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ABSTRACT

During the 3" ESG symposium held in Grenoble in 2006, the Grenoble valley was the target of a
verification exercise of physics-based methods for ground motion prediction including site effects.
Back then, knowledge of the velocity model was limited to large depths and prevented the application
of 3D numerical simulation for frequencies higher than 1 — 2 Hz. Here we present the progress made
in the design of a 3D heterogeneous model of the shallow subsurface, which combines deterministic
and stochastic descriptions and we present some preliminary results of 3D numerical simulations of
the seismic response of the valley performed for frequencies up to 5 Hz.

Keywords: Numerical simulation, site effects, small-scale heterogeneities, random media, scattering
attenuation.

INTRODUCTION

Physics-based estimation of earthquake ground motions (EGM) in the frequency range of engineering
interest (from tenths to tens of Hz) requires the knowledge of the propagation medium from source to
site at a spatial resolution which is currently out of reach. However, the state of practice is expected to
evolve thanks to the accumulation and the dissemination of geophysical and geotechnical information,
in particular in urban areas, and to the development of dense array analyses driven by either low-cost
instruments or new technology such as Distributed Acoustic Sensing. These anticipated advances will
improve the design of realistic deterministic propagation models and will both push forward the spatial
frequency at which a stochastic description is needed and provide constraints on the random media
properties (see e.g. Pitarka & Mellors, 2021). This is key to gain physical insight into the processes
that control EGM and their variability (for example through the occurrence of site effects), and to
develop realistic models for site-specific EGM prediction with quantified uncertainty.

Here, we report some progress and recent developments in physics-based estimation of EGM in the
Grenoble valley, 15 years after the site was chosen to define a numerical benchmark for site effects
evaluation at the third international ESG symposium held in Grenoble (ESG3, 2006). First, we explain
how the large amount of geological, geotechnical and geophysical information gathered in the
Grenoble area for decades is being analyzed to build a consistent velocity model of the subsurface. We
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present a two-scale approach combining a deterministic, geology-driven macroscopic zoning and a
stochastic representation of small-scale fluctuations relying mostly on the information provided by
geotechnical boreholes. Then, a verification example for the simulation of seismic waves in 2D
random media is shown, were we successfully compare the scattering attenuation measured on
synthetics with theoretical predictions. Finally, we present some preliminary results of 3D simulation
of EGM up to 5 Hz in the Grenoble valley, where the propagation medium includes a fully
heterogeneous description of the shallow subsurface, in a limited area of 3 km?located in the Western
part of the valley. In particular we illustrate how the different scales of heterogeneity contribute to
shape ground motions, in terms of amplitude and duration, when the valley is excited by a local
earthquake as recorded in the past.

GRENOBLE VALLEY MODEL FROM ESG3 TO ESG6

The city of Grenoble is located in a Y-shaped embanked alpine valley sited on hundreds of meters of
post-glacial lacustrine deposits (Figure 1a), prone to site effects (see e.g. Lebrun et al., 2001; Guéguen
et al., 2007). Within the two glacial cycles involved in the formation of the Grenoble’s basin, the
erosive phase was followed by the installation of a lake that was then infilled with fine homogeneous
sediments (sandy or clayey silts). These lake deposits were finally covered with heterogeneous
alluviums coming from 2 rivers, which are the Drac river, coming from the South, and the Isére river,
coming from the North East (Figure 1b). Being a highly energetic river, the Drac river has caused
several large floods in the past covering the entire part of the Grenoble’s valley up to the Isére river in
the North (Lacroix, 1971) and its bed was diverted to the West, close to the Vercors massif.

