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Abstract—The H/V spectral ratio method based on seismic noise (HVSRN) was used in the Grenoble

Basin (France), an Alpine valley characterized by a small apex ratio. The resonance frequencies obtained in

the experiments were compared to the thickness of the sediments deduced from a microgravimetric survey

and to the 1-D theoretical assessment of site responses. Given the abundance of data on the sediments and

depth of the basin, the values of the theoretical resonance frequency fo can be determined quite accurately.

However, it has been observed that the effects of basin geometry can disturb fo measurements using the

HVSR method, in particular for a case like the Grenoble Basin, which has a small apex ratio (w/H) and

strong suspected 2-D and/or 3-D effects. Interpretation of fo values in terms of bedrock depth gives rise to

estimation errors of about 10% in certain cases, with the most significant errors (>50%) occurring on the

edges of the basin, where subsurface layers are characterised by larger heterogeneities and where the basin

topography is accentuated. This study suggests that great care must be taken when using the HVSRN

method as an exploration tool, at least in valleys with a small apex ratio.
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1. Introduction

For the past twenty years, numerous studies have focused on the effects of

sedimentary layers on seismic ground motion. These studies were carried out either

to constrain the observed lateral variations of seismic ground motion, or to predict

and account for the amplification effect for potential earthquake scenarios.

Throughout the last century, most of the largest earthquakes (1906 San Francisco,

1984 Northridge, 1985 Guerrero Michoacan, 1989 Loma Prieta and, 1996 Kobe

earthquakes, etc.) experienced these effects, with dramatic consequences on damage

distribution in some cases. Accounting for such effects in seismic regulation, land-use

S B 0 1 0 1 5 1
Journal number Manuscript number B Dispatch: 22.11.2006 Journal : Pure and applied Geophysics No. of pages: 20

Author’s disk received 4 Used 4 Corrupted Mismatch Keyed

1 Laboratory of Geophysics and Tectonophysics (LGIT), Joseph Fourier University of Grenoble,
Grenoble, France.

2 Laboratoire Central des Ponts et Chaussées, Paris, France. E-mail: pgueg@obs.ujf-grenoble.fr
3 Institut de Recherche pour le Développement (IRD), France.
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planning or design of critical facilities has gained increasing importance in

earthquake hazard reduction programs. Being able to model the seismic soil

response is therefore a crucial step in characterizing local site response and in

determining seismic risk scenarios. In order to tackle this topic and construct the

model, the dynamic and geometric parameters controlling the seismic behaviour of

the topmost ground layers have to be accurately known, as well as the lateral

variability of the ground which may reduce or amplify the seismic ground motion in

a few meters. Techniques for estimating site response are usually grouped in

geotechnical and geophysical methods. Geotechnical surveys such as drilling

boreholes and SPT or CPT provide detailed information on surface layers.

Nevertheless, in cases of strong lateral variations and deep sediment layers, as

observed in the Alpine valley in Europe or in the Las Vegas (LOUIE et al., 2004) and

Los Angeles (OLSEN, 2000) basins, these methods are not suitable owing to their high

cost and their discontinuous nature. Classical geophysical surveys such as S-wave

velocity profiles, deduced from surface wave analyses, S-wave refraction, seismic P-

wave and electrical tomographic analyses are an alternative that cover wide areas in a

shorter time. However, major experimental difficulties arise when they are planned in

urban environments where the reduction in earthquake hazard is a critical factor.

The past twenty years have seen a proliferation of scientific papers dealing with

the use of ambient vibration recordings for site effect estimation. However, the first

analyses using seismic noise date back to the 1920s. While in 1924 BANERJI (1924)

established a close correlation between the variations of the seismic ambient noise

and the Indian monsoon and in 1965, AKI (1965) published a note on the use of

microseisms in determining the shallow structures of the earth’s crust, NOGOSHI and

IGARASHI (1972) first proposed the use of the H/V spectral ratio of seismic noise

(HVSRN) as a tool for estimating the seismic response of the subsurface structure.

This method has since been widely diffused around the world by NAKAMURA (1989).

Since 1989, because of its low-cost, its fast deployment and the relation between the

nature of the topmost sedimentary layers and the fundamental resonance frequency

detected through the seismic ambient noise, the use of the HVSRN method has

become widespread, mainly with the objective of detecting the sedimentary zones

that could amplify seismic ground motion. Scientific papers dealing with this subject

are extremely abundant and presenting an exhaustive list of references is not the goal

of this paper. Reference could be made to the study by BARD (1998) who presents an

overview of the H/V method, and more recently BONNEFOY-CLAUDET (2004) and

D13.08 (2004) which indicate the references of most published studies on seismic

ambient noise.

