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1 INTRODUCTION 
 

Multichannel analysis of surface waves (MASW) is 
a non-invasive technique which allows estimation of 
seismic shear wave velocity (Vs). This is a key 
parameter for the evaluation of the small strain shear 
modulus (Gmax) of a soil, which is used for a range 
of geotechnical design applications. As the name 
suggests, the strains involved are considered small, 
of 10-3% or less. Gmax is calculated using the density 
(ρ) and Vs with the formula: 

 𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚 = 𝜌𝜌. 𝑉𝑉𝑠𝑠2             (1) 
 

where Gmax is in Pa, ρ in kg/m3, and Vs in m/s. 
There are several techniques commonly used to 

measure Vs in both the field and laboratory. 
However a number of these techniques are difficult 
to implement in marine environments. These 
difficulties include logistical issues regarding 
working in marine environments, adverse weather 
conditions, and the problems associated with 
obtaining high quality samples for laboratory 
testing. MASW is a geophysical technique which 
can be used to overcome many of these issues. It has 
been used for onshore applications for a number of 
years, and is considered a cheap and reliable method 
for determining Vs (and hence Gmax).  

This paper will present the results of an MASW 
survey carried out of the east coast of Dublin, 
Ireland, comparing the measurements of Vs of both 

onshore and underwater MASW (or UMASW) in 
the intertidal zone, along with seismic cone testing 
(SCPTU) on this site. 

2 THEORECTICAL BACKGROUND 
 
Surface waves are seismic waves that travel along a 
boundary between two media, which can be of gas, 
liquid or solid state. If the interface is between gas 
and solid the surface wave is of Rayleigh type, 
which is the wave under consideration when 
performing MASW on land. However when moving 
offshore the interface is between water and an elastic 
solid (soil), which means the surface wave is no 
longer of Rayleigh type, but is now a Scholte wave 
or Stoneley-Scholte wave. Scholte waves have a 
similar particle motion and dispersive nature to that 
of Rayleigh waves, but they propagate at 88% to 
99% of the Rayleigh wave velocity, depending on 
the thickness of the water layer (Grant & West 
1965).  

In general there are three parts to the MASW 
method: generating and recording the propagation of 
the surface waves; processing to construct the 
dispersion curve; and back calculation of the Vs 
profile from the calculated dispersion curve. 

To generate the surface waves for MASW an 
impulsive source (sledgehammer or weight drop), 
vibrator, or a passive source (earthquake shaking or 
road traffic) can be used. The chosen source inputs 
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energy into the subsurface, two thirds of which is 
converted into surface wave energy, whether 
Rayleigh or Scholte type (Richart et al, 1970). These 
waves propagate at different velocities through strata 
with different properties, including but not limited to 
soil type, and stiffness. 

Since there is significant layering in the 
subsurface the depth of penetration is dependent on 
the frequency (or wavelength) content produced by 
the source. Higher frequencies (i.e. short 
wavelengths) will be influenced by the more shallow 
material. Lower frequencies (i.e. long wavelengths) 
reflect the properties of deeper materials (Mouton & 
Robert, 2014). To optimise the depth of penetration 
the field set up can be altered by changing the source 
or interval distance between receivers. 

After the data has been recorded in the field it is 
used to generate a dispersion curve which plots 
phase velocity versus frequency. As an initial 
estimate, the depth of penetration, z, can be 
interpreted as a fraction of the wavelength, λ. 

 𝑧𝑧 = (𝜆𝜆 𝑛𝑛⁄ )             (2) 
 

where n is a constant, usually chosen as either 2 or 3 
based on the preference of the interpreter (Donohue 
et al, 2004). 

When processing the dispersion curve the 
MASW method generally uses only the fundamental 
mode for the inversion analysis. However higher 
modes can be incorporated into the inversion 
process, when necessary, particularly when dealing 
with complex stiffness profiles. Once the desired 
modes have been measured the inversion procedure 
can be implemented to produce a shear wave 
velocity versus depth profile, having converted from 
shear wave phase velocity (VR). 