The numerical model used for the ESG3 benchmark (see Chaljub et al., 2010, and references therein)
was built by combining bedrock topography inferred from gravimetric data (Vallon, 1999) and seismic
velocities obtained from a 6 km long seismic refraction profile in the Western part of the valley and
from down-hole seismic measurements at the deep borehole site of Montbonnot in the Eastern
Grésivaudan valley (Cornou, 2002). This laterally homogeneous model still satisfactorily represents
the state of geological and geophysical knowledge of the deep basin.
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Figure 1: a) Surface and bedrock elevation maps in the Grenoble area. Color indicates elevation (in
m) wrt sea level. The red circle (and the rectangle inside delimited by blue lines) in the Western part
shows the area around ILL, which is the focus of the EXAMIN project (see text). Black dots indicate
the location of a 2D profile where simulations results are presented and the beachball is located at the
epicenter of the 1999 Laffrey event. b) Schematic view of the actual location of the Drac and Isere
rivers (After Dumas & Favillier, 2017).
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In order to improve the model of the first ~ 100 m of heterogeneous sediments resulting from the
dynamics of river deposits, a series of geophysical measurements have been conducted since 2003 to
characterize shear-wave velocities (Tadunema, 2003; Tsuno et al., 2008; Bard, Cornou and Wathelet,
2010; Rivanedeira, 2012; Grandjean, 2013; Garofalo et al., 2016; Hollender et al., 2017). These
measurements included active surface waves measurements (MASW) performed at 110 different sites
(Figure 2a) and passive surface wave measurements at 15 arrays (Figure 2a).

Although large, the number of geophysical measurements is still not sufficient to enable fine spatial
imaging of the shear-wave structure in the near-surface. Information from geological and geotechnical
boreholes (with depth ranging from 10 m to about 40 m) were thus collected at 1350 locations (see
Cartier and Cornou, 2016, and Figure 2a). Comparison of shear wave velocities derived from surface
wave measurements, with surface geology at the center of the basin (Collombet, 2009, zone B in
Figure 2b), Northwestern branch of the basin (Rivaneidera, 2012, zone A in Figure 2b) and Eastern
part of Grenoble (Grandjean, 2013, zone C in Figure 2b) reveals very consistent relationship between
the surface geological units (gravels, sands, clays) and the related shear-wave velocity, whatever the
site location. High values of shear-wave velocities (350-400 m/s) correspond to coarse sediment
deposits (sands, gravels) from the Drac river in the Western part of the basin, while lower values (100-
250 m/s) correspond to the fine grained deposits from the Isére river in the Eastern part of Grenoble
and the Grésivaudan valley.

In order to get a fine spatial resolution of the velocity structure, shear-wave velocity values were
attributed to the various geological units using the relationships between geological units and mean
shear-wave velocities: clay, backfill, sand and gravel units were thus attributed shear-wave velocities
of 150 m/s, 250 m/s, 400 m/s and 400 m/s, respectively. Shear-wave velocity models from the surface
to the borehole depth were then estimated, assuming a P-wave velocity of 1500 m/s and bulk density
of 1800 kg/m?>. Distribution of theoretical fundamental Rayleigh wave phase velocities computed from
these velocity models and experimental phase velocities derived from geophysical measurements at 10
m wavelength are displayed in Figure 2b. The phase velocity map indicates sharp East-West lateral
variations of near-surface shear-wave velocities in relation with the dynamics of the fluvial deposits of
the Drac and Isére rivers.

