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SUMMARY:

Seismological recordings allow examining local setity and teleseismic events in various sites.nktbese
data, we produce site transfer functions provireg #ach site has its own response. Numerical stronlé an
interesting tool to understand and try reprodudingse phenomena. In a previous work, we have used a
discontinuous Galerkin finite element method todgtthe amplification, the concerned frequencies tair
distribution along a realistic 2D profile of the ¢rwes area (France) for series of vertical planeewa{f various
frequencies. The comparison of numerical resultth wéal measurements confirmed the site effect thed
influence of the topography but also the importaotéhe model in depth-geometry. The objective ghés to
investigate the combined effects of steepnessydgdaeity and angle of incidence on the surfacpomrse,
considering a simplified topography and the reial@D profile of the Rognes area.
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1. INTRODUCTION

Many experimental records have been performed duha last 20 years by the CETE Méditerranée
Seismic Risk team. This allowed recording locassecity and teleseismic events in different sites,
France and elsewhere, and in many geological canaigpns: sedimentary basins, deep alluvial sites,
topographic profiles and flat rock sites. Their gassing produces site transfer functions that prove
that each site has its own response (Bertedrad, 2011, Duval, 2007). Numerical simulation of wave
propagation on realistic topographies is an interggool which helps understanding the observed
ground motion amplification and their variabilityarious numerical methods have been developed
for computational seismology within the last fewcaees; we use the discontinuous Galerkin finite
element (DG) method (Delcourgt al.,2009).

The Provence earthquake, which occurred in 190fhénsouth of France, is the most significant
earthquake of the 8century (estimated magnitude 6) in France. ltipalerly caused severe damage
in the small village of Rognes, built on the Foukila probably due to site effects. To highlighig,

the CETE Méditerranée Seismic Risk team conductdig¢ld operation, between 2007 and 2009,
achieving continuous recordings on nine selectisd ¢see Fig. 1.1 for some of them). This campaign
allowed recording and analysing more than 70 eaetkes (10 local and 60 teleseismic events). Three
processing have been conducted from these data:rétlg on ambient vibration, H/V ratio on
earthquake and site/reference standard spectias (&iSR) on earthquakes (Duedlal, 2009).

In a previous work (Glinsky and Bertrand, 2011)e tBG method has been applied to a two-
dimensional south-north cross-section of the Foh#iséas shown on Fig. 1.1, blue line) in order to
reproduce numerically the results obtained by Dwetadl (2009) and study the amplification, the
concerned frequencies and their distribution altbvigy realistic two-dimensional topography. For this
we examined the seismic response of this profilesedes of vertical plane waves of various
frequencies by computing the amplification ratidssame virtual stations located at its surface.



Several homogeneous and heterogeneous configugdtare been considered and the first conclusion
is that the results are very dependent on the mediwaracteristics especially the model in depth-
geometry and the model velocity contrast. Theseeamioal solutions have been compared to real
measurements data and a very good accordance leas dirained for a heterogeneous model
constituted by two different media including a lawelocity medium for the entire hill.

Figure 1.1. Aerial photography of the studied zone and locatibsome stations. The blue line corresponds to
the south-north profile used in the modeling.

In this paper, we try to explain these phenoment first, consider a simplified profile, as done by
Gaffet and Bouchon (1989), and investigate thauarfte of this topography on surface motion. We
focus on the effect of several parameters, suctha@ssteepness of the hill, the model in depth-
geometry and the angle of incidence. In a secomt] ywa improve the previous study (Glinsky and
Bertrand, 2011), by considering the same 2D réalispography of the Rognes area and propose an
extension to non-vertical incident planes waves.

2. EQUATIONS AND NUMERICAL METHOD

We consider a two-dimensional isotropic, lineathséc medium and solve the first-order velocity-
stress system in time-domain:

poy =0,
0,0 = A0 W)id + (0w + (09) ), 2.1)

oi =0 on freesurface

where the unknowns are the velocity vecioand the stress tensor. p,A and u are respectively
the density of the medium and the Lamé coefficieldds the identity matrix and, stands ford /0, .