This abundant literature shows that there are three main groups of scientific

purposes. First, the amplified frequency deduced from the HVSRN method has

been compared to the seismic ground response extracted from seismic recordings,

using either the standard spectral ratio method (BORCHERDT, 1970), the generalised

inversion technique (e.g., CASTRO et al., 1990) or the H/V spectral ratio of
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earthquake data, also called the receiver function method (LANGSTON, 1977). This

purpose has been explored in many seismic regions (e.g., LERMO and CHAVEZ-

GARCIA, 1993; FIELD and JACOB, 1995; LACHET et al., 1996; GUÉGUEN et al., 2000;

LEBRUN et al., 2001). All have provided a reliable estimate of the fundamental

resonance frequency of the site using seismic ambient noise, despite the fact that

the amplification factor is still not fully understood. Because of the ability of the

HVSRN method to evaluate the fundamental resonance frequency and its low-time

consumption, a second group of studies focused on the variability of the

fundamental frequency over an extended zone. The HVSRN method is used here

as a mapping tool, either in a pre-earthquake situation (land-use planning) in order

to delineate the zones showing the largest amplification factors and to define their

characteristic frequency (e.g., FAEH et al., 1997; ALFARO et al., 2001; LOMBARDO et

al., 2001; GUÉGUEN et al., 2000; LEBRUN et al., 2004), or in a post-earthquake

situation to contribute to explaining the distribution of building damage by

identification of local site effects (e.g., MUCCIARELLI and MONACHESI, 1998; DUVAL

et al., 1998; GUÉGUEN et al., 1998; GUILLIER et al., 2004). The last group of

scientific purposes appeared more recently. Because of the close relation between

fundamental frequency, shear-wave velocity and thickness of the soil layer, recent

studies have used the HVSRN method as a geophysical exploration tool (e.g.,

DELGADO et al., 2000a,b; IBS-vON SEHT and WOHLENBERG, 1999; PAROLAI et al.,

2002). In practice, based on knowledge of the soil layer depth obtained from

boreholes or geophysical methods, and the HVSRN frequency value, the average

shear-wave velocity of the soil column can be estimated. Conversely, when the

shear-wave velocity profile is known and assuming the same process of filling and

deposition over the entire study area, the soil depth is deduced from the HVSRN

frequency. However, these approaches are usually validated with only limited data

and calling into question the reliability of this approach given the possible errors

made in evaluating the depth or the average shear-wave velocity. Moreover, the

simple relation linking fundamental frequency, shear-wave velocity and depth is

valid according to a 1-D model assumption that is not the geometry of most

valleys. For example, while BARD and BOUCHON (1985) discussed the 2-D model

shapes of a theoretical valley, STEIMEN et al. (2003) and ROTEN et al. (2004)

recently showed experimentally the strong 2-D effect of valley shape on the

resonance frequency deduced from ambient seismic noise.

The scope of this article is to compare experimentally the effect of 2-D or 3-D

valley shape on the interpretation of the HVSRN frequency used as an exploration

tool. The study was carried out in the Grenoble sedimentary basin where, for the last

twenty years, extensive data were available. After a detailed description of the valley,

the results of an extended network of noise measurements are compared to the

geometry of the valley and to the uncertainty surrounding the sediment depth

estimates.
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2. Geological, Geotechnical and Seismological Context of the Grenoble Basin

Located in the northern part of the Alps, the Y-shaped Grenoble basin is one of

the most important Alpine valleys in Europe (Fig. 1). Extremely urbanized, it is

located at the intersection of the Drac and Isère river valleys, inserted between the

hard Jurassic limestone of the Chartreuse and Vercors massifs on the western and

northern sides respectively, and the metamorphic mountains of the Belledonne chain

to the southeast. The Grenoble Basin is mainly filled with Quaternary deposits

resulting from the Würm II period, the last major glacial period (between -100000

and -20000 years). The sequence of sediments found in Grenoble is thus typical of the

deposits in other alpine valleys. During the Würmian age, the glaciers eroded the

oldest sediments of the Rissian glacial valley and the rocky basement (NICOUD et al.,

2002). This resulted in a deep wide valley, which was imaged using a dense

gravimetric survey carried out by VALLON (1999). Considerable variations in basin

depth are observed (Fig. 2), with the deeper part (more than 900 m depth) located in

the centre of the Y-shaped valley. The narrow valley in the northwest branch of the

basin is characterised by a small apex ratio (width/thickness) of about 4. Bedrock

shape variations are found in the south of the city, with a local rise in the bedrock,

and a general rise in the southern and the north-eastern branches.