Within the framework of the EXAMIN project, statistical variability properties of the small-scale
shear-wave velocity heterogeneities have been derived in the Northwestern branch of the basin (Figure
3b), in the area of the Lau Langevin Institute (hereafter referred to as ILL), a reactor-based facility
which provides the most intense neutron source in the world. The ILL area exhibits a strong lateral
variation of the shallow deposits, dominated by clays in the Southwestern part (left bank of the Isére
river) and clays and gravels in the Northeastern part (right bank). Using shear-wave velocity profiles
from the surface to 20 m depth inferred from geological boreholes, coefficient of variation (COV) of
shear-wave velocity was computed at each borehole location provided that at least 10 boreholes were
located within 200 m of the target borehole. Correlation distances, that quantify the spatial fluctuations
of Vs along the vertical and horizontal directions, were also computed considering exponential
decaying auto-correlation function as implemented in the DACE kriging matlab toolbox (Sgndergaard
et al., 2002). Consistently with a coefficient of variations of Vs being slightly larger in the Western
zone of the studied area (mean of 40 +/- 4%) compared to the Eastern zone (mean of 30 +/- 11%)
(Figure 3a), horizontal correlation distances exhibit lower values in the Western zone compared to the
Eastern one, mean horizontal correlation distances including both zones being about 20 m +/- 5%.
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Figure 2: (a) Location of geological boreholes (boreholes) and geophysical (active, MASW, and
passive surface waves, ARRAY) measurements. (b) Spatial distribution of fundamental Rayleigh wave
phase velocities (colored filled circles) at 10 m wavelength and interpolated map. White rectangles
indicate boreholes investigated by A: Rivanedeira (2012), B: Collombet (2009) and C: Grandjean
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Figure 3: (a) Coefficient of variation of Vs from surface to 20 m depth and (b) horizontal correlation
distance of Vs from surface to 20 m depth overlaying the phase velocity map at 10 m wavelength.
Boreholes location are indicated by black dots.
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SIMULATION OF SEISMIC WAVES IN HETEROGENEOUS AND RANDOM MEDIA

Numerical simulation of seismic waves radiation and propagation in 3D heterogeneous media for
EGM prediction is a subject of active research (see e.g. Moczo et al., 2021 in the current ESG6
proceedings) and gradually enters current practice in site-specific seismic hazard assessment. In order
to achieve an acceptable degree of realism, it is necessary to be able to represent the small-scale
heterogeneity that affects the radiation and propagation of the minimum wavelength considered. Given
the frequency range relevant to engineering applications and the presence of low velocity sediments,
minimum propagated wavelengths are generally at least around tens of meters, implying that their
description cannot be fully deterministic.

The inclusion of random fluctuations in seismic wave velocity and density is common in crustal
studies, particularly for modeling coda waves propagation (see e.g. Sato et al., 2012 and references
therein). Their effect on strong ground motion has been considered more recently in EGM prediction
(see e.g. Hartzell et al. 2010; Imperatori & Mai, 2012; Iwaki et al., 2018; Withers et al. 2018; Pitarka
& Mellors, 2021). This can be understood partly because of the late availability of computational
resources needed for direct numerical simulation of EGM at high frequency but also because the
properties of random media for the shallow subsurface are different from those of the deep crust
(stronger contrasts exist and more complex auto-correlation functions are expected).

Interestingly, the implementation of random media in numerical codes and the verification of the
numerical solutions obtained is often overlooked, whereas it is not a simple matter. We refer to Liu et
al. (2019) for a review of existing methods and codes for the realization of random media and to
Przybilla et al. (2006) and Emoto & Sato (2018) for examples of careful comparisons of coda
envelopes simulated by the finite difference method in 2D and 3D elastic media with predictions
obtained with the radiative transfer theory. In what follows, we propose a 2D verification example
based upon the properties of the coherent wavefield to ensure that the scattering attenuation is well
simulated. Next we present 3D simulations of EGM in the 3D heterogeneous model introduced in the
previous section.

Verification on a Simple 2D Example
We consider the simplest possible example of a 2D homogeneous background elastic medium with

shear wave velocity V,=3.14 km/s and density p ,=2500 kg/m? on which zero-mean fluctuations are
superimposed. The velocity fluctuations are correlated with those of density through

Von Karman a=500m, kappa=0.25, eps=5%
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Figure 4: Left: snapshot of 2D SH plane wave propagating vertically (upward) in a random medium
having a von Karman auto-correlation function (the heterogeneities are not shown). Red/blue colors
stand for positive/negative displacement. Right: displacement (red) recorded at a central receiver (red
cross in the left figure) after 100 km of propagation and mean displacement (black) obtained by
averagqing along the horizontal black line of the left fiqure.
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dV/Vo= v dp/po, wherev typically varies between 0 and 1. The fluctuations are defined through
their auto-correlation function (ACF), which is of von Karman type, with typical crustal values:
correlation length a=500 m, Hurst exponent % =0.25 and standard deviation & =5 %. The medium is
excited by a vertically incident plane wave as shown in Figure 4. The computational domain is a
square of size L.=314 km, with periodic vertical boundaries and absorbing horizontal boundaries.

