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4. Simulation of a My 5 scenario earthquake

In this Section, the results of a simulation of a My 5 ground shaking scenario are
shown. Since for this target magnitude, a point-source approximation, as adopted for
the Zeerijp earthquake considered in Section 3, is no longer adequate, an extended
fault rupture was modeled in the numerical simulation. To this end, a new mesh was
built to account for the geometry of the extended fault and for a kinematic source
rupture (as described in Section 4.1). Furthermore, the soil model was modified in
order to account for possible non-linear effects at these ground shaking levels, in the
very soft surficial layers of the Groningen field (as explained in Section 4.2). As for
the My, 3.4 case, a simulation with outcropping NS_B interface was performed also
for My, 5, in order to compute response spectral amplification functions, as illustrated
in Section 5.

4.1

Table 4.1 and Figure 4.1 show an overview of the geometric and kinematic source
parameters adopted for the simulation of the My 5 earthquake scenario. As one of
the purposes of this study is the comparison with the GMM-V5 predictions, the
geometric parameters of the finite-fault rupture scenario were selected consistently
with the EXSIM simulations performed for the construction of GMM-V5.

Definition of the finite-fault rupture scenario

Table 4.1: Parameters for the finite-fault rupture scenario with My 5. Distributions of slip, rake angle, rise
time and rupture time are generated according to Crempien and Archuleta (2015) model.

Moment Magnitude My 5.0

free surface

A: (6.7288, 53.3672, 3)

B: (6.7566, 53.3465, 3) East

Fault Vertices (Lon°E, Lat°N, Z[km])

C: (6.7497, 53.3417, 5)

strike direction

D. (6.7223, 53.3620, 5)

A Width W
3 :

Top depth Humin [km]

N
/"th.‘
Length L [km] 3 e

Hypocer'wter

Width W [km]

21

Hypocenter (Lon°E, Lat°N, Z[km])

(6.7396, 53.3545, 3)

Strike [°]

140

Dip [°]

70

o]

As regards the source kinematics, the slip distribution model proposed by Crempien
and Archuleta (2015) was considered. This allows one to generate random
heterogeneous distributions of co-seismic slip satisfying seismological constraints
and correlations of earthquake source parameters, as inferred from dynamic rupture
simulations. In addition to the aleatory uncertainty of the fault slip distribution, major
epistemic uncertainties exist on such scenario because of the lack of knowledge
about possible tectonic faults that might be triggered below the Groningen basin.
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Therefore, the aim of the considered scenario is limited at providing hints on several
features of the resulting ground motion, within a single realization of a M5
earthquake, including the spatial variability in near-source as well as the impact of
soil non-linear response.

slip [m] rake angle [°] rise time [s] rupt time [s]
[ M
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Figure 4.1: Spatial distributions of slip, rake angle, rise time and rupture time used for the My 5
simulation.

4.2 Modulus Reduction Damping curves for non-linear
analyses

A non-linear constitutive model has been used for the surface soil layers, down to a
depth of 15 m. The constitutive law implemented in SPEED is a non-linear visco-
elastic model, where, at each time step of the simulation, the soil shear modulus and
damping ratios are updated according to the level of shear strain. More specifically,
the model is implemented as a generalization, to 3D loading conditions, of the
classical G —y and D — y curves (Modulus Reduction Damping, MRD, curves) used
within 1D linear-equivalent approaches. G, D, and y are the shear modulus, the
damping ratio, and the 1D shear strain, respectively.

Namely, the generalization to the 3D case of the MRD curves is performed using a
scalar measure of the shear strain amplitude; that is:

ymax(x' t) = maX[lgl (x' t) — & (x: t)l;
le;(x, t) — & (x, 0)|, | (x, t) — &1 (x, )]

where g;, ¢; and g;;; are the principal values of the strain tensor. Once the value of
Ymax 1S Calculated at the generic position x and generic instant of time t, this value is
introduced in the G —y and D —y curves, and the corresponding parameters are
updated for the following timestep. Therefore, unlike the classical linear-equivalent
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approach, the initial values of the dynamic soil properties are recovered at the end of
the excitation (see Stupazzini et al., 2009)*2.

