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Abstract 
Szte surveys przor to the znstallatzon of offshore faczlztzes are requzred to obtazn shallow sozl structural and geotech- 
nzcal znformatzon. The French project GEOSIS was azmed at zmprovzng both geophyszcal and geotechnzcal znves- 
tngatzon methods and at  prourdzng a valuable methodology for the zntercon-elatzon of the results The GEOSIS 
methodology for zntegrated son1 znvestngatzon zncludes the followzng ztems VHR multzchannel sezsmzc survey, fine 
gmzned geotechnzcal boreholes (conng and zn-sztu tests) and vertzcal sezsmzc profilzng (P and S waves) Thns paper 
describes the acquzsztzon and processzng stmtegzes and thew applzcatzon to a sate survey zn the western Medzter- 
mnean Sea (Monaco) Correlatzons establzshed wzthzn the project between geophyszcal and geotechnzcal propertzes 
are dzscussed 

1. Introduction 
Offshore site surveys are mainly carried out in the domain of oil industry prior to the ~nstallation of platforms or 
sealines, but also in coastal and harbour domain, as well as in mineral resources evaluation and in sedimentary 
studies. The GEOSIS project was aimed at improving site survey methodology in the view point of the integration 
of the geotechnical and the geophysical data The GEOSIS methodology includes the following steps: 

Very High Resolution multichannelseismic survey (in lieu of conventional single channel seismic survey) which 
will provide a metric accuracy whereas P wave velocity information will he recovered using multichannel 
technology, 

Geotechnical fine grained boreholes including coring and in-situ tests, 

Vertical seismic profiling in order to link borehole information to the processed seismic lines. 

The purpose of a GEOSIS survey is to establish correlations between the geotechnical parameters obtained in 
boreholes and the geophysical properties within the first 100 m. 

The ultimate step in data processing is to adapt the techniques of stratigraphic deconvolution routinely used 
in reservoir studies to quantitative extrapolation of some geotechnical properties around a borehole along seismic 
profiles. The paper describes the tasks to get both sets of data ready for the stratigraphic deconvolution (which 
is not presented here). 

2. Acquisition System at Sea 
2.1. Multichannel survey 
We are referring to the term "Very High Resolution" (VHR) seismics as the ability to obtain a one meter accuracy 
both horizontal and vertical. Therefore the entire acquisition system and the layout must be tailored in order to 
meet our specifications. 
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2.1.1. Sezsmzc source 
The source must be able to provide a seismic signal with a frequency bandw~dth adapted to the expected metric 
definition. The P-wave velocity law, within the upper sediments, typically ranges from 1500m/s (water) to about 
3000 m/s (consolidated sediments) Therefore the frequency content of the signal should range between 0 5 and 
3 kHz. This implies that the source must be towed within 20 to 40 cm below the sea surfare In order to avoid 
destructive summation (ghost). The source must be able to provide a repetitive signal. 

During the Monaco experiment described later in this paper, both a 15 cubic inch airgun and a 1500 Joules 
sparker were used. 

2.1.2. Dedzcated multzchannel setsmzc streamer 
The GEOSIS streamer has to be designed regarding two different constraints F~rs t ,  ~t should allow the computation 
of the P-wave veloc~ties within the sediments, therefore both its length and the number of traces must be adapted 
to the target Second, the trace spacing within the streamer must be carefully adapted to the frequency content 
of the slgnal in order to avoid destructive summation in the stacking process due to spatial ahasing Again the 
immersion of the streamer should be kept very close to the sea surface In order to avoid ~nterference with the 
reflected ghost. 

The speed of the vessel towing the streamer ranges from 2 to 4 knots The shot rate ranges froin 1 and 4 shots 
per second depending on the speed of the vessel and the water depth 

During the Monaco experiment, a 48 metre long streamer including 24 traces (2 metres apart) was used, the 
trace itself consisting in 6 hydrophones. 