The basement of the Grenoble Basin is made of marly limestone (Early Bajocian)

overlaine by Jurassic marls. A thick monotonous, sandy-silty lacustrine clay

formation overlies the Jurassic formation, and stretches over the entire basin as a

result of infilling of the umbilical post-glacial lakes. The thickness and monotonous

Figure 1

Location of the Grenoble Basin and the altitude contrast between the surrounding Rocky Mountains and

the sediment. The white circle denotes the Montbonnot borehole.
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sequence of the lacustrine deposits give an indication of the large size of the lakes and

explain the minor variations of the nature of this sedimentary sequence from one

point in the valley to another, up to the last 40 m of sediments. This has been

calibrated by several old and recent deep boreholes drilled in the valley. For example,

the deep borehole, known as the Montbonnot borehole, was drilled in the northeast

branch of the valley (Fig. 1), down to the bedrock reached at –535-m depth. The

abundant sedimentary information available on this site motivated the extended

geophysical and seismological surveys subsequently carried out to attribute the

S- and P-wave velocity profiles to the sediment column (Fig. 3). For example, active

reflection and refraction seismic studies were performed to define the structure and

geometry of the deep sedimentary infill (DIETRICH et al., 2001; CORNOU, 2002). To

complete the description of the topmost soil column, geotechnical (CPT) boreholes

were drilled and active refraction seismic studies conducted on the site (Fig. 4). To

summarise, except for the presence of a very thin topmost layer (less than 5 m)

characterised by S-wave velocity of around 170 m/s and overlying a thin (8-m thick)

inserted gravel layer (fluviatile sequence) with S-wave velocity of around 290 m/s, the

properties of the sediments at the Montbonnot borehole site follow an increasing

gradient (Table 1). Assuming reasonably that the main process of sedimentary

infilling is the same regardless of the valley branch, the soil properties inferred from

the Montbonnot borehole may be extended to the entire Grenoble Basin. This

assumption has been recently confirmed by DIETRICH et al. (2005) in the NW branch

by wide-ranging seismic refraction and reflection studies. The only differences

concern the last few metres of the ground near the surface of the column which result

from the lateral variations in the fluviatile sediments due to changes in the two major

river beds. Indeed, after the lacustrine period, late fluviatile dynamics began owing to

the presence of the two major rivers in Grenoble. Both these rivers have incised the

Figure 2

Topography of the sediment-bedrock interface (after VALLON, 1999).
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lacustrine deposits. This has resulted in the presence of a soft surface sediment layer,

mainly composed of gravel and sand and presenting spatial and vertical heteroge-

neities. These variations were frequently confirmed by pile foundations drilled in the

sediment of the basin which are anchored to a stiff sandy gravel layer, whose depth

varies from a few metres up to 25 m. This heterogeneity concerns the central axis of

each valley branch and depends on the presence or not of the gravel layer, its depth

and its S-wave velocity. As a result, the highest frequency of the seismic response in

the valley (greater than 1 Hz) may or may not be modified. Because this paper is

focused essentially on the ability of the HVSRN method to identify the shear-wave

velocity and the total thickness of sediments, only the entire column of soil will be

considered in order to avoid the effects of the topmost layer. The generic values

finally adopted for the basin and the overlain bedrock are shown in Table 1.

In view of the moderate seismicity of the northern part of the Alps, the high

economic activity of Grenoble, the presence of a very close active fault along the

Belledone massif (THOUVENOT et al., 2003) and the presence of deep sediments,

numerous recent research activities were focused on the seismic response of the

basin. Seismic site effects were first observed by LEBRUN et al. (2001) during a

temporary seismic experiment. They showed considerable variability in the

Figure 3

P- (thick line) and S- (thin line) wave interval velocity profiles of the deeper part of the Montbonnot

borehole derived from vertical and offset seismic profile measurements at the borehole location (CORNOU,

2002).
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amplitude and frequency range of seismic amplification within the basin. These first

observations have since been confirmed by data collected by the accelerometers

permanently installed in the city, part of the French Accelerometric Network (RAP,

http://www-rap.obs.ujf-grenoble.fr). Systematic amplified frequencies f0 of around

0.3–0.4 Hz are observed, with a large amplified frequency band up to 4 Hz in the

central part of the basin.