To be consistent with the GMM-V5 computations, the MRD curves proposed by
Rodriguez-Marek et al. 2017 for a vertical effective stress of 15 kPa were used in
SPEED simulations (Figure 4.2). It is to be noted that these curves provide larger
non-linear effects than those proposed by Kishida et al. 2009, used as well for
Groningen surface peats by other authors (e.g. in Van Stiphout, 2018).
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Figure 4.2: MRD curves adopted in SPEED simulations, from Rodriguez-Marek et al., 2017. p (left vertical
axis) is the shear modulus; § (right vertical axis) is the damping ratio.

4.3 Results of My 5 scenario

4.3.1 Simulated results at ground surface and non-linear effects

Figure 4.3 shows the results of the simulation of the My 5 earthquake in terms of
waveforms (acceleration, velocity and displacement) simulated using both a linear
(red) and a non-linear (blue) constitutive law, at station G140. The bottom panel of
the same figure shows the time history of the shear modulus (normalized with respect
to Gop) at the same ground surface station G140. This plot suggests that the selected
non-linear elastic model affects the ground response only for a limited amount of
time, owing to the short duration of ground motion related to the low earthquake

2 Simplicity of this non-linear model allows to keep within a reasonable target the computational
performance of the SPEED code, that would be significantly decreased by the adoption of a more
sophisticated non-linear constitutive model.

58



POLITECNICO DI MILANO

KEM 04 — RQ2

magnitude. Note that, according to a linear-equivalent model, changes of shear
modulus and damping values are applied permanently to the next iteration™>.

Figure 4.4 shows the PGA, PGV and PGD maps for the three components of ground
motion. Maximum values of PGA and PGV are found in the epicentral area, with
peaks up to 0.7 g in PGA and 40 cm/s in PGV.

Figure 4.5 maps the ratio of non-linear vs linear peak values, emphasizing that non-
linear peak values are slightly reduced with respect to the linear case, with maximum
reduction from 10% to 20% on the horizontal components, while no relevant
differences are visible on the vertical ones.
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13 A specific study on non-linear effects on site response analysis based on 1D wave propagation
models is illustrated in the KEMO04 report ,Results of 1D nonlinear site response analyses* Document
N°: STR_FUG_18P17_05.
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Figure 4.3: Top: comparison of time histories of acceleration, velocity and displacement for the
simulations of the M, 5 event, for station G140. Red line: linear model 1Ds-Qf-L. Blue line: non-linear
model 1Ds-Qf-NL. Bottom: time history of the shear modulus of the non-linear analysis, for the same

station.
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Figure 4.4: Shake map of peak ground values for the non-linear simulation of the My 5 scenario. Surface
projection of the fault is also shown together with epicenter position and G stations locations.
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Figure 4.5: Map of ratios between non-linear and linear simulations of the My 5 scenario (non-

linear/linear). Surface projection of the fault is also shown together with epicenter position and G stations
locations.

432 Simulated V/H ratios

Finally, we have tested the possible magnitude and distance dependence of the V/H
response spectral ratios, with respect to the results illustrated in the Figure 4.4 of the
RQ1 report. Being constrained by the records within the Groningen area of
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Magnitude up to 3.4, it may be relevant to check whether the SPEED results provide
a similar variability. Referring to the non-linear simulations, SPEED results are
grouped according to the same distance ranges as used in RQ1. Comparison in
Figure 4.6 shows that there is an overall good agreement in the period range > 0.2 s,
with V/H dropping from around 0.5 to around 0.25, as well as in terms of PGA ratio,
ranging from about 0.7 to 1.2, with the exception of the 1-3 km distance bin. In the
intermediate range from 0.01 to 0.2 s SPEED results peak at a period of 0.06 s,
slightly larger than records (0.04 s) with larger values and with no evident distance
dependence. Anyway, it should be remarked that SPEED results belong to a single
realization of a M5 scenario.
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Figure 4.6: Left panel: excerpt of Figure 4.4 from RQ1 report: comparison of mean V/H obtained for
different distance bins with median predictions from the V/H model by Bozorgnia and Campbell (2016) for
tectonic earthquakes for two reference rupture distances (Ry,p=5 km and R,;=10 km), for My=3.5, Vs30=200