The MASW technique has been performed 
successfully on land in various places including 
Ireland (Donohue et al, 2004) and Norway (Long & 
Donohue, 2010), proving it to be a trustworthy 
geophysical investigation method. 

3 SITE 

The site involved in this study is located on Bull 
Island off the east coast of Dublin, Ireland, as shown 
in Figure 1. Bull Island is a wedge shaped narrow 
portion of land orientated southwest-northwest, 
approximately 5 km in length, while the width 
ranges from 1 km to 200 m at opposite ends. It was 
formed towards the end of the 19th century after the 
construction of the North Bull Wall causing the 
deposition in a north easterly direction. The primary 
area of interest is a section of beach on the southeast 
side of the island approximately 1 km from the 
southwest end of the island.  

This site is generally well characterized by a 
number of agencies, including boreholes at the St. 
Anne’s golf club and in Dublin Harbour. The 
sediments in the sub-surface are made up of alluvial 

clays, gravels, sands and marine deposits (Gibson et 
al, 2012). The upper stratum ranges in thickness 
from 3 m to 9.5 m, and consists of sand. A stratum 
of stiff boulder clays lies beneath this, with an 
approximate thickness of 3 m. The corresponding 
bulk density values of these are 1.8 Mg/m3 and 1.9 
Mg/m3 respectively. There is also a stratum of 
glacial and glaciofluvial deposits that lies just above 
the bedrock, which was derived from the limestone 
bedrock (O’Meara, 2012) at the end of the last ice 
age some 10,000-20,000 years B.P. 

The bedrock underlying the site and most of 
Dublin is “Calp” Limestone, deposited in a shallow 
sea environment during the Lower Carboniferous 
period. Marchant & Sevastopulo (1980) describe it 
as an argillaceous limestone interbedded with 
calcareous shales or mudstones. The bedrock at this 
location is at a depth of between 10 m and 13 m. 

4 DATA ACQUISITION METHODS 

4.1 Onshore MASW 

The onshore portion of the survey was carried out in 
one day in good weather conditions. Four separate 
MASW survey lines were performed as part of the 
onshore tests. The MASW lines were all 
perpendicular to the shoreline, collinear with one 
another, and located at 12 m intervals. The field set 
up for each of these lines included: 24 receivers (4.5 
Hz geophones) with 3 m spacing between 
consecutive receivers; a 5 kg sledgehammer and 
steel plate were used to produce the impulse to 
generate the surface waves located 9 m from the 
north western end of the spread; and a seismic 
recorder for collection of the data.  

All data from the onshore MASW survey were 
processed using the program SurfSeis 4.0, to plot the 

Figure 1. Map of the site on Bull Island, Ireland 
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dispersion curve and perform the inversion 
procedure. The inversion procedure used by this 
program is a least squares approach (Xia et al, 
1999). It is an iterative method that requires an 
initial earth model, including the S-wave velocity, P-
wave velocity, density and thickness of each layer. 
This model can be specified by the user, if 
correlating with other pre-existing data sources, or 
the program can create a model, as was the case for 
the tests on Bull Island. Once the model has been 
specified a synthetic dispersion curve is then 
generated. Since the dominant influence on a 
dispersion curve in a high frequency range (>5 Hz) 
are the S-wave velocities, they are updated after 
each iteration, until the synthetic curve closely 
matches the field curve, and thus a shear wave 
velocity-depth profile is produced. 

4.2 Underwater MASW 

The offshore survey was completed over two days in 
fair weather conditions. The field work had to be 
repeated on the second day as the presence of 
electrical noise, due to a lack of an earth, negatively 
affected the dispersion curve plots from the first day. 
Five separate MASW survey lines were performed 
in a similar location to the onshore MASW survey 
lines, to test the repeatability and maximise the 
confidence in the results. The MASW lines were 
parallel with the onshore MASW lines and were 
located at intervals between 10 m and 15 m moving 
out from the shore. These spreads included 24 
receivers, however low frequency hydrophones are 
used in place of geophones, as the former can be as 
effective if laid on or near the sea bottom (Park et al 
2000). The spacing between receivers was 3.125 m 
as this was the standard spacing of the streamer as 
supplied, but also matches well with the onshore 
MASW spacing. When laying this on the sea floor 
the hydrophone streamer was tensioned by hand, 
whilst a rope, chain, and anchor were used to take 
strain off the streamer and prevent damage, while 
holding the vessel in place. The full field set up is 
depicted in Figure 2. 