The Montbonnot deep borehole is also permanently instrumented by a pair of

accelerometers installed at the bottom and at the top. In this paper, the data recorded

Figure 4

Geological and CPT boreholes (left) and seismic S-wave refraction study (right) conducted at the

Montbonnot borehole to evaluate the properties of the topmost layers. (Top: the two S-wave seismograms

were acquired using 14 Hz horizontal geophones and a 2-meter long seismic source. For each seismogram,

two blows were made on the opposite faces of the source. The corresponding data were then gain-balanced

and subtracted to attenuate the resulting P-wave energy and to enhance the S-wave energy. Below: classical

S-wave two-shot refraction interpretation after picking of refracted S waves.
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by the two stations were analysed for 28 local and regional earthquakes (1.0 <Ml <

5.5) that have occurred since the start of monitoring of the borehole (Table 2).

Figure 5 shows two examples of recordings (all three components) at the two

borehole monitoring stations for a local earthquake (Ml = 2.9) and a regional

earthquake (Ml = 5.2). The effects of sediments are clearly shown on this example

for which a factor of 4 (in time) is observed between the bottom station, installed

immediately under the sediment/bedrock interface, and the surface station. Figure 6

shows the spectral ratio calculated between the top and the basement, for all the data

Table 1

Soil profile of the Grenoble basin at the Montbonnot borehole (z denotes the depth in m)

Depth (m) Description Vp m/s Vs m/s Qp Qs q kg/m3

Deeper sediments 1450+1.2 z 300+19 z 40 20 1600 + 0.4 z

bedrock 5600 3200 400 200 2500

Table 2

List of events recorded by the accelerometers installed at the Montbonnot borehole (source: RAP).

Magnitude is local magnitude Ml, latitude (Lat.) and longitude (Long.) are in degrees, depth D in km,

epicentral distance R in km and the information is given by the RéNaSS (http://renass.u-strasbg.fr) or the

Sismalp (http://sismalp.obs.ujf-grenoble.fr) networks

Date and time Ml Lat.� Long.� D km R km Localisation

01/07/2001 19:37 3.4 44.58 07.03 7 118 RéNaSS

27/08/2001 22:21 1.9 45.14 05.87 5 9 RéNaSS

16/10/2001 04:18 3.1 45.11 06.48 6 53 RéNaSS

07/11/2001 03:59 2.7 45.12 06.52 6 56 RéNaSS

18/04/2002 01:28 2.2 45.28 05.88 10 9 RéNaSS

21/07/2002 21:46 2.8 45.37 06.50 5 56 RéNaSS

22/10/2002 21:59 2.9 45.62 06.34 5 61 RéNaSS

26/10/2002 13:31 2.2 45.08 05.84 5 14 RéNaSS

11/04/2003 09:26 4.9 44.87 08.83 5 240 RéNaSS

26/04/2003 03:54 2.9 45.20 05.92 5 8 RéNaSS

29/04/2003 04:55 3.9 46.32 07.59 5 185 RéNaSS

25/05/2003 23:03 3.6 45.12 06.50 5 54 RéNaSS

10/06/2003 22:59 3.4 44.78 07.70 5 156 RéNaSS

30/10/2003 01:12 2.7 44.97 06.62 5 68 RéNaSS

09/12/2003 18:03 3.0 45.33 06.07 5 24 RéNaSS

20/12/2003 03:29 3.3 44.49 07.21 5 136 RéNaSS

21/12/2003 01:35 3.1 44.49 07.00 5 123 RéNaSS

28/01/2004 20:09 3.3 45.43 05.46 5 37 RéNaSS

28/01/2004 22:20 2.8 45.47 05.41 5 43 RéNaSS

03/02/2004 16:58 2.1 45.05 05.77 5 18 RéNaSS

14/05/2004 00:30 3.6 45.03 07.48 10 132 RéNaSS

27/06/2004 16:40 1.1 45.08 05.83 11 14 Sismalp

15/11/2004 00:13 2.6 45.08 06.28 2 3 RéNaSS

24/11/2004 22:59 5.2 45.74 10.01 10 333 RéNaSS

05/12/2004 01:52 4.9 48.11 08.02 10 362 RéNaSS

05/12/2004 08:35 1.7 45.47 05.43 6 42 Sismalp
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available in the RAP database. The ratio was accounted only for frequencies where

the signal/noise ratio is greater than 3. For each data set, a time window was selected

with the S-wave arrival time taken as origin. The length of the selected window is

given by a compromise between the decrease in amplitude after the S-wave time

arrival for the local earthquakes and the time length of the windows controlled by the

triggering mode of the RAP stations for regional earthquakes. The latter earthquakes

usually produce a better signal/noise ratio at low frequencies. Each data set is cosine

tapered (5%) and its Fast Fourier Transform is computed. The spectral amplitude is

smoothed according to the KONNO and OHMACHI (1998) window (b = 30). The

average spectral ratio clearly indicates the 0.4 Hz resonance frequency. As mentioned

