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SUMMARY

Nearshore surveys are scheduled to acquire sal atesign pipeline landfalls, pipeline
routes in shallow waters, jetties and breakwatleragding / unloading facilities for LNG
(Liquefied Natural Gas) and oil terminals, and otbeastal developments. The combination
of the seismic refraction and the underwater modtimel surface wave [U-MASW] is a very
efficient quantitative geophysical tool to investig the upper part of the seabed. It is a
complementary method to standard geophysical teoth as multi-beam echo-sounders,
side-scan sonar and sub-bottom profilers, whiclvigequalitative information. Refraction
and U-MASW data are collected using a bottom-toweaustic source and a low frequency
hydrophone streamer. The U-MASW data processirgiefly described in this paper. The
U-MASW output is a number of continuous shear wig] depth profiles covering the
surveyed area. This paper presents the refracmontMASW results acquired along a
pipeline route then the combination of both thelgses to propose a geophysical soil
description. Combination of refraction and U-MAS®/gerfectly well adapted to investigate
or localize areas where soil conditions are thetrfay®rable for burial purposes. In addition,
it is useful in order to define borehole locati@rmsl optimize the geotechnical program over
the surveyed area.
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I ntroduction

In the near-shore approaches, if the marine seisfriaction acquisition using a bottom towed source
is quite common for pipeline route surveys, its boration with the marine surface wave is rarer. In
Argentina, 100 km of marine refraction and surfae&e have been simultaneous acquired, processed
and interpreted in order to produce a continuousfilpr showing P wave velocity and stiffness
variation of soil below sea floor. This combinatioh two processing in one acquisition proved
particularly useful in near shore site investigasiovhere geotechnical investigations are quite
difficult to perform.

Equipment and methodology

The acquisition for the high resolution seismiaaetion and U-MASW has been performed using a
bottom-towed acoustic source and a streamer obipyaimes. The spread included:
* An underwater sled hosting an airgun (20 cu.imgdmg a multichannel streamer (24 channels,
2m spaced),
* An umbilical for underwater-to-back deck communicas,
* A set of back deck equipment: seismic recorder,tggger.

A penetration of 7 meters along the survey line veaglired and therefore guaranteed with this set-
up. The distance between two consecutive shotowaserage 20m.

U-MASW properties

In an infinite homogeneous continuum, only comgmesand shear waves are possible. The presence
of a boundary in the continuum allows for a thiygd of wave. If the interface is between air and
solid (i.e. a free boundary) the surface wave ithefRayleigh type. If the interface is betweenewrat
and solid the surface wave is of the Scholte on&8ay-Scholte type. The particle motion of a swefac
wave is both compressional and rotational. Forraroduction about theory of surface waves, the
reader may refer to the extensive literature, Righart et al, 1970, and Stokoe et al, 2004.

The energy distribution in the soil varies depegdim wavelength and is qualitatively shown in
Figure 1. In the case of a layered medium, highueacies (i.e. short wavelength) will travel with
velocity of the shallow layers, while low frequeesi(i.e. long wavelength) will travel with veloes
corresponding to the deeper layers. Consequeihity frequency content of the surface wave will
change with distance from the source. This propefrtthe surface waves is called "dispersion”. The
multichannel analysis of surface waves (MASW) méifi the property of dispersion to generate a
continuous profile of soil stiffness below sea floo

!

Figure 1: Methodology and U-MASW energy distribution in the sea floor.

Acquisition and QC control

If the QC of the seismic refraction acquisitionperformed by the visualisation of the first arrs/al
that will be picked (figure 2a), for the surfacewedC, it is necessary to compute, for every ghet,
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energy distribution of the dispersion in order te bure that fundamental mode used for the
interpretation is well expressed (figure 2b). Tiyaifes here below show the QC for one seismic shot
during the acquisition.

UMASW Sgnal Disperson

3
b

°
i\ A
i\ A
-

v
A/
j\ A

rﬂ-—

iij
i

1
i

5 10 15 10 20 30 40 50 60
Receivers Frequency (Hz)

2b)
Figure 2a) QC for the refraction. 2b) QC for U-MASW - Seismic shot and dispersion quality control.
The signal visualization and the energy distribution of the computed dispersion are shown.

Processing

The intercept time method was used for the marafeaction survey because the acquisition was
limited at one shot per display (dynamic acquisitioVelocities are interpreted by determining
straight-line (or nearly straight-line) slopes ajdine various portions of a time-distance plothad t
first seismic arrival signal at the various geophtotations.

