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ABSTRACT: Over the past 15 years, the research community has been working on the use of seismo-acoustical interface waves, in order 
to develop an in-situ method to estimate the shear wave velocity and the shear stiffness in the upper sediments. This paper presents our 
latest research in this field, applied on data from two field surveys in Norway. For one of the survey areas geotechnical soil data were 
available, and the interpretations have been compared against these data. The comparison shows promising results, and encourages the 
development of a remote sensing technique for estimation of shear modulus in soft sea floor. A continuous profiling with an extended 
refraction seismic method can reduce the number of geotechnical borings and therefore reduce the cost of such geotechnical 
investigations.

RESUME: Au cours des 15 demieres annees, la communaute scientifique a travaille sur l'utilisation des ondes seismo-acoustiques 
d'interfaces pour developper une methode "in situ" de determination de la celerite des ondes transversales et de la raideur transversale des 
couches superieures du fond marin. Ce travail presente la recherche la plus recente dans ce domaine, avec des applications sur des 
donnees reelles obtenues en Norvege. Pour l'un des releves de champ, des donnees geotechniques sur le fond marin etaient disponibles, et 
les interpretations ont ete comparees avec ces donnees. La comparaison montre des resultats encourageants, et motive le developpement 
d'une technique non destructive pour l'estimation du module de cisaillement des fonds marins peu consolides. La prise en compte d'un 
profil continu combinee a une methode de sismique-refraction etendue peut reduire le nombre de forages geotechniques et par 
consequent reduire le cout des telles investigations.

1 INTRODUCTION

The paper demonstrates and discusses the potential of using 
boundary or interface waves of the Scholte type to determine the 
shear wave velocity and stiffness characteristics of the uppermost 
sea floor. The method has been known in research communities the 
past 15 years, and its potential for practical use in geotechnical and 
geological surveys is now being investigated using advanced signal 
processing and inversion of Scholte wave recorded with standard 
refraction seismic equipment.

2 THEORY ASPECTS

2.1 Extended refraction seismic surveys

Due to the low Scholte wave velocity, the standard recording time 
of around 0.5 seconds of refraction seismics is too short to record 
these late arrivals. However, with the recording technology of 
today there is no limitation for longer records.

The survey design may be evaluated based on a single layer 
assumption. This will be illustrated assuming an expected shear 
wave velocity of vsmin=100 m/s and an absorption factor of 
ots=0.002 dB/m pr Hz (Hamilton 1987). The receiver distances 
must be less than half the shortest wave length, so in order to 
cover the frequency range of 1 to 20 Hz, the maximum receiver 
spacing Ax will be

Interface waves is a class of waves that propagate at the boundary 
between media with different properties, such as at the interface 
between different solids, or between fluid and solid. The Scholte 
wave, which will be the subject of this paper, propagates at the 
interface between sediments and water. It is present only when 
the shear wave velocity in the sediment is lower than the sound 
velocity in the water. At the sediment surface, an interface 
phenomenon transports the wave energy. The energy content 
decreases exponentially with depth, and the penetration depth is 
inversely proportional with the frequency, a so called “skin 

effect”. To excite and record the Scholte wave, both source and 
receiver must be close to or at the sea floor.

If the upper sediment is homogeneous, it can be shown that the 
Scholte wave propagates at a velocity of about 90% the shear 
wave velocity. (Aki & Richard 1980 or Rauch 1980).

With plane and horizontal soil layers, the lower frequencies 
penetrate deeper into the sediments, potentially covering several 
layers with different shear wave velocity. The penetration depth 
of the waves depends on the wave length such that longer waves 
have deeper penetration than shorter waves. The higher frequency 

waves will thus have a shallower penetration than the low 
frequency waves, resulting into a frequency dependent velocity of 
the different wave components. Studying the recorded wave field 
at different distances from the source, one can therefore estimate 
information about the shear wave velocity and hence the shear 
modulus as a function of depth.

A x <  —  = --------
2 2 ■ f

-/max

(i)

where fmM is the maximum frequency in the band of interest. For 
100 Hz, we get AxmM = 2.5 meters.

The maximum detectable range (R) depends on the 

transmission loss (TL). For an acceptable transmission loss of 
less than 20 dB, the maximum range becomes

R < -
TL 20

a ■ f  0.002/.t J  max J  m;

= 500m (2)

That is, the maximum detectable range will be 500 meters. If the 
array consists of M=24 receivers with 2.5 meters spacing, the 
maximum distance between source and first receiver (SRD) will 
be

S R D < R - ( M - \ ) A x (3)

which is less than 440 meters. The minimum recording time can 
then be specified as:

t.„ >
R

0.9 • v„
(4)
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Figure 1. Flow chart of the process of determining the shear 

modulus as function of depth.