With a water column of up to 3 m now above the 
soil a seismic source, capable of imparting more 
energy into the subsurface than a sledgehammer and 
steel plate to generate surface waves, was required. 
Thus a 12 cu.in air gun was chosen as the impulsive 

source. This source was located approximately 9 m 
collinear from the end of the streamer.  

All other equipment was kept on board the deck 
of the research vessel including a seismic recorder 
and gun trigger. All communications from deck to 
underwater equipment and vice versa were relayed 
through an umbilical, to ensure coordinated energy 
input and data recording. 

The data was later processed using the SurfSeis 
4.0 program once more, to maintain consistency. It 
should be noted that SurfSeis is designed to perform 
inversions on Rayleigh waves. However there is 
negligible degrading of the confidence level waves 
in the inversion process if treating Scholte waves as 
Rayleigh waves (Park et al, 2000). 

4.3 SCPTU 

The seismic cone testing was carried out in one day 
at low tide in good weather conditions. A probe 
containing two geophones as the receivers, was 
pushed into the earth using a hydraulic ram. A 
sledgehammer hitting a steel plate horizontally, 
fitted with 45 degree grooves for improved beam to 
soil contact, acted as the seismic source and was 
offset 0.5 m from the penetration hole. The first 
metre of soil was not tested, and three readings were 
taken every 0.5 m thereafter, to ensure better 
consistency and accuracy. A total of four locations 
along the lines of the UMASW and onshore MASW 
spreads, perpendicular to the line of the shore were 
performed. The final depths of penetration ranged 
between 6.5 m and 9.0 m before refusal. 

5 RESULTS  

Figure 4 shows a direct comparison between the 
onshore method of MASW, using a sledgehammer 
and steel plate, and the underwater MASW method, 
using an air gun. The images depict the data 
recorded (shot signals) on site, and the dispersion 
curves produced by SurfSeis during processing. 

Figure 2. Underwater MASW set up 

Figure 3. Performing SCPTU test on Bull Island 
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Focusing on the shot signals 4(a) and 4(b), there 
are noticeable differences. In the onshore method the 
first arrivals, usually used for P-Wave analysis, are 
clearly evident in the first 50 ms of the recording. In 
the UMASW recording there is a lot more activity  
occurring in this time period. The first arrivals are 
masked by the air waves generated by the load blast, 
while some of this data could be related to the water 
in the soil, since it is fully saturated, as these waves 
arrive at the approximate P-wave velocity of water 
(1480 m/s). It should be noted that while these 
waves are present they do not affect the picking of a 
fundamental mode dispersion curve as these waves 
typically travel much faster than the surface waves 
as  seen above. Examination of the body waves 
shows good correlation between the two methods. 
However there appears to be a loss of some of the 

frequency content in the UMASW as the visible 
wavelengths appear longer than those in the onshore 
recording. 

Moving to the dispersion curves 4(c) and 4(d), 
the assumption of a loss of frequency content is 
confirmed. In the onshore MASW recordings the 
highest frequency picked was between 30 Hz and 33 
Hz, while the highest frequency with UMASW was 
27 Hz. While this change is relatively small, it 
reduces confidence in the results of the shallowest 
strata.  

There is also some change in the lower frequency 
range, although this is less likely due to the different 
testing environments, but more a result of equipment 
limitations, including the capability of the sources to 
produce lower frequencies, and the sensitivity of the 

Figure 4. MASW shot signals by (a) 4.5Hz Geophones on land at 3 m spacing and (b) Hydrophones in shallow water at 

3.125 m spacing, and dispersion curves from these (c) and (d) respectively 

(a) (b

(c) (d
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receivers (4.5 Hz geophones and approximately 10 
Hz hydrophones). 