Processing of seismic surface waves data consi$tibe following steps:

* Data filtering;

 Transformation of data fromt plane tov-f plane, where< is distancet is time,v is surface
wave velocity and frequency, by means of slant staking and FFT,;

» The signal in ther-f plane generally shows the fundamental mode artkehignodes. Only the
fundamental mode, the slowest, was considered igkdgas dispersion curve= v(f);

* Inversion fromv = v(f) to v = v(2) where z is the depth below seafloor. The invergimtess is
repeated until the model and picked dispersioneeshow a good match. The water layer is
modelled considering the speed of sound, the deosilvater, and the water depth. The soil
is modelled as a series of uniform horizontal laysrd a substrate of infinite thickness.

Details about inversion methods are available énliterature (e.g. Foti, 2000; Strobbia 2003).

Results of survey

On U-MASW and refraction results presented herewgethe horizontal axis is the PK or KP (in
meters) defined for the project and the vertica &xthe depth (in meters).

U-MASW, Shear wave velocities (Vs m/s)
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Figure 3: U-MASW results. The shear wave vel ocity computed is represented using a color scale.

The U-MASW processing permits to show:
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» More or less gradient of the sediment shear walaeitg as a function of the depth.
* Local areas with low shear wave velocity (ancidrarmels).

Refraction - P wave velocity (Vp m/s)
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Figure 4: Refraction results.

The refraction processing shows on the whole lifiesalayer with a thickness varying from 1 to 2

meters and with a P wave velocity between 15001880 m/s. The higher P-wave velocities have

been measured below this first layer with P wavecitges values varying between 1900 and 2400
m/s.

Combined interpretation of refraction and U-M ASW

With the combination of the two processing it issgible to define seismic layers with different
velocity properties corresponding to different kiotdsediments or properties of sediment (more or
less recent deposit or weathered sediment ...).

To define the different seismic units, the P-wagtgity has been firstly used then in these utfiis,
shear wave velocities permitted to define 4 or Bsishowing a stiffness gradient. In the first sets
refraction unit (Vp [1500; 1600 m/s]) 3 groups h@deen defined to distinguish different stiffness
properties. The other layers have been definedrdicmpto the second or third refraction layers and
the Vs variation depending on the depth and oKiRe

Units P wave velocity S wave velocity Description (assumption)
(m/s) (m/s)
B 1500 — 1600 80 — 200 Recent deposit — sand anelgrav
#2 1500 - 1800 200 - 300 Recent deposit — sand andlgra
#3 1500 - 1800 300 - 350 Outcrop of weathered moraine
N 2000 — 2250 80 — 200 Weathered moraine
e s 1800 — 1900 100 - 200 Weathered moraine / Sand
B 2000 — 2100 200 — 300 Weathered moraine
#7 1900 - 2250 300 -570 Lightly weathered moraine
#8 Vp > 2300 270 — 400 Lightly weathered moraine
B o Vp > 2300 Vs > 400 Lightly weathered moraine

Table 1: Description of the seismic units in function of the P and Swave velocities.

The figure below shows the obtained results.
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Figure 5: Integration of refraction and U-MASW results. The color scale used for the interpretation is
detailed in table 1.

The first layer identified has Vp ranging around®@8.600 m/s, and using the sonar interpretatia thi
unit can be associated to sand and gravel. The#lrig softer than the unit 2, and the shear vloci
measurement variation could be due to some vamiatigravel density or gravel size. Due to the high
shear wave velocity measured, the unit #3 has ioestified as an outcrop of weathered moraine.

The second layer (units 4, 5 and 6) has the P walezity value between 1900 and 2200m/s and a
shear velocity between 80 to 300m/s. Due to thallgeology this layer could be a weathered
moraine. The distinction of these 3 units is dua tehear gradient variation. The unit 6 presents an
intermediate P wave and S wave velocity rangeouict be weathered moraine or more compacted
sand more.

The seismic units from #4 to #9 could be the maraimowing a gradient of weathered state.

Conclusion

This paper presents an application of a combinatfoseismic refraction and marine surface wave
acquisitions where the data have been simultangcofiected and QC controlled during the survey.
The results obtained show that this combined inétapion gives a more detailed description of the
sediment.

Proceeding at a survey speed of about 2 knotsradelkm of survey can be executed in one day of
operations. The combination of refraction and sgfawave survey offer several advantages in this
kind of project where the geotechnical investigadi@re quite difficult (currents, tide, waves ...).
Penetration is not limited by the water depth, eitwbnventional methods are affected by multiple
reflections which mask the acoustic signal in sivallvater.

* Refraction: simple definition of the layers by thgeometry and Pwave velocity measured.

» Surface wave: in a quasi-continuous mode, provalashtear wave velocity profiling along a
route. Anomalous site conditions can be identifteding the survey (stiffness gradient,
velocities inversion,...). These waves penetrateherdoil also in the cases of a stiff layer
overlying soft layers, and in presence of gas a@dsgpdiments.

These advantages make a combination of refractidnna@arine surface wave U-MASW particularly
attractive in offshore surveys.
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