m/s and Znyp=3 km. Right panel: average V/H calculated for the My 5 scenario (non-linear case) at the
ground surface monitors, grouped within the same distance bins of left panel.
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5. Summary of results and comparisons with GMM-V5

In this Section SPEED results are compared with the empirical predictions of the
GMM-V5 model (Bommer et al. 2018). This comparison will be shown for both the M,
3.4 Zeerijp event (Section 5.1), for which recordings are also available, and for the
M. 5 scenario earthquake (Section 5.2), in terms of peak ground motion values and
duration, both at ground surface and at the equivalent outcropping bedrock position
(NS_B), as well as of amplification factors. Finally, results of M,, 3.4 and M,, 5
simulations are shown in terms of response spectral ratios of vertical over horizontal
components.

Results from the Empirical Green’s Functions approach used in RQ1 studies are also
shown for comparison.

5.1 M,, 3.4 Zeerijp earthquake

51.1 Results at the ground surface

In Figure 5.1, recorded peak values for the geometric mean of horizontal components
and of vertical components are compared with results from different SPEED
simulations (1Ds-Qf, red; 3Ds-Qf, blue, with flat or irregular interfaces respectively))
and with the predictions obtained with the GMM-V5, considering the lower and upper
branches of the stress drop model, L1 (50 bar) and L4 (100 bar) respectively (see
Bommer et al. 2014 for reference). Results from other SPEED simulations are not
shown herein for simplicity, as they have similar patterns.

Simulations and records are in overall good agreement, both in terms of peak values
and of the attenuation trend with epicentral distance. A good agreement is found for
both horizontal and vertical components.

Within about 5 km epicentral distance, SPEED results match the observed
attenuation with distance better than GMM-V5; more specifically, in terms of rate of
decay, SPEED results show a remarkable consistency with records.

EGF results are shown in the same figure. The agreement with records is similar to
SPEED, providing a good cross-verification of both methods. With reference to PGD
predictions and vertical components, the EGF approach provides less satisfactory
results.
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Figure 5.1: My3.4 Zeerijp earthquake. Comparison between SPEED and GMM-V5 at ground surface in
terms of peak ground motion values (PGA: left; PGV: center; PGD: right) as a function of distance. Upper
panel: geometric mean of the horizontal components; lower panel: vertical components. Black: records;

red: 1Ds-Qf model; blue: 3Ds-Qf model; light green: GMM-L1; dark green: GMM-L4; pink: EGF results.

51.2 Results at the outcropping bedrock (NS_B)

Results at the outcropping bedrock (NS_B) were computed, as explained in Section
2, starting from the reference model 1Ds-Qf and moving the NS _B interface at
ground surface. This means that the soil layers above Material 4 (CK, Chalk
formation) are filled with the same CK soil, up to ground surface. Figure 5.2 shows
the comparison of the numerical simulation (named 1Ds-Qf-NS) with the GMM-V5
predictions at the NS_B outcropping sites.

SPEED peak values fall within the upper variability range of GMM predictions in
terms of PGA, while PGV values tend to be larger.