Figure 5

Examples of earthquakes recorded at the top (upper row – OGFH station) and the bottom (lower row –

OGFB station) of the Montbonnot borehole. A: Local earthquake (Ml = 2.9, R = 9 km) – B: Regional

earthquake (Ml = 5.2, R = 333 km).

Figure 6

Spectral ratio computed between the top and bottom of the vertical array at the Montbonnot borehole

(North-South Component). The data are provided by the French Accelerometric Network database and

represent 26 events (local and regional) with Ml magnitude ranging from 1.1 to 5.2. Right: 26 ratios with

signal/noise threshold over 3 – Left: Average (± standard deviation) for frequencies with (thick lines) and

without (thin lines) the threshold greater than 3.
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and validated previously by LEBRUN et al. (2001), the lower frequency is linked to the

S-wave resonance frequency of the entire column of sediments. The 8 Hz frequency

corresponds to the S-wave resonant frequency of the seismic response of the topmost

sedimentary layer, with a thickness equal to 5 m. This layer has an impedance

contrast large enough to be detected (Fig. 4). The 8 Hz frequency value fits the

simple 1-D frequency resonance obtained for a bi-layer model using the simple

formula linking the resonant frequency f0 to the S-wave velocity b (170 m/s) and the

thickness H (5 m) of the topmost layer (f0 = b/4H).

3. The H/V Technique Applied in Grenoble

The HVSRN method is based on the nature of the waves constituting the seismic

noise. While the physical explanations regarding the ability of the HVSRN method

to detect the seismic response of sites were not clear in the past, numerous scientific

papers have dealt with this method. In general, it was found that the HVSRN

method reveals the fundamental resonance frequency of sites. This assertion has been

supported by numerous studies that compared the site responses using earthquake

recordings (e.g., LERMO and CHÁVEZ-GARCIA, 1993; LACHET et al., 1996; GUÉGUEN

et al., 2000) and numerical approaches relating to the ellipticity curves of Rayleigh

waves (e.g., LACHET and BARD, 1994; SCHERBAUM et al., 2003). In this case, as the

nature of the seismic noise wave is approximately the same as the propagation of

surface waves (IRIKURA and KAWANAKA, 1980), a close relation exists between H/V

spectral ratio and the ellipticity of the contributing Rayleigh waves, which dominate

seismic noise. For layered sedimentary profiles with a sufficiently large impedance

contrast, the ellipticity of Rayleigh waves vanishes and becomes polarized only on

the horizontal direction for the frequency corresponding to the fundamental

frequency of the surface layer response. The shape of the ellipticity is found to be

subject to the impedance contrast and the shear-wave velocity profile types

(SCHERBAUM et al., 2003). More recently, the SESAME European project (SESAME,

http://sesame-fp5.obs.ujf-grenoble.fr; BARD et al., 2004) included important theo-

retical and numerical efforts done in order to obtain a better understanding of the

nature of seismic noise. Experimental and numerical investigations were carried out

to assess clearly the stability, robustness, reliability and physical meaning of the H/V

spectral ratio. One of the most important conclusions of the project was that,

regardless of the waves contained within the seismic noise (body waves or surface

waves), the nature of the sources generating seismic noise (natural or anthropic) and

their location with respect to the location of the receiver point, the H/V spectral ratio

is indicative of the fundamental frequency of the surface soil layer when the S-wave

contrast is sufficiently large (BONNEFOY-CLAUDET, 2004). Nevertheless, no clear

evidence concerning the reliability of the amplitude factor given by the HVSRN has

been given.
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In the context of this study, an extended survey of seismic noise measurements

was carried out in the Grenoble area from 05 July to 09 August 2004. In practice, the

HVSRN experiment consists in recording seismic noise with a 3-D velocimeter placed

on the ground and connected to a CitySharkTM station, a user-friendly digital

acquisition system designed for noise measurement (CHATELAIN et al., 2000). The

station was connected to a 3C Lennartz 5-second sensor with a flat velocity response

between 0.2 and 50 Hz. This sensor is ideally suited to estimate the response of the

Grenoble basin site in the lower frequency range. The seismic noise data were

acquired and processed according to the recommendations outlined in the delive-

rables of the SESAME European project (D23.12, 2005).