This system is approximated by a discontinuous i&ialdinite element method, detailed in Delcourte
et al. (2009), and summarized here only in few keywofde physical domain is discretized using a
finite element type mesh in triangles. The inteagioh is based on Lagrange polynomials of degree 2.
These basis functions are defined locally on eaemgle which results in numerical fluxes at the
interfaces between triangles. These fluxes aremastd using a centered scheme and, for time
integration, we apply a second-order leap-frog seheOn boundaries, except for the topography
where a free surface condition is applied, we a®rsan upwind scheme, which allows setting the



values of the incident plane wave, whatever itdeanfincidence.
3. APPLICATION TO A SIMPLIFIED HILL TOPOGRAPHY

First of all, the numerical method has been apptiedhe study of the effect of simplified hill
topography on surface motion. This study has séwebjactives: 1) validate the method for vertically
incident SV plane waves and a homogeneous mediustudy the influence of the model in depth-
geometry by considering a heterogeneous medium, 3nidvestigate the effect of the angle of
incidence on the surface motion by extending thidysto non vertical incident plane waves.

3.1. Validation of the method — Influence of the Hiisteepness

The validation of the method is done by reproduding study proposed by Gaffet and Bouchon
(1989) who examine the response of a ridge-shapmmbtaphy and the effect of the surface steepness
on the diffracted wave field. This test case ha® d&leen considered by Komatisch (1997) for the
validation of the spectral finite element solvere&igm and, more recently, by De Martin and
Kobayashi (2010), using the spectral finite elemprdgram Efispec2D. For this, we consider a
simplified hill topography which surface is given b

s(x)=h(1-a)exg-3a), a=(x/IY (3.1)
where h=500 m is the height of the hill arldits half width, the steepness of the hill beingdified
via the parameteh/l . The medium is homogeneous and has the chardicerid the medium M1
given in table 3.1. The source excitation is aigally incident plane SV wave with a Ricker wavelet
time dependence of central frequenty=2.0Hz. This corresponds to a characteristic dinoehsss

period 7 =h/(Vst,) =1, wheret, is the period of the pulse. Solutions are recoraled97 surface

receivers, uniformly distributed in th&interval [-4890; 4890] and five different topogragsh of
shape ratiod/| equal to 0.2, 0.375, 0.5, 0.6 and 0.75 have beesidered, as presented in Fig. 3.1.

Table 3.1.Characteristics of the different media.

p (kgmi) | Vo (M/9) | Vs (m/s)
M1 | 2000 1870 1000
M2 | 1500 935 500
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Figure 3.1.Simplified topography for different values of h/l.

For each value ofh/l, we calculate the amplitude ratio as the ratioveeh the maximum of
Vv, recorded at the top of the hill (ix=0) and twice the maximum of the same componerthef
incident wave. We compare our values to the resilthe discrete wavenumber-boundary integral
equation method and the spectral finite elemeness! The different values of the amplitude rat® a

listed in the table 3.2. We notice that the amgdifion is maximum for values di/l equal to 0.375
and 0.5 and that our results are in perfect acooelavith those of both spectral finite element



methods. Gaffet and Bouchon obtain higher valuesnétitsch attributes these differences to the high
sensitivity of the amplitude at the top of the hdl constructive and destructive interferencessThi
constitutes a validation of our numerical method tre plane wave implementation.

Table 3.2.Amplitude ratio for different numerical methods

Gaffet-Bouchon Komatitsch| De Martin-KobayashiDG-fem
h/I=0.2 1.0 1.0
h/I=0.375| 2.7 2.2 2.2 2.1
h/=0.5 | 3.1 2.1 2.1 2.1
h/I=0.6 14 1.3
h/I=0.75 | 2.4 0.8 0.6 0.7

We plot, in Fig 3.2 and 3.3 (first line of figurddue line), the distribution of amplification ras at all
surface receivers foh/l equal to 0.2, 0.375, 0.5 and 0.75. Here, the iatizalculated by respect to
the maximum values of the velocity norm (and mp}, which allows including both components of
the velocity and is more appropriate to non-vetticeident waves. We observe a clear amplification,
mainly at the top of the hill, for values 6f/| equal to 0.375 and 0.5, confirming the values mive
table 3.2. Amplification is maximum at the top béthill, except forh/l =0.75.