The domain is meshed with 10° squared elements of size Le=314 m and a polynomial order N=4 is
used inside each element to build a spectral element solution of the wave equation in the elastic
domain (no intrinsic attenuation is assumed). The interaction of a given seismic wavelength A with
the random medium requires all heterogeneities with size larger than A /2 to be well discretized. The
2D spectral element grid allows to represent fluctuations of size Le/2, with about 2.5 points per spatial
wavelength, and to simulate accurately the propagation of seismic wavelengths over large distances
(up to 100 wavelengths) for wavelengths above a minimum size between 2*Le (with 10 points per 1)
and Le (with 5 points per A ). In terms of normalized wavenumbers, ka, our choice of the background
velocity yields ka=f, with f the frequency. We consider that the propagation of seismic waves in such
random medium is accurately simulated at least in the range ka<=5.

Time series of the displacement recorded after 100 km of propagation is shown in Figure 4 (red curve)
for a random medium in which the correlation between velocity and density fluctuations is v =0.75.
The source time function is a Dirac pulse, which has been low-pass filtered below 8 Hz to yield
negligible energy for frequencies higher than 10 Hz. The black curve denotes the horizontal spatial
average of displacement, which is internally computed during run-time. This spatial average has been
verified to correspond to the mean displacement computed from 60 realizations of the random
medium, which means that the ergodicity assumption holds and that the spatial average yields the so-
called coherent displacement wavefield. Properties of the coherent wavefield are used to verify the
implementation of the density and velocity fluctuations and the accuracy of wave propagation in
random medium. In particular, we compare the effective, here purely scattering, attenuation measured
on the synthetics with theoretical predictions of the mean free path obtained by solving the Dyson
equation for the coherent wavefield. The results are presented in Figure 5b for different values of the
correlation coefficient v (0, 0.5, 1). They show that the scattering attenuation is well reproduced in the
synthetics.
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Figure 5: a) Effect of truncating the spectral representation of the ACF in Fourier space on the
standard deviation of the fluctuations. b) Comparison of scattering quality factors measured from
synthetics (crosses) with theoretical values (boxes) for different velocity-density perturbations.

The left part of the figure (Figure 5a) shows the evolution of the standard deviation of the random
medium generated at the discrete level. In our case, we synthesize the random fluctuations in the
Fourier domain following Sato et al. (2012), up to a maximal normalized wavenumber ka_max=100,
then we apply a Butterworth 4 poles low-pass filter below ka_c=10. This yields a standard deviation
slightly above 4%, instead of the 5% target. Despite this bias, which is inherent to the spectral method,
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we see that the scattering attenuation is well modeled, which is consistent with theory (scattering
attenuation is a band-limited phenomenon in the wavenumber domain). Current work is done to
compare other quantities, such as physical dispersion, which are in principle sensitive to the full
wavenumber spectrum.