For this set-up, this gives a minimum recording time of

5.5 seconds.

2.2 Estimation and inversion

The signal processing and inversion is a two-step process. The first 
step involves estimation of the velocity as function of frequency, 
also referred to as dispersion curves. The inversion, which is the 
second step, is the process of going from dispersion curves to a 
measure of shear velocity and hence shear modulus as function of 
depth, G(z). Since the shear strain level will be infinitesimal, the 
shear modulus corresponds to the Gmax- The process can be 
described as in Figure 1.

The estimation of dispersion curves is not a new subject. 
Dizewnoski et al (1969) introduced the multiple filter analysis to 
the geophysical community to estimate dispersion of Rayleigh 
waves. They showed that this was a fast way to obtain group 
velocity estimates. One major drawback of this method is that it 
requires accurate knowledge of the source-receiver distance and is 
highly sensitive to lateral velocity variations. This may introduce 
errors due to averaging of the shear wave modulus estimates over 
the source-receiver distance. The single sensor methods also suffer 
from limitation of resolution due to the constraint time-banflwidth 
product:

Af-Ar = — 
N

(5)

Here N is the number of available time samples. As we can see 
the single hydrophone method has a trade-off between frequency 
and velocity resolution.

Modem high resolution signal processing estimators, also 
called multisensor or array processing techniques, avoid these 
problems. The Prony method (Kay & Marple 1981) is one of 
several methods. The Prony method has been used in such work by 
Lang et. al (1987) for slowness estimation of borehole modes. We 
have implemented this method for estimation of dispersion curves. 
The methods is not dependent on the time-frequency product, and 
it estimates the dispersion curves based on the wave numbers 
obtained from analysis of the received signal within the array. It is 
therefore not dependent on the source-receiver distance.

The receiver response may be looked upon as a 2D inverse 

Fourier transform of sea floor response A(co,k ):

i ( x , f ) =  j j A(co,K)exp(icot -  iKx)dcodK

The response A(co,k) can now be written as:

(6)

A(co, k ) = — !-7- f [s(.x,Oexp(iax-ffcc)<ft<lt
4 K J J

(7)

In our problem, the source signal is band-limited (QKtOo), and the 
wave number is discrete (Kd) having D̂  dominating wave modes. 
With an estimated sea floor response A(co,k) the received signal 
can be described as:

7  4 . a
s(x ,t)=  J 2_,A(a),Kd) tx y ( ia x - iK dx)d(£> (8)

where d  is the mode number, ranging from 1 to D.

The problem is therefore reduced to an estimate of sinusoids 
from a recorded signal. The extended Prony method, which is the 
selected method in our case, is based on the following signal 
model for a given frequency

= exptiiCrfmAr + iro) 
d=1

(9)

where the locations of observation are at x=x0+mAx, me[l..M]. 
hj contains information about magnitude and phase of the mode 
d. hj will not be considered here, but it may be used to determine 
the attenuation coefficient.

From the recorded signal the auto-covariance matrix R of each 
frequency-space vector is calculated. Then a least square method 
is used to estimate the minimum model error (or prediction error) 
CT from the equation:

R g  =  17 ( 10)

The solution to this equation is the vector g, which represents the 
coefficients of a polynomial whose roots are given by the wave 
numbers (k ) for each frequency. Therefore Eq. 10 is solved for 
each frequency in the signal, and the wave numbers are converted 
to a measure of the phase velocity as function of frequency. For 
frequency fj, we have

2
(11)

This high resolution algorithm has been demonstrated to be able 
to distinguish between several more modes in the received 
signals than multiple filter analysis. We have in our analysis 

searched for D=6 modes within the recorded signal.
The inversion is done using the method described by Caiti et al

(1994). The forward model is based on the Thomson-Haskell 

integration for prediction of the phase- and or group velocities 
from a given plane horizontal layered model. For a given plane 
layered model with q layers having shear wave velocities 
v ,e  [vs,o...vsq.i], the predicted Schohe wave velocity (v^o^) is 
determined by:

( 12)

The operator t(vs ), represents the forward model, which 
produces the Sholte wave dispersion curve for the given input vs.

The predicted velocities are compared with the measured 
dispersion velocity data (vdll ) and the inversion is stated as a 
minimisation problem

= minfj/(» ,) = | vd=\ - v shoUc f +  A|/fv,J2 (13)

in which vs is the velocity vector obtained from the input model, 

H is the first derivative operator, and X is the regularisation 
parameter. The minimum of Eq. 13 is found through iteration 
with least square methods (using singular value decomposition 
(SVD), with quality estimates). After iteration the final output, 
v s(z), is converted into shear modulus using:

G(z) = p (z ) - {v ‘ (z )}2 (14)
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Figure 2. Time response of the data from Orkanger (Ork5).