5 =z 2 i\
— Y g
© 15 : sone” oy 3 1.5
:‘(_:) ) '.. o' ", ' '0‘ ; = J L pe.
= 1
a Nt s
05 05 Y
£
< o 0
—N° r -4 2 0 2 4 6 6 -4 2 0 2 4 6
a=0
5 2 2
= P
T 15 AL = 1.5
;—f 1 e ) et 1 — ] \ o4
g— 05 05 *
<C 0 0
— o 6 4 2 0 2 4 6 6 4 2 ) 2 4 6
a=5
5 = 2 ]
:': .’I‘ 0
T 15 P 1.5
2 1 A ”./'k.»". s 1 o JE e
= _— 4 i
i
g— 05 05 =
<< 0 0
a=10° 5 4 2 0 2 4 6 8 4 2 0 2 4 6
5 = 2
o o
§ 15 i - 1.5
av, sy O N
£ 1 S R 1
g— 05 i 05
<t o I 0 i
a =15° r -4 2 0 2 4 6 6 -4 2 0 2 4 6
=
2 2 2 .,“
® 15 15 it
;f'=) 1 Say a"""l o P 1 ‘“hA"‘,‘l —
= e 1
g- 05 he. 25T 0.5 \"
< 0 0 L
6 -4 2 0 2 4 6 6 4 2 ) 2 4 6
a=20° X/H X/H

Figure 3.2. Amplification ratio at the surface of the simpdifi topography for h/I=0.2 (left column) and
h/I=0.375 (right column). Blue lines correspondtie homogeneous medium and dashed red lines to the
heterogeneous case. Each line of figures is ageddia the incidence angle of the plane wave.

3.2. Heterogeneous hill model — Influence of the rdel in depth-geometry



To improve this study, we consider the case oftarbgeneous model and suppose that the entire hill
is constituted by a lower velocity medium, refereedM?2 in table 3.1, making reference to the result
obtained for a 2D profile of the Rognes area (&lnand Bertrand (2011)). Then, as depicted in Fig.
3.1, above the dashed black line, the medium isaht®, under this line, the medium is homogeneous
and has the characteristics of M1. We reproducedinge study as previously, keeping the simplified
hill profile and the incident vertical S-plane waaad present, in Fig. 3.2 and 3.3 (first line glfies,

red dashed line), the results for the amplitudéosaat the surface for different values bffl.
Comparing the results of both homogeneous and dudBeous cases, we notice very different
behaviors according to the valueof| . For h/1 =0.2 which corresponds to a hill of small steepness
the heterogeneity results in a clear amplification,the entire hill and not only at its top, while
amplification is recorded in the homogeneous case.moderate steepness, fdn/l =0.375,
amplification is the same in both cases closeedap, but desamplification appears at the sidéseof
hill in the heterogeneous case. For higher valdeb/d, the surface amplification profiles become
more complex. Foth/l =0.5, we note a clear decrease of amplificatiothattop of the hill for the
heterogeneous case, whereas, lidl =0.75, amplification occurs on both sides of thp &nd is
lightly higher in the heterogeneous case.
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Figure 3.3. Amplification ratio at the surface of the simpdifi topography for h/I=0.5 (left column) and h/I=®.7
(right column). Blue lines correspond to the homegrus medium and dashed red lines to the heterogene
case. Each line of figures is associated to thidémce angle of the plane wave.

