matched.. The 

fact that the small strain damping factor effectively cancels out when inversions are based on surface 

stations, however, is not a reason to accept this bias. 

 

Site response models in relation to upscaling to stronger ground motions 

The applied correction for the small strain damping has a significant effect at higher magnitudes, because 

the damping correction factor is applied up to 300 m depth in the GMM and therefore the wave path is 

affected by a too high value of damping assumed over a relatively large depth. Depending on how the 

ground motion model source term is extrapolated to larger magnitudes, this effect may underestimate 

ground motions at higher magnitudes. It is recommended to further investigate this issue of the GMM. 

 

Given the high sensitivity of the response to the amount of P- and S-wave damping, more investigation is 

needed to accurately determine the amount of damping in these waveforms. Of specific importance herein 

are the effective damping levels that apply to strong ground motions associated with higher magnitude 

events. In this report, we have argued that the coupling of the P-and S-wave motion is significant for the 

linear-response of the system once the angle of incidence is non-zero. It is expected that the influence of 

this coupling of waves will be significant also in the nonlinear regime, which is currently not taken into 

account in the site response models for GMM V5 and V6. Moreover, the scaling of the P- and S-wave 

motions will not be trivial once the nonlinearity is incorporated; an item worth looking in future 

investigations. 
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RECOMMENDATIONS BASED ON RESEARCH QUESTION 1 AND 2 RESULTS 

 

 

3.1 Recommendations based on research question 1 results 

 

Topographic amplification 

The results of the present project indicate that topographic features typical in Groningen can influence the 

PGA significantly. An integral assessment of both topographic irregularities and shallow subsurface variability 

would be required in order to establish to what extend the uncertainty ranges of the GMM site amplification 

factors cover potential topographic amplification effects. A thorough assessment including the results of 

ground motion from a very dense station network is required, should one aim to derive solid conclusions 

specifically on the importance of topographic amplification in Groningen. 

 

The results of the present study do indicate that simple methods available in literature are able to 

adequately quantify the spatial extend of topographic amplification effects. Hence, such methods could be 

useful to establish distance thresholds beyond which topographic amplification effects can be excluded. 

Based on the present study, within a distance up to around 20 m from the crest of a topographic feature 

amplification of peak ground accelerations is possible. Integration of such methods (possibly with Groningen 

specific modifications) or distance thresholds in NPR 9998 for Groningen may be very useful for practical 

purposes such as structural integrity verifications or damage assessments. For the purpose of damage 

assessments it is recommended to account for topographic amplification effects, or at least acknowledge 

their possible contribution. Mapping of buildings together with topographic maps of the Groningen region 

(Algemeen Hoogtebestand Nederland) could help to identify structures laying within topographic 

amplification zones. 

 

In the present study topographic amplification effects in terms of PGA are quantified. It can be argued that 

PGA or spectral acceleration at higher periods are more suitable to assess damage. Topographic 

amplification effects for these ground motion intensity measures can be extracted from the calculations 

similar to the PGA. If such further study is conducted, it is recommended to extend the study to assess a 

wider variety of soil profiles and geometries. This would be a prerequisite in order to end up with 

conclusions that can be generalized for region-wide application in Groningen. 

 

Lateral spreading 

Large scale liquefaction forms a prerequisite for lateral spreading to occur. Therefore the assessment of 

potential lateral spreading risks could be split in two: 1) assessment of liquefaction risks, and 2) assessment 

of lateral spreading displacements in relation to the fragility of foundations and (infra-)structural objects. 

 

An extensive research program has been conducted to quantify liquefaction risks for Groningen (Green, 

2018., Green et al., 2018). The results of these studies are incorporated in NPR9998. Quantification of 

potential effects of lateral spreading is only relevant for locations where liquefaction risks are high, taking 

into account local soil conditions and the location specific seismic hazard. The results of the research 

program led by Green do indicate that conditions which can trigger lateral spreading are very scarce in 

Groningen.  

 

An evaluation of potential impact of lateral spreading could be based on comparison of the predicted lateral 

spread displacements to fragility functions for damage of structures due to horizontal displacement. The 
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KEM-02 project evaluated which expression for lateral spreading displacement predictions could be applied 

for Groningen. An expression is proposed it the research question 2 report. Validation of this expression 

based on numerical simulation studies or preferably field evidence from past or future earthquake events is 

recommended. 

 

The evaluation of lateral spreading in the present project has focussed on the potential consequences of 

lateral spreading, being soil deformations, assuming that an independent separate liquefaction triggering 

assessment precedes any evaluation of lateral spreading. This approach employs basic models, which is 

considered preferred for Groningen given the 1) low identified potential of large scale liquefaction to occur 

(Green et al., 2018), and 2) absence of Groningen-specific field evidence cases required for validation of 

more advanced integrated models. Alternative, more integrated, approaches could be considered as well. A 

well set up integrated framework has been recently published by Paolella et al. (2020). This framework 

integrates seismic hazard, liquefaction susceptibility and building vulnerability. Uncertainty bandwidths of 

such an integrated approach are however large, especially for individual buildings. Moreover, such more 

advanced methods need proper validation, which in the referenced study has been done based on 

Christchurch case study data. Such field evidence data is not available in Groningen. The combined 

observations that large scale liquefaction potential is considered low and no field evidence is available to 

validate complex integrated models, makes the authors conclude that such an assessment, which would 

require substantial effort and resources, might therefore have limited added value. 