Frequency [Hz]

Figure 3. Dispersion curve of the Orkanger data (Ork5).

Below, this value will be compared against geotechnical 
estimates of Gmax frorri the Ranheim experiment.

3 RESULTS FROM TWO FIELD SURVEYS

Two field surveys have been performed in the Trondheim fjord, 
at Orkanger in August 1994 and at Ranheim in December 1994. 
Both were performed close to land. Two 24 hydrophone arrays 
were applied, with receiver spacing 2.5 meters. Explosive charges 
from 25 to 300 grams were used as source. The distance from 
land to the array was 145 meter for shot Ork5 at Orkanger. At 
Ranheim shot Ran7 had a inline distance of 323 meters while for 

shot Ran 16 it was 160 meters. The recording time was 8 seconds 
in both surveys with a sampling frequency of 2 kHz. The 
recording unit was a standard commercial unit and the receivers 

had a lower cut-off frequency at 3 Hz.
Dispersion curves were obtained using the Prony method as 

described above. Six modes (D=6) were used in the prediction of 
the dispersion curves. In the inversion only the fundamental 

Scholte wave mode (d=l) was used.

3.1 Description o f the surveyed areas

Results from a geotechnical survey were available close to the 
Ranheim location. The soil is in general a marine clay, although 

in some parts of the area a top layer of silt and fine sand is found. 
Inclusions of soft silt with high organic content are encountered.

At the location of the seismic survey clay dominates, and an 

idealised soil, profile consists of marine clay with a natural water 
content of about 30%, decreasing to 25% at 15 m depth below

Figure 4. Orkanger (Ork5). Upper panel shows the dispersion 

curve from the measurements and the forward model. Lower 

panel shows the inverted shear modulus profile.

seabed. Interpretation of oedometer tests suggests that the clay 
has a preconsolidation stress in the order of 100 to 300 kPa. The 
undrained shear strength is 20 to 30 kPa at seabed, and increases 
to about 40 to 50 kPa with depth. The depth to bedrock is about 
15 to 18 meters at the position of the hydrophone array, which is 
placed parallel to the shore. The depth to rock is shallower at the 
beach, so the rock surface apparently dips in the direction normal 
to the hydrophone array.

The seismic survey at Orkanger was performed on a natural 
delta at Rabygda. No geotechnical surveys were available at the 
actual site, but from near by investigations the soil is expected to 
be mainly sand and gravel. However, as a result of changes in the 
position of the stream Skjenaldelva, layers of silt and fine sand 
are frequently encountered, both as a top layer and covered by 
sand and gravel. In general, these silt layers are loose.

3.2 The Orkanger experiment

Figure 2 shows the refracted and waterborne arrivals between 
zero and 0.6 seconds. Between 1 and 4 seconds the slower 
propagating interface waves are seen. A visual inspection 
suggests the velocity of these modes in the range of 60 to 250 
m/s. Velocities slower than 100 m/s are difficult to estimate using 
multi-sensor techniques due to the hydrophone spacing of 2.5 
meters. A single sensor technique has been used to verify the 

estimates at high frequencies.
The result of the dispersion analysis (with suppression of 

waterborne arrivals) is shown in Figure 3. The dispersion curve 
of the fundamental mode (d=l) ranges from 210 m/s at 4 Hz, 
slowly dropping to below 70 m/s at 20 Hz.
The mode is sampled with 0.5 Hz steps in the range of 4 - 20 Hz. 
The result from the inversion is shown in the lower panel of 
Figure 4, assuming using a uniform soil density profile of 1800 
kg/m3. The figure shows a change in G-modulus gradient with 
depth at about 3 to 4 meters, and suggests a soft top layer and a 
stiffer layer below. This would be consistent with a layer of silt 

above sand and gravel.

3.3 The Ranheim experiment

Both shot Ork5 and Ran7 were made in the in-line direction, 

while Ran 16 was performed at a <p=40 degrees offset angle 
towards the array. This offset angle was chosen to decrease the 

effective hydrophone spacing from 2.5 meters down to 1.9 
meters, in order to increase the spatial resolution, and thereby to 
reduce one of the problems encountered in the Orkanger 

experiment.
Figure 5 shows the received time signal from Ran7. Between 

zero and 0.2s we see the refracted waves (first break). From 0.2
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Figure 5. Time response of data from Ranheim (Ran7).

Figure 7. Dispersion curve from Ran 16.
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Figure 6. Dispersion curve from Ran7.

Figure 8. Acoustically and geotechnically determined shear 

modulus profiles (x=Hardin 1978, o =Hardin & Black 1968)

to 1.25s we see the dominating high frequency waterborne modes. 
From 1.5s to 4s we can see the slower propagating interface 
waves. A visual inspection would suggest a velocity range of the 

interface wave from 100 to 300 m/s.
Figure 6 shows the dispersion curves obtained from shot Ran7. 