3.1. Non vertical incident plane waves — Influencef the angle of incidence

Finally, we conclude this study by investigating thffect of the angle of incidence on the surface
motion. For this, we consider, as previously, hoemmpus and heterogeneous models and different



values for the parametér/| . Series of incident SV plane waves are deduced the vertical case by

a rotation of anglea . The topography being symmetrical, we considey @usitive values ofa
taken in the set {5°, 10°, 15°, 20°}. We presentplification ratios obtained at the various surface
receivers in Fig. 3.2 and 3.3, for the differeniuea of the angle of incidence. As previously, ibthes

line is concerned with the homogeneous medium badiashed red line with the heterogeneous case.
For h/1 =0.2 and homogeneous case, Fig. 3.2, the maximwampfification increases with the angle
of incidence and the location of this maximum mofresn the right side to the left side of the hill.
The heterogeneity strongly increases the amplifioaits maximum value remains quite independent
on a and located very close to the top. Foil =0.375 andh/l =0.5, in the homogeneous casegas
increases, the maximum of amplification reduces amales to the left part of the hill. In the
heterogeneous case, the profiles become more ceroptehe maximum remains quite constant and
located close to the top of the hill. Finally, fuighest steepnes$y/| =0.75, the results are not very
dependent on the angle of incidence or on the ¢§peedium. In all cases, amplification is moderate
and maximum in both sides of the hill.

4. APPLICATION TO A REALISTIC PROFILE OF THE ROGNES AREA

For this second part, a 2D realistic profile hasrbextracted from the topography of the Rognes area
(blue line, Fig. 1.1), as done in Glinsky and Bantt (2011). The two-dimensional domain is 10km
wide and 6km deep. The upper boundary is the t@pbgr (as shown in Fig. 4.1), on which a free
surface condition is appliedlhe mesh is composed of 512 000 triangles whoséeshadge is about
12.5 m. Seven sensors are virtually placed atreifitelocations of the hill surface (as depictedFiig.

4.1). These sensors are located similarly to ttes sif the real data set (for instance, stationcbthe
“FOUH" site at the top of the hill). The mediumhsgterogeneous and composed of M2 between the
surface and the red line (as described in Fig.ahtl)the medium M1 elsewhere. The characteristics o
the media M1 and M2 are the same as for the simglHill of the previous section and can be found
in table 3.1. This model in depth-geometry has h@wsen, following the results previously obtained
in Glinsky and Bertrand (2011) for series of vatig incident SV plane waves of central frequencies
between 0.2Hz and 10.0Hz, because solutions wdreshaccordance with real measurements data.

To link this study to the previous section, if tieight of the major hill of the topography is ab@0m

and its half width approximately 300m, the rahidl is about 0.2 which can be compared to the first
case of simplified topography. This value of theegihess is the most sensitive to the heterogeneity
and to the angle of incidence.
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Figure 4.1.South-north 2D profile of the Rognes area andiairsensors location (right picture). Low velocity
medium M2 between surface and red line, medium Igévehere.

We proceed to the propagation of series of vert®alplane waves by solving Eqn. 2.1. In order to
cover the frequency range [0.2;10], we study twdeseof incident Ricker wavelets of central

frequenciesf,=2.0Hz and f,=5.0Hz. Various angles of incidenee have been considered, taken in



the set {-20°,-15°,-10°,-5°,0°,5°,10°,15°,20°}. Feach simulation (i.e. for each incident wave of
central frequencyf, and for each angler ) and at each station, we obtain the velocity tistory of
both velocity components. Then, we apply the follmyprocedure : 1) we compute the spectrum of

both velocity components for each station as welthee reference solution, which is here twice the
incident velocity. Note that for =0°, this is only done for the horizontal componehthe velocity.

2) we calculate the amplification ratios (statioreoreference) in an interval centered én 3) we
construct the seismic response curve by gatheang provided by results of both central frequescie

We present, in Fig. 4.2, the seismic response e@érfvom near earthquakes recordings at three
particular sites (as presented on Fig. 1.1, Devall., 2009). These sites can be compared to virtual
stations of the 2D profile: station 4 to FOUS, ista to FOUH (at the top of the hill) and statibmo
ECOL. We observe that amplification is obtainealut 2.0Hz and 3.0Hz for stations FOUS, 2.0Hz
and 4.0Hz for FOUH and approximatively at 5.0HzE@OL.