2.1.3. Acqvisztion system 
The high sampling rate (up to 8000 kHz) has needed to cope with the signal frequency content and the great number 
of channels. When the project was launched no such high performance recorder was available on the market. 
Therefore a recording and quality control system (Delph24) was developed by IFREMER together with ELICS, a 
French company already involved in single to dual channel VHR seismic acquisition. The main characteristics of 
the Delph24 are the following ones: 

number of channels: 24 
maximum sampling frequency: 12 kHz 
recording length: 312 ms at 8 kHz or 208 ms at 12 kHz. 
maximum shot rate: 4 shots per secor~d 
16 bit A/D converter 
internal or external trigger 
display of signals in control or profile modes 
recording of data under compressed Delph format or SEG-Y 

2.1.4. Positioning strategy 
In order to correlate seismic data to geotechnical borehole information, accurate positioning is needed. This can 
be easily achieved using either high performance D-GPS, land based beacons or la,ser theodolites. 

2.1.5. Weather condztzon requzrements 
Sea state conditions are of uppermost importance for such high accuracy seismic surveys. Whereas detrimental 
effects caused by large swell can be easily removed during the processing of the seismic data, choppy seas will 
dramatically deteriorate the quality of the data in terms of seismic Signal to Noise ratio as well as positioning 
=curacy. 

2.2. Geotechnical survey 
The geotechnical survey will include at  least two boreholes at the same location: one for sampling purposes and one 
for in-situ measurements. Information extracted from the latter as well as properties calculated on the recovered 
samples will be used to extrapolate geotechnical characteristics over the seismic lines. 

2.2.1. Laboratory analyses 
Conventional laboratory tests are carried out on the soil samples. The tests typically include sediment charac- 
terisation (density, water content, void ratio, grain size, ...) as well as the determination of mechanical properties 
(cohesion, internal shaft friction angle, consolidation stress, ...) Depending on the size of the samples, P-wave and 
S-wave velocities can be measured. 



2.2.2. In-srtu measurements 
The Cone Penetrometer Test consists in measuring the point and shaft resistances and the excess pore pressure 
generated by sharing during the penetration of the tool into the sediment. The CPT is operated through a wire-line 
tool which allows 3 metres of continuous measurement. The standard penetration velocity is 2 cm/s. 

2.3. Seismic measurements  i n  geotechnical borings 
The VSP experiment includes P-wave and S-wave measurements, acquisitions being carried out one after another 
for a given receiver depth within the borehole 

2.3.1. Sezsmzc sources 
In order to make the processing easier, the same P-wave high frequency seismlc source must be deployed for the 
VHR multichannel seismic survey and the VSP. 

The S-wave signals are generated by applying a horizontal force on the sea bottom. The devlce 1s placed on 
the sea bottom. 

Fig. 1. Seismic cone Fig. 2. VSP probe Fig. 3. Sonic probe 

2.3.2 Sezsmrc receavers 
The use of a Seism~c Cone Penetrometer Test 1s preferred because it ensures a very good coupl~ng w ~ t h  the so11 as 
it houses 3 pre-amplified geophones (X, Y, Z) In the cone (Flg 1 ) In-situ measurements and VSP can be carrled 
out m the same sounding Nevertheless, sasmlc acquisition should be recorded wh~le the tool 1s at rest In order 
to decrease the noise level. 

If a SCPT cannot be performed, a conventional VSP probe can be operated (Fig. 2.). The profiler is lowered 
inside the borehole and the measurements are performed continuously when rising the probe. The coupling with 
the soil is obtained using "arms" which strongly press the probe against the wall of the borehole. This technique 
requires the self stability of the borehole. 

In addition a sonic probe can also be used in a borehole. The veloc~ty of the surrounding soil is measured 
between a transmitter and a receiver 1 metre apart, while rising the probe (Fig. 3.)  

2.3.3. Recordang 
The same acquisition system (Delph24) can be used. X, Y, Z components are recorded separately as well as a 
Time Break signal in order to synchronize the different recordings During the Monaco exper~ment, a 10 kHz 
sampl~ng frequency and a 500 millisecond record~ng length were used. 