The dispersion curve of the fundamental mode (d=l) is about 320 
m/s at 5 Hz, and reduces to about 120 m/s at 20 Hz. Figure 7 
shows the dispersion curves from Ran 16. The fundamental mode 
ranges from 400 -120 m/s in the range of 4-20 Hz. Due to the 
virtually reduced receiver spacing, the velocities had to be 

corrected for the angle, v=vd=i ■ cos (<p), before we applied the 

inversion algorithm.
As input to the inversion algorithm the dispersion curves were 

sampled at 0.5 Hz intervals in the range of 5-20 Hz. The initial 
shear wave velocity model was chosen as a linear increasing 
profile from 120-400 m/s over 18 layers, each of thickness 1 m. 
The resulting profiles after iterations are shown in Figure 8 for 

both shots Ran7 and Ran 16.

3.4 Geotechnical evaluation o f the Ranheim experiment

The geotechnical survey at Ranheim did not include any 
measurements of the in-situ dynamic shear modulus (Groax). Thus, 
empirical formulas based on geotechnical routine test data were 
used to estimate the dynamic shear modulus. The formulas for 

clay by Hardin & Black (1968)

and Hardin (1978)

G ^ = 3 2 7 0 (2 ^ 7 e f -O C R k { a j
1 + e

(15)

0 ^ = 6 2 5  p.
OCR1

0.3 + 0.7e P.
(16)

have been applied. Input to these are the void ratio e, the 
overconsolidation ratio OCR and the in-situ octahedral normal 
stress om'. The exponent fc is a function of the plasticity index, 
which at the Ranheim test location is 10 to 14, giving a fc in the 
range 0.1 to 0.14. For the stress exponent in Eq. (16), n=0.5 has 
been assumed.

Figure 8 (left) shows an excellent comparison between the 
shear moduli from seismics and from the empirical Gmlx 
estimates, which puts confidence into the method. Shot Ran 16, 
which was fired close to land, gave rather deviating results, as the 
interpreted shear modulus in Figure 8 (right) increases more 

rapidly with depth. This might be explained by the shallower 
depth to high velocity layers (rock) close to land, as also 
indicated in the geotechnical soundings. The wave field has 
therefore propagated through a laterally varying shear wave 
velocity profile.

Ran 16 indicates a low velocity layer at 4-5 meters. This could 
be related to the inclusions of softer material which occasionally 
was identified during the geotechnical survey.

4 DISCUSSION AND FUTURE WORK

The array processing methods give local estimates of dispersion 
curves and it is possible to invert for shear wave velocity as 
function of depth. The test surveys show promising result for
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determination of in-situ shear stiffness in the upper sea floor.
To improve the technique we suggest the design of a bottom 

drag refraction seismic array with variable receiver spacing. This 
will give better resolution and hence better estimation of low 
velocities at high frequencies. Such a system can be adapted to 
the actual site, and hence give an optimal estimate. The source 
energy should be coupled more directly to the bottom. Tljis 
would reduce the relevance of the waterborne arrivals. It could 
also facilitate the use of more environmental friendly sources 
than explosives.

A study of how the method functions in laterally changing 
environment is also necessary. This can be done with scaled 
models in laboratory or by numerical modelling.

Standard refraction seismics will fail to give correct velocity in 
a low velocity material which is covered by a stiffer material. The 

discussed method has a potential to give results in areas where 
such velocity inversions occur, provided sufficient thickness of 
the softer material as compared to the depth, and that the “stiff’ 
top layer has a shear velocity sufficiently below the sound 
velocity in water.

The method should be combined with borings, because the 
shear stiffness alone does not correlate against soil type. 
However, based on the regional variations interpreted from the 
surface wave method, optimal locations for these soil borings 
may be identified. The method may thus reduce the number of 
cores and thereby reduce the costs of geotechnical surveys. The 
method seems particularly well suited for investigation of 
pipeline and cable routes, but also for evaluation of areas for 
placing subsea installations.
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5 CONCLUSION

This paper shows that it is possible to determine the shear wave 
velocity using inversion of interface waves recorded with 
standard refraction survey equipment. Design criteria are defined 
which ensure recording of the interface waves without sacrificing 
the primary objective of the refraction survey (first break).

The comparison between the geotechnical and the acoustically 
estimated shear stiffness seems to fit well, and indicates 
variations in shear stiffness within the sea floor. However, the 
response at lateral variations in soil layering needs being studied 
further.

With some refinement the method of interface wave may 
become a practical and cost-effective method for estimating the 
shear properties of the upper sea floor.
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