3D Simulations in the Grenoble Basin: Model and Mesh

As detailed above, the 3D Grenoble basin, which total depth reaches approximately 1 km, is composed
of a main layer of post-glacial lacustrine sediments overlaid by a few tens of meters of alluvial
deposits (clays, sands, gravels), the geometry and composition of which result from the complex
activity of the two rivers, Isére and Drac, over time. For the deepest part of the basin, the S-wave
velocity is defined as Vs=300 + 19*y/ d, with d being depth. It increases from about 434 m/s at 50 m
depth to 855 m/s at the deepest point of the basin. This 1D S-velocity model was extended up to the
surface in order to define the Grenoble basin model used during ESG3 (Chaljub et al., 2010). To
account for the shallower part of the sedimentary filling in the ILL area, the uppermost 50 m layer is
split (along a non-vertical boundary) into a clay zone in the Southwestern part of the valley and a
gravel zone in the Northeast. The surface imprint of the heterogeneous area covers the whole valley
(from edge to edge) and is about 1 km wide. It corresponds to the area delimited by blue lines in
Figure 1a. The mechanical properties within the ILL area are first assumed to be constant in each zone,
for example Vs is 250 m/s for the clay and 375 m/s for the gravel, respectively. The other properties,
including density and P-wave velocities are summarized in Table 1. Random, zero-mean fluctuations
are further superimposed on the background S- and P- velocities in each zone, assuming an
exponential ACF (that is, a von Karman ACF with Hurst exponent » =0.5) with 50 m, 100 m and 200
m correlation lengths (Lc) and a 5% standard deviation ( € ). This choice of such rather small COV
was a compromise between the target maximum frequency (5 Hz) and the computational resources
available for the project, as smaller values of Vs would lead to larger meshes and smaller time steps
which have to be dealt with for each realization of the random fluctuations.

Table 1: Mechanical properties of the Grenoble multi-layer sedimentary basin including random
fluctuations in the ILL heterogeneous area.

Layer Hmax P Vs Vp Qs Qp Lc € PDF
m kg/m? m/s m/s - - m - -
Gravel 50 2140 375 1450 50 50 50-200 0.05 exp
Clay 50 1700 250 1200 50 50 50-200 0.05 exp
Lacustrine | 855 | 2140- | 300-855| 1450- 50 800 - - —
Sediments 2246 2476
Bedrockl | 6175 | 2720 3200 5600 5000 5000 - - -
Bedrock? - 2720 3430 5920 5000 5000 - - -

The heterogeneities are modeled in the spatial domain by a Karhunen-Loéve (KL) approximation (e.g.,
Karhunen 1947; Loéve 1968) which relies on the computation of the eigenmodes of the Fredholm
integral equation associated with the (here exponential) covariance kernel. The solutions are searched
on the interval [0:1] using a normalized correlation length. This allows dealing with normalized
solutions for which general error bounds can be evaluated once and for all. These error bounds
indicate how many eigenmodes have to be retained in order to obtain the desired precision. For the
ILL area, the number of KL. modes used to generate three sets of a random field with a correlation
length of 50 m, 100 m and 200 m are 76261, 20926 and 11666, respectively. In order to avoid large
computational time for the random field generation due to a domain that is much larger than the
correlation length, we truncated on purpose the number of eigenmodes to 70%, 80% and 90% of the
optimal precision. To mitigate this issue, Panunzio et al. (2018) proposed to divide the domain into
sub-domains where the modal decomposition can be locally computed.
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The viscoelastic response of the sedimentary basin is computed with efispec, a high-performance 3-D
physics-based solver (De Martin, 2011) implementing the spectral-element method in space and a
second-order finite-difference method in time, as introduced in seismology by Komatitsch & Vilotte
(1998). Its accuracy has been verified for site effect estimation in complex sedimentary basin
configurations (Chaljub et al., 2015). The inclusion of arbitrary (excluding non-unique mapping)
geological layers into the finite element unstructured hexahedral mesh — without the mesh following
the geological interfaces — is done using a simple, isotropic, one-dimensional vertical homogenization
method as proposed by Capdeville et al. (2010). This strategy allows us to design a mesh semi-
automatically by refining the surface imprint of the valley down to a constant given depth (here 1000
m) in order to include the whole basin as shown in Figure 6a. The mesh used for simulation up to 5 Hz
is composed of 2 965 154 hexahedral elements of approximately three sizes: 450 m, 150 m and 50 m
and a polynomial order N=4 is used in each element. The generation of the random fields filling the
clay and gravel geological layers is made by first performing the KL expansion, then the vertical
homogenization. The resulting S-velocity field in the ILL target area is shown in Figure 6b.
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Figure 6: a) view from the Southeast of the spectral element mesh used for simulation of the seismic
response of the Grenoble basin for frequencies up to 5 Hz. b) zoom on the shear wave velocity
fluctuations in the ILL area superimposed on a composite background model having clay and gravel
zones for depth lower than 50 m.