Differences of SPEED and GMM-V5 results tend to be larger at NS_B, rather than at
the ground surface. This is probably related to a difference in soil amplification
functions (from NS_B interface to ground surface) within the two approaches. Such
differences are furtherly discussed in the following sub-section.
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Figure 5.2: My3.4 Zeerijp earthquake. Comparison between SPEED and GMM-V5 at outcropping NS_B in
terms of peak ground motion values as a function of distance. Upper panel: geometric mean of the
horizontal components; lower panel: vertical components. Red: 1Ds-Qf-NS model. Light green: GMM-L1;
dark green: GMM-L4.

5.1.3 Response spectral amplification functions

Spectral amplification functions are one of the key outputs of GMM-V5, being
obtained by suitable spectral 1D deconvolutions of surface ground motion, based on
the assumption of vertically propagating plane waves. On the other hand, SPEED
does not allow to compute ground motions at the outcropping reference conditions
other than by re-running the numerical simulations by replacing the dynamic ground
properties above the NS_B interface by those of the layer below the same interface.
Therefore, the SPEED spectral amplification functions are obtained by dividing the
response spectra of ground motion computed by the simulation with the actual
numerical model, by those computed by the simulation considering the same input
but with the outcropping bedrock. Referring to Table 2.8, the SPEED spectral
amplification functions were computed by dividing response spectra of 20-1Ds-Qf by
20-1Ds-Qf-NS. Comparison with the GMM-V5 amplification functions are shown in
Figure 5.3 for some of the G stations in the epicentral area of the Zeerijp earthquake.

While the agreement between SPEED and GMM-V5 response spectral amplification
functions is good for the G140 station, lying at the shortest epicentral distance (less
than 2 km), it significantly deteriorates with increasing epicentral distance.

As a matter of fact, G140 station is located almost above the hypocenter, so that the
wave propagation pattern tends to be sub-vertical and, hence, well predictable by a
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standard 1D wave propagation model. However, the validity of such 1D assumption
tends to be questionable as epicentral distance increases, since, in such conditions,
the propagation pattern gets more complex, with predominance of obliquely
propagating S-waves (see snapshots in Figure 6.2) incident at the ground surface.
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Figure 5.3: My3.4 Zeerijp earthquake. Comparison between the response spectral amplification functions
of the GMM-V5 model (AF coefficients) and the ones from numerical simulations, as explained in the text.

5.14 Duration of ground motion

Consistently with the definition adopted in the GMM-V5 model, duration was
computed as the time window between to 5 to 75% of the total Arias intensity.

As illustrated in Figure 5.4, records, GMM-V5 predictions and SPEED results show a
consistent trend of duration, regularly increasing with epicentral distance, as
expected since 3D propagation patterns play a role.

While GMM-V5 shows a remarkably good agreement with records, SPEED results
with the 1D configuration systematically underestimate recorded duration, by about
1s. However, as already pointed out, the performance of the numerical model with 3D
interfaces is much better as well as the stochastic model, although not shown here
for brevity. This means that, while the simplified model with flat interfaces is suitable
to properly predict peak values, the level of complexity yielded by such a model is not
sufficient for duration predictions.
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As shown in Figure 5.4. the EGF simulated values are also in very good agreement
with records.
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Figure 5.4: My3.4 Zeerijp earthquake. Comparison of the duration values between records (black), 1DsQf
model (red), 3DsQf model (blue), EGF simulations (pink) and GMM-V5 for the two stress drop branches:
L1 (light green dots) and L4 (dark green dots).

5.2 My 5 scenario

Peak ground motion values and amplification functions predicted by numerical
simulations, for both linear and non-linear case, have been compared with EGF and
GMM-V5 results for the My 5 earthquake. Results are shown in terms of attenuation
of peak values with distance and of response spectral amplification functions.

5.2.1 Comparison with GMM-V5 at ground surface

As shown in Figure 5.5 referring to ground surface, SPEED results turn out to be
significantly larger than GMM-V5 at short epicentral distance, with a faster trend of
decay. Instead, SPEED results are on the lower side of those obtained by the EGF
approach, based on a linear-elastic estimation of ground motion.