Among the 300 points recorded on a regular 100 m · 100 m mesh distributed

over the Grenoble basin (Fig. 7), 170 sites were located where the basin is best

known. Depending on the urban environment, each seismic noise site should fall into

a cell of the regular mesh. A particular focus around the Montbonnot borehole is

displayed in Figure 8. This figure shows the high stability of the HVSRN method for

the low frequency range, within a very close distance. The fundamental resonance

frequency is 0.4 Hz, the same value as that obtained from earthquake data collected

in the borehole. A higher frequency close to 8 Hz is also observed with the HVSRN

method, corresponding to the higher frequency detected on the spectral ratio using

earthquake recordings. As shown before, this frequency is linked to the presence of

the upper soil layer. This layer must have a sufficiently wide impedance contrast to be

Figure 7

Noise recording sites in the Grenoble Basin. The full circles correspond to site locations where the sediment

thickness is well known.
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detected by the HVSRN method (greater than 2), as previously mentioned by

LACHET and BARD (1994), KONNO and OHMACHI (1998), FAEH et al. (2001) and

BONNEFOY-CLAUDET (2004). The highest frequency is more unstable because of the

extremely high variability in the short distance of the upper sediment layers. These

instabilities are the consequence of the previously-mentioned fluviatile infill

sequences. Nevertheless, both frequencies are representative of the site conditions

and they describe the overall seismic site response at two scales, including the deep

and the upper soil profile responses at 0.3 and 8 Hz, respectively. GUÉGUEN et al.

(1998) have already observed the ability of the HVSRN method to detect the upper

soil layer response. This may have dramatic consequences on the seismic integrity of

buildings because of the high resonance frequency (between 3 and 10 Hz) of the

majority of buildings.

Given the presence of homogeneous lacustrian deposits in all three valley

branches, only the lowest frequency is considered to be the fundamental resonance

frequency f0 of the basin. Figure 9 displays the mapping of the HVSRN frequency

(fHVSRN). The fHVSRN frequency shows variations in conformity with the depth of

bedrock obtained from the micro-gravimetric survey (Fig. 2). Frequency values

increase when there is a decrease in the observed depth in the south and northeast

branches, up to 2 and 0.6 Hz, respectively. The deepest part of the bedrock, located

in the centre of the basin, shows frequencies between 0.25 and 0.35 Hz, which

correspond to about 900 m of sediments. Moreover, the method was also capable of

showing the largest irregularity in bedrock shape at intermediate distance to the

south where the bedrock rises to the surface. Values of fHVSRN increase up to 1 Hz,

with similar values being observed on the edges of the basin where the sediment

thickness decreases. The good fit between the fHVSRN values and bedrock depth

variations confirms the usefulness of the HVSRN method in evaluating the seismic

response of the site, as widely shown by the previously-mentioned abundant scientific

literature. Because of its low cost and its low time consumption, this method is useful

Figure 8

Examples of HVSRN data computed using seismic noise recordings at the Montbonnot borehole, along a

linear profile.
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for mapping fHVSRN variations within the extended area analysed. Moreover, this

method is well suited to seismic regulation or land-use planning in the cases of deep

sediments, where classical geotechnical and geophysical methods are unworkable.

However, from the fHVSRN values obtained, the estimated thickness and shear-wave

velocity profile remain uncertain.

4. 1-D Theoretical Transfer Function of the Grenoble Basin

The HVSRN method thus provides blind information on the response of the site,

i.e., without any knowledge of soil profiles, with the S-wave velocity and sediment

thickness remaining unknown. However, it should be possible to use this method as a

geophysical exploration tool since, in a 1-D case, fHVSRN depends directly on Vs and

H (i.e., f0 = b/4H = fHVSRN). For the Grenoble Basin, the depth of the sediments

and the velocity profile at the Montbonnot borehole are known data. From shared

knowledge of the basin filling process currently available, a homogeneous velocity

profile may be assumed, as a first approximation, regardless of the basin branch. This

was partly confirmed recently by a geophysical study using a truck vibrator in the

northwestern branch of the valley (DIETRICH et al., 2005). Moreover, the sediment

thickness deduced from the gravimetric survey has been confirmed first by the

borehole drilled at the Montbonnot site and second by wide-ranging seismic surveys

carried out in Grenoble (CORNOU, 2002).