 

 

3.2 Recommendations based on research question 2 results 

 

Model parameters and uncertainties 

We recommend to lower the small strain damping compared to what is implemented in the GMM v5 and v6 

site amplification simulations. Setting the applied small strain damping multiplier (D-factor) to 1.0 is advised 

within the current site amplification model setup. This choice leads to a good agreement between site 

response predictions and measurements. 

 

KEM-02 simulations have shown that surface ground response spectra are very sensitive to the shallow top 

(soft) layer. However, this is not necessarily true for the actual effective seismic demand on buildings. 

Effective foundation input motions (the response of the building foundation to the surface ground motion) 

will be less sensitive to thin shallow soft layers than the actual surface free-field ground motions. This 

however depends on the type of building and its type of foundation and therefore this topic needs further 

consideration in order to quantify the impact on the ground motion model predictions. 

 

Due to the above effect as well as other effects described in the main report, in the V6 GMM there are sites 

with positive bias (under-estimation of the ground motions) as well as negative bias (over-estimation of the 

ground motions). This means at those sites the probabilistic model does not exactly match the ground 

motion recordings available to constrain the model. For the sites with negative bias, this is conservative and 

perhaps of lesser concern. For the sites with positive bias it is recommended to evaluate if the uncertainty in 

the V6 GMM statistically covers the local sites’ bias. For V5 GMM this evaluation is not relevant given the 

clear consistent bias of the model that resulted from the (solved) G-station problems. 

 

Suggestions for model modifications or extensions. 

Simulations using the 2D model have shown that the simultaneous contribution of the P-and S-waves to the 

ground surface motion cannot be disregarded once the distribution of the ground motion at the reference 

depth for the site amplification component is non-uniform (which is likely to be the case here given the deep 

location of the reference depth). This is true both for the regime of linear ground response (earthquakes 

recorded to date) and for nonlinear ground response (strong earthquakes). In the latter case, the necessity to 

consider both waves simultaneously will be amplified due to the enhanced coupling due to the material 

nonlinearity. It is recommended to thoroughly investigate this. 

 

The current GMM site amplification model is a 1D model from NS_B depth upwards. It has not been proven 

that the GMM framework provides consistent and reliable results for situations or events where 2D/3D wave 
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propagation in combination with nonlinear soil behaviour occur. 2D or 3D nonlinear models that calculate 

how the P-wave and S-wave response scale up once non-linearity is triggered can be of significant added 

value here to quantify potential impact on surface ground motions, but only if the nonlinear model 

parameters are well calibrated (see next section). 

 

Integrated models are preferred, combining source to surface in a single 2D or 3D model. The KEM-02 team 

realizes that such models may not be very computationally efficient and especially 3D models can therefore 

not be used to perform a full probabilistic analysis. However, for model calibration purposes, especially in the 

upscaling to larger ground motions, these are of added value. At least a number of these integrated 

simulations should be carried out to be able to confirm whether the current 1D model is sufficiently accurate 

at larger ground motions. If not, these integrated simulations can serve to make the necessary adjustments 

to the current 1D model if it is to be retained. 

 

Additional surveys or measurements that could contribute to model improvement 

The extensive cone penetration test (CPT) database available for Groningen could be used to identify 

locations that may show a site amplification characteristic which differs significantly from the zone average. 

Soil profile generation is fully stochastic in the present site amplification model, which makes direct 

comparison of the model results from generated profiles with actual recordings to some extend irrelevant. 

Direct comparison of recordings, zone average amplifications and site amplification model results for actual 

CPT based soil profiles does allow to better assess which sites are potentially not well covered by the zone 

averages. Such assessments have been performed in the present project for the SCPTs taken close to the G-

stations and this approach could be extended to other locations as well. CPTs, combined with CPT to shear 

wave velocity correlations could be used to perform such assessments, potentially limiting the need for many 

more seismic cone penetration tests (SCPTs). Such a correlation, which is generally applicable, is already 

prescribed in NEN NPR 9998:2018. 

 

The 2D simulations developed as part of the current project, indicate that both P- and S-waves contribute to 

ground motions. Given the high sensitivity of the response to the amounts of P- and S-wave damping, 

additional investigation is needed to accurately determine the amount of damping in these waveforms. In 

the literature, there exist several advanced methods to identify the amount of damping on the basis of direct 

site investigation (direct measurements, like addressed in Versteijlen, (2018)). If 2D or 3D models will be used 

for further GMM development in the future it is recommended to substantiate the amount of damping 

based on direct site investigations. 
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