Discrepancies with GMM-V5 are relevant especially for PGA, but also for PGV the
standard variability of GMM-V5 is exceeded by both SPEED and EGF. It is to be
remarked that, while EGF results do not account for soil non-linearities, SPEED
results do, although the computed effects are small, as illustrated in the previous
section. However, differences with GMM-V5 are high and can hardly be justified only
by non-linear soil response.
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Figure 5.5: Comparison of peak values, PGA (left) and PGV (right), of the horizontal components
(geometric mean) at the ground surface for the My, 5 scenario: 1Ds-Qf-5L linear model (red); 1Ds-Qf-5NL
non-linear model (blue); GMM-V5-L1 (light green); GMM-V5-L4 (dark green); EGF (magenta).

5.2.2 Comparison with GMM-V5 at NS_B outcropping interface

Referring now to results at the outcropping NS_B interface (shown in Figure 5.6), it
can be observed that differences between GMM-V5 and SPEED are smaller than at
ground surface, but still remarkable.

To provide some additional insight into the performance of such prediction at the
ideal NS_B outcropping interface, we considered some of the few shallow M5
earthquakes recorded in near-source conditions. First, the M5 Cushing, Oklahoma,
earthquake on Nov 7 2016, hypocentral depth 4.4 km, with PGAs at epicentral
distance < 8 km ranging from 0.3 g to 0.6 g and PGVs around 10 cm/s**. Second, the
M4.8 Mt. Etna, Sicily, earthquake on Dec 26 2018, hypocentral depth 2 km, with PGA
from 0.30 g to 0.55 g and PGV from 30 to 40 cm/s™. In both cases records were
obtained on outcropping rocks or stiff soil conditions, so that it is meaningful to
compare such values with the outcropping NS_B case of Figure 5.6. It can be noted

14

https://earthquake.usgs.gov/earthquakes/eventpage/us100075y8. See also the EERI
Reconnaissance Team Report M5.0 Cushing, Oklahoma, USA Earthquake on November 7, 2016,
February 2017.

> These are tectonic earthquakes along very shallow faults originated by the Etna volcano activity.
The two recording stations are in Santa Venerina, on stiff ground. Records available at itaca.mi.ingv.it.
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that (i) there is a reasonably good agreement with SPEED for the Cushing
earthquake both in terms of PGA and PGV (see recorded values in Cushing in Figure
5.6), (ii) that the PGVs recorded in Sicily are substantially larger probably due to the
very shallow depth of the Etna earthquake, (iii) that predictions of the GMM-V5 are
substantially lower for both cases.

We can conclude that differences of SPEED and GMM-V5 at ground surface can
partly be related to different features of soil amplification (as discussed further in the
next sub-section), but also to different amplitude of near-source ground motion at
outcropping bedrock.
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Figure 5.6: Comparison of peak values, PGA (left) and PGV (right), of the horizontal components
(geometric mean) at outcropping NS_B for the My, 5 scenario: 1Ds-Qf-5L-NS linear model (red); GMM-V5-
L1 (light green); GMM-V5-L4 (dark green). Peak values from the M,,5 Cushing Oklahoma earthquake, with

stations on stiff ground, are shown as well, with red dots.

5.2.3 Comparison with GMM-V5 response spectral amplification
functions

Finally, response spectral amplification functions (AFs) for the My, 5 scenario have
been calculated and plotted for different stations in Figure 5.7. Results show a better
agreement of SPEED and GMM-V5 rather than for the My, 3.4 earthquake (shown in
Figure 5.3). As discussed in Section 6, this may be due to seismic wave propagation
features that are closer, as M increases, to the assumption of vertically propagating
S-waves, which is the background assumption of GMM-V5. However, it should also
be remarked that the AFs from GMM-V5 fall at short periods to values well below 1,
with a de-amplification trend on PGAs more significant than simulated by SPEED, as
already pointed out.
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Figure 5.7. My, 5 scenario. Comparison between the response spectral amplification functions (AF) of the
GMM-V5 model and with the ones computed with simulations, as explained in the text.
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0. Conclusions

6.1 Overview

Within RQ2, the open-source code SPEED was used to produce 3D physics-based
numerical simulations of seismic wave propagation in the Groningen area. After
selection of a 20x20 km? area within the field, including the epicenter of the M,, 3.4
Zeerijp earthquake on Jan 8 2018, the accuracy of the code was first verified by
comparison with an independent numerical solution, based on 1D layer interfaces.