In the study presented here, the 1-D resonance frequency f0 was calculated at

every point in the basin by three methods: Rayleigh method (PAOLUCCI, 1999),

Figure 9

Iso-frequency curves computed with the fundamental frequency values obtained by the HVSRN method.

The black thin lines are the sediment thickness contours derived from the gravimetric survey (VALLON,

1999).
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reflection/transmission coefficients method in a stratified medium (KENNETT, 1974)

and the ellipticity curve of Rayleigh waves (HERMANN, 1996). For each sediment

thickness value, the velocity profile was evaluated in accordance with the velocity

gradient evaluated at the Montbonnot borehole (Table 1), truncated or extended to

the desired depth, with the same bedrock characteristics being used. For application

of the Rayleigh and Kennett methods, the profile was divided into 10 m thick

sublayers, each, with a constant velocity. This velocity corresponds to the mean

velocity between the upper and lower bounds of each layer, extracted from the

velocity profile at the equivalent depth.

Figure 10 shows that the three methods give the same dependence between f0 and

H regardless of depth. On the other hand, significant variations exist between the

theoretical f0 and experimental (fHVSRN) values obtained by the HVSRN method.

For large depths (>200 m), the experimental value fHVSRN tends to over- or

underestimate the f0 value with an error that may in certain cases reach 30%, i.e., an

error of 30% on the velocity or/and on the thickness. This observation has already

been confirmed recently by CORNOU et al. (2004) using 3-D simulations of seismic

noise applied to two different basins, including that of Grenoble. While overestimates

were virtually systematic for simulations, primarily caused by the 3-D geometry effect

of the basin, underestimates were possibly the consequence of variations in the

velocity profile which, in spite of a homogeneous sedimentary filling process, can

present significant variations. The 3-D effects of the Grenoble basin were also

observed by CORNOU et al. (2003) on earthquake recordings. They showed in

particular that the strong diffractions on the edges of the basin played a considerable

Figure 10

Comparison between the experimental - HVSRN method – (filled circle) and theoretical 1-D response of

Grenoble basin computed from the velocity profile of the Montbonnot borehole, using the Rayleigh

method (open circle), the KENNETT method (open triangle) and the ellipticity of Rayleigh waves (open

diamond).
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part in the total seismic ground motion observed in the centre of the valley. The 2-D

geometry effects were also observed by STEIMEN et al. (2003) and ROTEN et al. (2004)

who, in experiments, analysed the SH and SV resonance modes of the Wallis valley

(Switzerland). It is thus significant to note that, for site response estimates, the 1-D

representation of sedimentary basins having small apex ratios (w/H) induces

significant errors in the evaluation of average velocities or depth of bedrock. In this

case, the fundamental resonance frequency of the SH mode for a 2-D basin f2-D
SH is

(BARD and BOUCHON, 1985):

f SH2D ¼
b
4H

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2:9
H
W

� �2
s

� f0

The 2-D effects may be very significant and then have a considerable influence on the

f0 values obtained by the HVSRN method. It may also be noted, on Figure 10, that

for low sediment thicknesses (H < 100 m), there are considerable differences

between theoretical and experimental frequencies. Figure 11 shows a histogram of

depth residuals HR taken as the difference between the sediment thickness deduced

from the gravimetry survey (Hgravi) and the sediment thickness (Hinv) determined

from fHVSRN and velocity profile values at each seismic noise recording site. The data

have a small average residual of 48 m and a standard deviation of 227 m.

Figure 12 shows the location of the errors calculated between the residuals and

the sediment thickness deduced from the gravimetry survey (Hgravi), as follows:

(Hgravi – Hinv)/Hgravi. The lowest errors are observed in the central parts of the valley

where most of them are less than 10%. This error may be due to the 2-D/3-D

geometry of the basin, as already observed using 3-D numerical simulation (CORNOU

et al., 2004). The errors increase when the site gets closest to the basin edge. The

highest errors (>50%) are noted on the edges of the basin (Fig. 12) where the 1-D

interpretation of the f0 values obtained by the HVSRN method is most erroneous.