3. Data Processing 
The data processing was mainly carried out using conventional seismic software. Nevertheless, special attention 
was paid to the broad frequency content of the seismic signal as well as to the source and receiver motions. 

3.1. Multichannel seismic data processing 
Apart from the imaging process (Signal/Noise improvement, time imaging artefacts,...), the multichannel seismic 
data will be used for two different purposes: 

Determination of the P-wave velocity field, 
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Extrapolation of the geotechnical attributes determined from the borehole. 

The seismic processing includes the following steps: 

Data edition (band pass filtering, correction of spherical divergence,...), 

Corrections of the vertical motions of the source and the receivers. These corrections were evaluated by 
picking the seismic arrivals from the reflection on the sea-bottom, 

Sort in Common Mid Points gathers, 

Velocity analysis, 

Stack, 

Migration. 

From this processing sequence, we gain access to a depth section corrected for t.he t,ravel time artefacts. 
Furthermore, using the average velocity field extracted through the NMO analys~s, sl~ce velocities for each of the 
encountered sediment layer can be computed. 

3.2. VSP d a t a  processing 
The P-wave VSP will be used as the pilot trace to extrapolate geotecl~~lical attribute along the seismic llnes The 
S-wave VSP will allow the recovery of the S-wave velocity field and will selve for d~term~nat ion of the mechanical 
properties of the sediment. 

The VSP seismic processing includes the following steps. 

Data edition (band pass filtering, Time Break corrections, shot summation, ...) 

Separation of the down going waves and up-going waves using FI< filtering, 

Deconvolution of the up-going waves, 

Corridor stacking, 

Migration. 

4. Application 
The above methodologies have been applied offshore Monaco (Mediterranean sea) in water depths ranging from 40 
to 80 m. This application was carried out in the framework of geotechnical studies for the design of an embankment 
facing the harbour of 'La Condamine'. 

4.1. Tes ts  at sea  
Multichannel lines were run over previously drilled boreholes. Fig. 4. and Fig. 5.  display a scheme of two profiles 
(the first one parallel, the second one perpendicular to the coast). The vertical scale corresponds to a two way 
time of 250 ms and the length of the profiles is about 800 metres. 

The site is characterised by thick sedimentary layers built up by several successive stages of deposition and 
erosion: 

layer 1: soft to very soft clay with organic material, 
layer 2: cemented silt with strong reflectors, 
layer 3: homogeneous silt with local layers of sand or gravel (partially eroded), 
layer 4: silt with layers of gravels and pebbles (strong reflectors), 
layer 5: Cretaceous limestone. 

The location of boreholes P5 (SCPT), P'5 (coring and VSP) and P7 (SCPT) are shown on Fig. 4 and Fig. 5. 
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Fig. 6. presents the main results obtained in boreholes P5 and P'5: t,he penetrolnetric point resistance (a), 
P-wave (b - solid line) and S-wave (c) velocities measured using the seismic cone in borehole P6, P-wave velocity 
(b - doted line) measured using the VSP profiler, and the P-wave velocity rneasurecl by .sonic probe in the open 
borehole P'5. 
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Fig. 6. Point resistance and velocities in borehole P5 

4.2. Seismic and geotechnical correlations 
Three types of correlations within the data obtained on Monaco site are d~scussed below 

correlations seismics velocities (Vp or Vs ) +t penetrometric point resistance ( q , )  
correlations seismics velocities (Vp or Vs ) +t porosity (n) 
correlations point resistance (q,) tt acoustic impedance 
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4.2.1. Correlatrons between velocgtres and pornt resrstance 
This type of correlation seems to be promising because of the visual similarity between the profiles of the seismic 
velocities versus depth and the penetrometric profile of point resistance q,. However, the establishment of a 
quantitative correlation is difficult because of the scattering of the values, their mode of acquisition (local values, 
mean values on a long range, artefacts,..) and the difficulties of the site due to the cementation of some layers. 

Correlations have been established using mean values of velocit~es and point resistances in each soil layer and 
in gathering the results of several neighbouring boreholes. 