Subsequently, a 3D seismic wave velocity model was constructed, based on the
available geological and geophysical investigations. The numerical model was
designed to propagate frequencies up to about 10 Hz, a level of accuracy that implied
a total number of degrees-of-freedom of the numerical mesh up to about 1 billion. For
this reason, most 3D numerical simulations were carried out at CINECA, the largest
supercomputing center in Italy, taking advantage of co-funding from CINECA itself.

The SPEED results were validated against records of the Zeerijp earthquake. The
successful outcome of the validation study promoted a sensitivity analysis where the
impact of different assumptions was explored, such as the role of 3D geological
features (Peelo valleys, Zechstein salt inclusions), the stochastic variability of shallow
soil properties and the dependence on frequency of the Q-factor.

In the following sub-sections the most relevant outcomes of this study are
summarized, and some recommendations are provided to improve ground motion
models for induced seismicity in the Groningen area.

6.2 Validation with Zeerijp My, 3.4 earthquake records

Taking advantage of advanced models of slip time functions at the seismic source, a
satisfactory agreement was found between numerical simulations and records for
most G-stations at an epicentral distance shorter than about 10 km. The comparison
was explored both in time and frequency domains, the latter one showing that the
frequency range of accurate numerical simulations extends at least up to 10 Hz,
allowing for satisfactory predictions also of PGA values.

As a matter of fact, the trend of peak values with distance follows closely the
recorded one, also at the very short epicentral distance range (Repi < 5 km) for which
the GMM-V5 tends to underestimate the recorded peaks. Besides, the vertical peak
values are also well predicted. In terms of duration, a satisfactory agreement is
obtained for those models (either with 3D soil interfaces or with stochastic variability
of Vs values) that reproduce a realistic complexity of the geological and geophysical
configuration, while the “simplest” 1D models tend to underestimate duration.

6.3 Sensitivity studies

As requested within the KEMO04 activities related to RQ2, a sensitivity analysis was
carried out to explore the impact of several assumptions related to the 3D model. The
main conclusions are listed in the following.
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Peelo valleys: the effect of the variable depth of the Peelo formation interface was
explored by comparing results of numerical simulations using first horizontal
interfaces and then the actual 3D ones. These different modelling assumptions
provided very limited impact on the results, mainly due to the combined effect of two
factors: a) the limited dynamic impedance contrast between the Peelo and the
underlying geological formations; b) the low depth-to-width aspect ratio of such
valleys.

Zechstein salt domes: since in the area subjected to study no significant irregularity
of the top-Zechstein formation was present, it was decided to replace the top
Zechstein interface in the area under study with that of the Veendam area, where a
remarkable salt inclusion is mapped. The sharp submerged irregularity introduced in
the model turned out to provide very significant amplifications of the surface ground
motion especially in the area above the top of the inclusion, but with effects extended
also at some km distance, because of the peculiar 3D features of seismic wave
propagation. Amplification effects above the inclusion are mostly related to: a)
effective transmission of input energy within the dome, with limited amount of
reflections back to the halfspace; b) submerged topography effects, related to
focalization of seismic waves towards the top of the inclusion; c) low-frequency
resonance effects above the top of the inclusion, because of the very high dynamic
impedance ratio of soft shallow ground materials with respect to the very stiff
underlying salt formations. As a result, the impact of the salt dome inclusion was
particularly evident in terms of low-to-intermediate frequency ground motion
parameters, such as PGD and PGV.