There is no doubt that the difference could be due to the uncertainties on the

Figure 11

Histogram of residuals of the depth deduced from HVSRN method with respect to gravimetry model.
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gravimetry survey which is less accurate on the basin edge. However, it is also

necessary to take account of uncertainties on the velocity profile of the topmost

metres of the soil column. The edges of the basin have been subject to the

contribution of erosion products from the bordering rocky mountains, which

considerably modify the topmost metres of sediments. It should also be noted that

the highest errors occur where the geometry of the basin edges is most disturbed, thus

indicating a clear effect due to basin geometry. Moreover, as shown in Figure 12,

significant errors due to fluviatile variations can be noted, even in the centre of the

valley. Indeed, as indicated previously, the fluviatile fill is laterally very variable. The

best proof of this is found on the site of the rising bedrock, towards the south of the

basin where the anomaly in the bedrock shape imposes a sediment thickness of a

hundred metres. This anomaly involves local geometrical effects but may also

introduce a significant error on the velocity profile considered. The fluviatile

Figure 12

Estimated error on bedrock depth using HVSRN values. Top left: Topography of the bedrock using only

the value of the depth obtained from the gravimetry survey where a noise recording site is available.

Bottom left: Topography of the bedrock determined using the fundamental frequency obtained from

HVSRN (fHVSRN) values and the velocity profile at the Montbonnot borehole. Right: Error on bedrock

depth derived from fHVSRN values.
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contributions, which can account for 50% of the velocity profile on the basin edges,

are not taken into account in the reference velocity profile considered.

Conclusions

For several years, the HVSRN method has been widely used to assess possible

seismic site effects which can have dramatic consequences on earthquake damage

distribution. The comparison between the fundamental resonant frequency fHVSRN

and the depth of bedrock in the Grenoble Basin shows the capacity of the method

to account for basin variations, in terms of seismic site response. This method is

undoubtedly effective owing to the easiness in revealing the frequency of vibration

of sedimentary layers, even if uncertainties still exist on the amplitude. Because of

its ease of use, many authors chose to use it as an exploration tool since, in a 1-D

case, the resonance frequency is linked to the shear-wave velocity b and the

sediment thickness H. It may also be tempting to estimate b over a large area by

coupling the f0 values obtained by the HVSRN method and the data on bedrock

depth at a particular point, or conversely to evaluate the bedrock depth by

coupling f0 and known values of b at a particular point. However, recent

theoretical studies have shown that basin geometry can have a major effect on the

resonance frequency estimated by the HVSRN method, particularly in narrow

sedimentary basins (w/H small). Even if the HVSRN method is a very useful

method for a 1st-order exploration of geotechnical conditions, values of fHVSRN

can no longer be systematically interpreted according to b and H owing to the

potentially high error levels. Nevertheless, fHVSRN values must be considered as the

frequency at which seismic motion can be amplified, regardless of the 1-D, 2-D or

3-D geometry of the site.

In the Grenoble Basin, based on experimental data, significant variations were

observed between the theoretical evaluations of the 1-D response of the basin and the

experimental evaluations. For the thickest sediment layers, the experimental f0 values

tend to under estimate the 1-D evaluations, with the combined effects of the 3-D

geometry and the suspected variations in velocity profiles. For the thinnest sediment

layers, the errors are considerable. In particular, the greatest differences occur on the

edges of the basin, where the ground is most heterogeneous and where the

topography of the bedrock is remarkable. Even if the gravimetry model used for the

estimate of the bedrock depth may be source of errors, from the interpretation of

experimental frequency fHVSRN values as an exploration tool in case of deep basin,

errors of approximately 10% can be made concerning bedrock depth. The same

observation can be made on the rise in bedrock level south of Grenoble.

It is thus difficult to estimate the ground profile starting from HVSRN

measurements. In particular, such measurements performed at the locations of

accelerometer stations are often considered, given that the site conditions are very
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significant for evaluating empirical relations for predicting seismic motions and for

understanding earthquake source effects. On the other hand, for large basins, there

would seem to be a case for attempting to understand the amplified high frequencies

which, when they exist, are representative of the upper sediment layers, given that

these layers are thin and are thus comparable to 1-D layers with a highly variable

lateral extent. Future studies should be channelled in this direction, by combining

reliable information deduced from geophysical and geotechnical methods and more

systematic data obtained by the HVSRN method in order to obtain a comprehensive

description of the ground surface.
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THOUVENOT, F., FRÉCHET, J., JENATTON, J., and GAMOND, J.F. (2003), The Belledonne border fault:

identification of an active seimic strike-slip fault in the western Alps, Geophys. J. Int. 155, 174–192.

VALLON, M. (1999), Estimation de l’épaisseur d’alluvions et sédiments quaternaires dans la région grenobloise

par inversion des anomalies gravimétriques, IRSN/CNRS Internal Report, 34 pp. (in French).

(Received December 6, 2005, accepted July 29, 2006)

To access this journal online:

http://www.birkhauser.ch
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