3D Simulations in the Grenoble Basin: Results

The viscoelastic response of the Grenoble basin has been computed for frequencies up to 5 Hz for
different seismic sources, ranging from point-sources to extended faults with imposed kinematics.
Although our solver is efficiently parallelized using the Message Passing Interface (MPI), the cost of a
single simulation (which requires solving 600 million equations) still amounts to 5h 30m on 1,000
cores. Here we only show the results obtained in the simplest case of a double-couple point-source
representing the source of the Laffrey 1999 M3.5 event studied in Thouvenot et al. (2003). The source
time function is a pseudo Heaviside which yields a flat far-field displacement spectrum, and the total
duration of the simulations is 30 s. A total of 31 runs have been performed: a reference simulation with
the background model, which includes the piece-wise heterogeneous subsurface model in the ILL area,
and 10 realizations of each of the three random media with correlation lengths L.c=50, 100 and 200 m
(see Table 1). The East-West component of ground acceleration along a 2D N45° profile (dotted black
line in Figure 1a) is shown in Figure 7c for the reference simulation. The large number of receivers
along the profile (441, corresponding to an inter-distance of about 7 m) allows to display the seismic
wavefield without spatial aliasing. The geological cross-section along the profile, represented in
Figure 7d, helps to interpret the seismic section. In particular, it is seen that the variation of the
bedrock-sediment interface along the profile is quite pronounced, and that it causes a de-focusing of
the direct S wave between about 1200 m and 1700 m (the arrival of the S wave can be identified
around 6 s at the Southern edge, at zero offset). The transition between clay and gravel zones around
2200 m is also seen to have a strong effect on the propagation of local surface waves, in particular it
reflects a significant part of the local surface wave energy generated at the Southern edge back to the
Southern clay zone. Focusing effects on the vertically propagating body waves as well as interferences
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with local surface waves diffracted off the valley edges participate to the high amplitudes located
roughly above the local maxima of the lacustrine sediment thickness at offsets around 1000 m and
2200 m, the latter location being also close to the clay-gravel transition. Those complex effects yield
large spatial variations of Arias intensity (AI) and of Al-based duration (AD) along the profile, as
shown in Figure 7a and Figure 7b, respectively. AD is defined following (Trifunac & Brady, 1975) as
the length of the time interval where Al reaches between 5% and 95% of its final value. Note that Al
and AD appear to be roughly anti-correlated. Although not systematic, anti-correlation of amplitude
(or amplification) and duration (or duration lengthening) has been reported in other studies, for
example in the case where amplification is dominated by vertical propagation of S waves at resonance
frequencies and duration by the Airy phases of horizontal propagation of locally diffracted surface
waves (see e.g. Maufroy et al., 2017). Plotting Al as a function of AD for the reference simulation
(Figure 8a) confirms the anti-correlation of the two indicators and allows to separate the receivers
located in the clay zone (at offsets less than 2200 m) from the ones located in the gravel zone.
Receivers in the clay zone show a larger duration (up to 50% more) and a larger negative correlation
coefficient between Al and AD than those located in the gravel zone. The increase in AD is an
encouraging result in the perspective of reproducing the lengthening of duration observed in the
recordings of past events (see e.g. Chaljub, 2017, p. 27-31).