0.2 1 2 3 5 10 20

Figure 4.2.Seismic response at three stations from real meamunts for near earthquakes.

The results of the numerical simulations correspando stations 4,5 and 7, for both velocity
components and for all types of incidence are prteskein Fig. 4.3. We choose to focus on these three
particular stations and do not detail results olgdiat other sensors, for a better comparison tiveh
real data. Note that the medium is supposed lipesdstic which explains the differences at high
frequencies.

From the observation of the results for the x-congpa of the velocity (left column of figures), we
first notice that, for frequencies in [0.2;2.5]gtmplification curves are very similar whateves th
angle of incidence. At stations 4 and 5, amplifamatis obtained at 2.0Hz which corresponds to the
fundamental frequency of real measurements datatadiion 7, it is clear that no amplification is
measured between 0.2Hz and 2.0Hz as for real Aatplification is maximum at 3.0Hz or 4.0Hz but
results are not exactly the same for all valuegrofand amplification occurs for frequencies lower
than for measurements data.

When examining the results for the vertical compbreg the velocity (right column of figures), we
remark that these solutions are very dependenthenangle of incidence. At stations 4 and 5,
amplification is obtained for higher frequencieieth seem to correspond to the second amplification
of real data. Once more, results for station 7 db gorrespond to measurements data. We can
conclude that numerical results are similar to mesments data for stations 4 and 5 but not forostat

7 which is located at the right side of the hilhelTvalues of amplification are smaller for numdrica
simulations; this is perhaps due to the mediumreshtbetween M1 and M2 (as studied in Glinsky
and Bertrand, 2009) and also to the fact that bothponents are contained in amplification ratios of
measurements data.
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Figure 4.3.Seismic response at three virtual stations (statidirst line of pictures, station 5, second larel
station 7, last line of pictures). Amplification of) (left column) andvy (right column) for different angles of

incidence.

5. CONCLUSION

We present a study of topographical effects usumgerical simulations by a discontinuous Galerkin
finite element method. This method allows an adeuapproximation of the topography via the use of
triangular meshes and an easy inclusion of hetemtjes. A particular treatment at the boundaries
allows non-vertical incident plane waves. This meéthas been applied to two types of investigations.
First, we have studied the combined effects ofjstess, heterogeneity and angle of incidence on the
surface response, considering a simplified topdgraas proposed by Gaffet and Bouchon (1989).
This test case allowed validating the numerical hmétand the plane wave implementation by
comparison of our results to other numerical meshdéor an homogeneous medium and a vertically
incident SV plane wave. In a second step, we hidiexl the influence of heterogeneity by including
a low velocity medium in the entire hill. This imsion modifies the amplification at the surface,
especially for small values of the steepness fackvho amplification occur in the homogeneous case.
Finally, series of non-vertical incident plane wa\leve been propagated and, once more, the small
steepness case hill is the more sensitive to thke arfi incidence.



A second application concerns a 2D realistic peobif the Rognes area. We have considered a
heterogeneous model, following the conclusions prfewious study (Glinsky and Bertrand, 2011). We
study the spectral response of this profile toesedf vertical SV plane waves of various angles of
incidence, between —20° and 20°. Amplification He®n calculated for both components of the
velocity. The results obtained for the x-componehtthe velocity are very similar and nearly
independent of the angle of incidence. The amplifons frequencies are in good accordance with real
measurements data for two of the three stationscemapared and seem to correspond to the
fundamental frequency of the measurements data. anhglifications, calculated on the vertical
velocity component, correspond to the higher fregies of the real data. Numerical results of statio
7 are not close to the real data. It may be dubddact that this station, at the right side @& kil is
close to the boundary. Note also that this study been done using a 2D profile and could be
extended to three dimensions of space.
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