Figure 5a is a plot of six separate underwater 
MASW shots taken using the same spread. All of the 
profiles are consistent with one another, showing 
good repeatability of the technique. The most 
obvious separation of the profiles occurs when 
defining the depth of the last layer, i.e. to half space. 

Each profile estimates it to be at a different depth. 
This is due in part to the pick of the fundamental 
mode dispersion curve before the final inversion 
process, particularly in the lower frequencies where 
interpretation can become more difficult.  

  Equation (2) can be used to gauge the 
approximate depth of this layer, using the point 
picked with the lowest frequency. The pick of each 
curve is also dependent on the interpretation and 

experience of the individual processing the data. 
Results of SCPTU testing are shown on Figure 6. 

The plot shows corrected cone resistance (qt), sleeve 
friction (fs), friction ratio (Rf) and pore pressure (u2) 
versus depth. These data suggest a sand layer is 
present to the depth of the test.  

The sand appears to reduce in density and 
perhaps become more silty with depth. 

The comparison of the underwater MASW 
technique with the other site investigation methods 
is illustrated in Figure 5b. For clarity only one 
UMASW, one onshore MASW and two SCPTU 
results have been plotted. In general the UMASW an 
MASW data are very similar, The UMASW Vs 
values are typically 15% less than those from 
MASW. This is consistent with the theory 
suggesting that Scholte waves propagate at a slower 

Figure 5. (a) UMASW profiles and (b) comparison of Vs from UMASW, onshore MASW and SCPTU) 

Figure 6.CPTU data (a) qt (b)fs and Rf and (c) u2 
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velocity than Rayleigh waves. The SCPTU 
correlates well with the other two data sets up to its 
penetration depth of 9 m. At this depth the tests had 
to be terminated as the cone could not penetrate the 
stiffer lower strata, which may also have been the 
result of cobbles and boulders present within them. 
Just prior to termination the SCPTU method 
registered an increase in shear wave velocity, 
indicating the beginning of a stiffer layer which 
correlates with the UMASW and MASW results.  

The SCPTU also recorded a high Vs value in a 
layer less than 2 m from the surface, which neither 
of the MASW methods determined. This layer is 
likely to be real as there was significant resistance to 
penetration when performing the CPTU tests. 
Returning to Equation (2) focusing on the highest 
frequency picked on the fundamental mode 
dispersion curve, and using the more conservative 
approach of selecting n = 2, it was determined that 
the frequency content relating to the top 2.5 m of the 
MASW profiles lies outside the range picked, thus a 
lowered confidence in the final output of this upper 
stratum. Despite this anomaly the UMASW results 
are considered to be satisfactory for site 
investigation in shallow water depths. 

6 CONCLUSIONS 

This paper presents the shear wave velocity profiles 
measured in the intertidal zone on Bull Island, 
Dublin, Ireland, with the aim of assessing the 
repeatability, accuracy, and reliability of the 
underwater MASW (UMASW) technique. 
Measurements were taken using three different 
methods: UMASW, standard onshore MASW and 
seismic cone testing (SCPTU).  

The results of the tests indicate that hydrophones 
at the bottom of a water column can produce surface 
wave data of similar quality to that produced by 
geophones on land. The agreement between 
numerous shots taken at a similar location indicate 
good repeatability of the UMASW. The two MASW 
techniques managed to penetrate to the expected 
stiff soil depth of 13m, while the seismic cone 
testing penetration depth was limited to 9 m by the 
stiffer soils in the lower strata. All results from the 
different techniques are consistent with one another 
and are in line with the site stratigraphy. 

The underwater tests outlined in this paper were 
performed in water depths up to a maximum of 3 m. 
Tests using the same equipment have since been 
completed in depths of up to 25 m. Good quality 
data is produced in these depths, similar to the 
shallow work, with good frequency ranges present in 
the dispersion curves. 
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