The colored curves in Figure 7a (resp. Figure 7b) represent the spatial variations of Al (resp. AD) for
the 10 realizations of the random medium with correlation length L.c=200 m. Compared to the
reference model, the average fluctuation of AI (resp. AD) due to the presence of the random
heterogeneities is limited to 15 % +/- 7 % (resp. 6 % +/- 3 %) and they seem not to depend on the
correlation length (see Figure 9 in the appendix). Such values, although difficult to compare directly,
seem consistent with others studies, for example Stripajova et al. (2018) who compare the effects of
random heterogeneity on cumulative absolute velocity.

It is likely that the scattering mostly affects surface waves, which have a longer sensitivity and
residence time in the heterogeneous area, compared to body waves which have close-to-vertical
incidence. The insensitivity to Lc suggests that the scattering regime is similar for the different random
media, most likely dominated by forward, high-frequency (k*Lc > 1, with k the wavenumber)
scattering of surface waves, which does not dramatically affect Al or AD, unlike the sharp transition
between clay and gravel zones which scatters a significant part of surface waves incoming from the
Southern edge of the valley. The anti-correlation between AD and Al, and the soil-type dependence of
the correlation coefficient, is also unchanged for the case with random heterogeneities, as shown in
Figure 8b.

The overall mild effect of the presence of random heterogeneities in the basin on the ground motion
indicators presented here can be explained by several factors: (i) the low level of COV used in the
simulations, 5%, which is far below values expected from field observations (see Figure 3a for real
COV values and see Stripajova et al. (2018) for the effect of raising the COV to 20%); (ii) the fact that
density was not perturbed; (iii) the fact that the heterogeneous area is limited to a small (1km x 3 km)
zone, which limits the residence time of seismic waves within the random medium in the frequency
range considered. The overcoming of those limitations is the object of our immediate perspectives.
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Figure 7: Results obtained along the 2D profile in the ILL area (dashed line in Figure 1a): a)
Arias Intensity; b) Trifunac Brady duration; c) East-West component of ground acceleration; d)
schematic view of the geological model beneath the profile. The vertical dashed line in a) and b)

denotes the location of the clay-gravel transition in the shallow part of the model.
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Figure 8: Left: Arias duration plotted as a function of Arias intensity for the background velocity
model and receivers located along the profile. Color indicates position along the profile. Right: same
for the model having additional random velocity fluctuations with correlation length Lc=200 m. Black
dots correspond to the background model and each color corresponds to a different realization of the
random medium (10 in total).

CONCLUSIONS

We presented a methodology to build a realistic velocity model of the Grenoble valley that describes
its most heterogeneous shallow part (first 50 — 100 m depth) from a large series of geological,
geotechnical and geophysical information accumulated over the years. The model combines a
deterministic, geology-driven macro-zoning component and a stochastic description of the small-scale
heterogeneity, which allows for numerical simulation of earthquake ground motions at frequencies of
interest in engineering applications. The implementation of the stochastic fluctuations in the
propagation medium has been verified in a canonical 2D SH configuration by successfully comparing
the scattering attenuation measured in the synthetics with theory. Next, we presented preliminary
results of the 3D numerical simulation of the seismic response of the Grenoble valley for frequencies
up to 5 Hz, in a model comprising a fully heterogeneous area in the Western part of the valley. Our
results show a strong effect of the macro-zones on the duration of EGM and a systematic anti-
correlation between amplitude and duration for frequencies around 4 — 5 Hz. The influence of random
fluctuations is visible on the propagation of diffracted surface waves but is found to be weak in the
frequency range considered. Further simulations in more realistic regimes are needed to assess the
importance of the small-scale heterogeneity component on EGM, in particular when higher COV,
extended heterogeneous macro-zones, density perturbations and possibly higher frequencies are
considered.
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Figure 9: Spatial evolution of a) Al and b) AD along the ILL 2D profile (dashed line in Figure
1a) for three random media with exponential ACF and different correlation lengths: Lc=50 m
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