Linear correlations between Vp and q, and between Vs and qe can be proposed (Fig. 7. and Fig. 8.): 

where Vp and Vs are in m/s and q, in MPa. 

vs  ( I d s )  

point resistance qc (MPa) point resistance qc (MPa) 
Fig. 7. Correlation Point resistance - Vp Fig. 8. Correlation Point resistance - Vs 

4.2.2. Covelatrons between velocitres and poroszty 
The values of porosity measured on samples are displayed Fig. 9. and Fig. 10. A trend to the decrease of Vp 
with the increase of porosity n seems to exist, but it would be audacious to propose a correlation because of the 
scattering of the data, and the low range of variation of the porosity in the encountered sediments. 
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Fig. 9. Correlation Porosity - Vp Fig. 10. Correlation Porosity - Vs 



4.2.3. Correlations between point resistance and acoustic impedance 
As the values of point resistance display unrealistic high values, they must be processed (interpolation in zones 
containing no values and filtering) in order to obtain a smooth curve (Fig. 11.) 

The impedance profile is obtained using the sonic profile and assuming that the density is constant. This is 
acceptable because of the low range of variation of the density. This method is more accurate than the inversion 
of the VSP profile. The values of the two vertical profiles must be shifted of 1.7 m in depth in order to adjust 
the correlation as the data come from two neighbouring boreholes. Fig. 12. displays the correlation between the 
point resistance and the impedance. 

A linear relationship is found : 

q, = 8 . 9 . 1 0 - ~  * impedance - 24.0 

impedance = 112 q, + 2689 

where q, is in MPa and impedance in kPa/(m/s). 
In comparing this formula with formula Vp = 42.5 q, + 1500 (section 4.2.1) and in considering a constant unit 

mass of 2000 kg/m3 it gives: 

impedance = 85 q, + 3000 

These two relationships differ because, in the first one, q, was assumed to be equal to 0 in water in the upper 
part of the soil column. 

point resistance (MPa) 

-80. 

depth (m) 
Fig. 11. Filtered point resistance 
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Fig. 12. Correlation Impedance - Point resistance 

4.3. Point  resistance a s  a function of two way t ime  
In order to assimilate the values of q, versus depth to the values of impedance versus twp way time, to be used as 
input data into a stratigraphic inversion software, we tried to express q, as a function of the same time scale as 
the time scale of seismic data. 

This involves to define a fictive velocity law in order to find a relationship t = f (z) applicable to the values of 
q,. So, the extreme values of q, are forced to be equal to the values of impedance (at the top and at  the bottom 
of the sounding) to begin and to end on the same two way time. 

The law of variation was interpolated between the extreme values. The d~fference of time regarding the law of 
the sonic profile shows two zones with different slopes for the point resistance. The limit is located at  a depth of 
about 13 m, where a significative change in consolidation is observed on cored samples. (Fig. 13. and Fig. 14.) 
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real time (ms) fictive time (ms) 

depth (m) 
Fig. 13. Cumulated time from sonic mesurements 

depth (m) 
Fig. 14. Fictive time and sonic cumulated time 

The real t = f(z)curve is plotted on Fig. 13. This curve is repeated (doted 11ne) on Fig. 14. to show the time 
difference with the fictive q,-time curve (solid line). This highlights the fact that the equivalence between q, and 
~mpedance cannot be expressed by only one relationship for all the depths, hut needs to be split illto several laws 
(two in this case). In a later stratigraph~c inversion, the changes of the slgnal properties have requ~red the use of 
two windows having the same boundary So, the above procedure can appear as a quick approach to define several 
domains of q,-impedance relationship 

5. Conclusion 
A survey following the specifications of GEOSIS, by integrating the geophysical and the geotechnical data can 
provide extended mechanical parameters around boreholes and give a quantitative ~nterpretation of seismlc profiles 
The definition is about 1 or 2 metres vertically and horizontally with a penetration of about 100 metres, by water 
depths ranging from 20 to 80 metres. The next step would be the strat~graphic cleconvolut~on which allows the 
quantitative extrapolation of geotechnical data along VHR seismic profiles around boreholes. 
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