Stochastic variability of Vs: an ad-hoc module was developed in SPEED to account
for stochastic models of spatial variability of the seismic wave velocity within the
shallow Peelo formations. Parameters of spatial variability were calibrated based on
the available data. The effect was found to be moderate, implying a loss of
coherence of the main arrivals of seismic waves, with a consequent reduction of peak
values of ground motion.

Models of Q-factor: a model of frequency-proportional Q, with Q(fop=5Hz)=Vs/10, was
selected based on a comprehensive comparison study with the observed spectral
ratio of surface-to-borehole records at G stations. This model turned out to provide
good results, with a satisfactory agreement between 3D numerical simulations and
records, both in terms of peak values and of their decaying trend with distance. The
impact of a frequency-independent (hysteretic) Q-factor was also explored
(Q=Vs/10), providing worst performance at frequencies lower than about 5 Hz (PGV
and PGD predictions) and better performance for higher frequencies (PGA
predictions).

6.4 M., 5 scenario and non-linear effects in soil response

The set of 3D numerical simulations was completed by considering a My, 5 scenario,
triggered by an extended normal-fault rupture, propagating downdip from the
reservoir depth. To highlight the effect of non-linear soil response, that was found to
have no relevance for the M,, 3.4 event, two numerical simulations were performed,
with linear and non-linear visco-elastic constitutive soil behaviour. Such a simple non-
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linear elastic model allows to keep the high computational performance of the 3D
simulations, while maintaining the possibility to follow, at each time step, the
variability of shear modulus and soil damping with strain.

Although these results should be supported by a wider parametric study, this
preliminary investigation suggests the following conclusions:

- in the epicentral area, peak values of earthquake ground motion obtained from
SPEED simulations tend to be significantly larger than predicted by GMM-V5, both
at ground surface and at the ideal outcropping bedrock;

- SPEED predictions are found to be in reasonable agreement with the Empirical
Green Functions approach, although the latter tend to provide larger estimates;

- according to SPEED simulations, in spite of the relatively large peak values of
horizontal ground motion, non-linear effects, based on a non-linear elastic
approach, play a relatively minor role, with maximum reduction of peak values
from 10% to 20%. Although such moderate effect can be explained by the short
duration of low magnitude earthquake ground motion, further studies should be
envisaged for a more in-depth constitutive modelling, better constrained by in-field
investigations.

6.5 Considerations on 1D vs 3D features of seismic wave
propagation

A special effort was devoted within RQ2 to quantify 3D response spectral
amplification functions and to compare them with those provided by GMM-V5, in
order to check the 1D assumption of vertically propagating waves from the NS B
interface at 800 m depth up to ground surface.

A summary of such a comparison is in Figure 6.1, where the response spectral
amplification functions (AF) of GMM-V5 are compared with those from SPEED. It can
be remarked that, while there is a mild magnitude-distance dependence on the GMM-
V5 amplification functions, limited to the short-period range, the AFs calculated by
SPEED for the two scenarios have a much stronger variability. The agreement of
SPEED and GMM-V5 AFs is quite good only for station G140, lying close to the
epicenter of both earthquakes. For the remaining stations, the agreement is rather
good at most of them for the My, 5 scenario, while it is poor for My, 3.4.

A possible explanation of this difference may be related to the 3D features of seismic
wave propagation from the source to the ground surface, that are shown by the
snapshots of Figures 6.2 and 6.3. Indeed, the incident wavefront can be
approximated by plane waves with sub-vertical incidence only close to the ground
surface and only at short epicentral distance. More specifically, such distance range
where the propagation wavefront can be approximated by sub-vertically propagating
plane waves is shorter for the lower magnitude event (see Figure 6.4), as it can be
expected because of the different size of the fault rupture and of the longer
wavelengths implied by the M, 5 earthquake.
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This explains the rather strong scenario dependence of the AFs computed by SPEED
and the good agreement obtained at station G140 between SPEED and GMM-V5
AFs. As a matter of fact, only close to the epicenter the assumption of vertically
propagating plane waves holds, while the validity of such assumption tends to

degrade as distance increases.
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Figure 6.1: Response spectral amplification functions with respect to outcropping NS_B interface, based
on GMM-V5 (red lines) and on SPEED results (black lines). SPEED solution for outcropping NS_B was
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obtained by replacing the dynamic properties of the formations above NS_B with those of the formation
below. On the bottom, the location of the considered stations is shown.
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Figure 6.2: Snapshots of velocity (including EW and NS cross-sections) for the My, 3.4 simulation (1DsQf
case). Earthquake epicenter and G stations used for validation purposes are also shown.
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Figure 6.3. Snapshots of velocity (including EW and NS cross-sections) for the My, 5 simulation (non-
linear case). Earthquake epicenter and G stations used for validation purposes are also shown.
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Figure 6.4. Excerpts of snapshots from the bottom left of Figures 6.2 (left) and 6.3 (right). In the M5 case
(right) the extent of an oblique (sub-vertical) plane wavefront of S waves is clearly visible within the top
800 m, up to an epicentral distance of about 10 km. This may justifiy the approximation of 1D wave
propagation with vertical incidence in this domain. Such domain of validity of the 1D assumption for the
M3.4 earthquake seems to be more limited, with S-waves fading out more rapidly with distance.

6.6 Recommendations from RQ2 for updated seismicity-
induced empirical ground motion models in the Groningen
area

Based on the previous results and considerations, the RQ2 research activity has
suggested the following recommendations for updated seismicity-induced empirical
ground motion models in the Groningen area.

Near-source conditions: although there is an increasing amount of low-magnitude
earthquake records in the area to better constrain empirical models also at short
epicentral distance, the extension of results to magnitudes larger than the recorded
ones requires a better understanding of the modality of source rupture propagation in
the shallow crustal layers, together with numerical tools specifically devised for
earthquake ground motion simulation in near-source conditions. SPEED, for specific
ground motion scenarios, and EGFs, for sensitivity studies as a function of the source
characteristics and slip distribution, have proven to be effective for this purpose,
having also been subjected to a convincing cross-verification for both M3.4 and M5
scenarios.

Non-linear effects: site-specific studies should be carried out to quantify the extent of
non-linear soil response effects, especially for the large-magnitude near-source
ground motions. Such studies should highlight the uncertainties related to the
numerical approach, to the soil-constitutive modelling as well as to the variability of
available laboratory data on soil samples belonging to the shallow formations in the
Groningen area.
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Complex underground geological formations: while a limited effect was found related
to the presence of submerged Peelo valleys, massive inclusions of salt domes were
found to cause major amplifications on surface ground motion. The amount,
frequency range and spatial extent of such amplification should be quantified based
on an ad-hoc parametric analysis, by considering the typical salt dome configurations
in the Groningen area. The complexity of such parametric study is enhanced by the
possible dependence of the amplification features on the relative position of the
hypocenter with respect to the inclusion as well as on the earthquake magnitude. A
specific analysis of available ground motion records, within and without areas above
such inclusions, may be useful to quantify such effect in a data-driven approach.

1D deconvolution to 800 m depth: based on the arguments provided in the previous
section, the 1D deconvolution procedure from ground surface down to the NS_B
interface at 800 m depth, devised within GMM-V5, seems to be potentially affected
by a flaw when the seismic wave propagation features are not well approximated by
a plane wavefront propagating vertically in horizontally layered media. The validity of
such assumptions tends to decrease especially in the case of low magnitude
earthquakes produced by point-like sources at shallow depth (- 3 km), because the
spherical propagating wavefront at - 800 m is still distant from the plane waves
approximation. Selecting a reference depth closer to the ground surface, such as at
100 m, may reduce the possible impact of such an approximation on the empirical
ground motion models.
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