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S U M M A R Y
Quick clay is a water-saturated formation originally formed through flocculation and deposition
in a marine to brackish environment. It is subsequently leached to low salinity by freshwater
flow. If its strength decreases, then the flocculated structure collapses leading to landslides of
varying destructiveness. Leaching can result in a reduction of the undisturbed shear strength
of these clays and suggestions exist that a reduction in shear wave velocities is also possible.
Integration of SH seismic reflection and Love-wave dispersion data was undertaken, in an
area near the Göta River in southwest Sweden, to evaluate the potential of shear wave velocity
imaging for detecting quick clays. Seismic reflection processing evidenced several geologically
interesting interfaces related to the probable presence of quick clays (locally confirmed by
boreholes) and sand-gravelly layers strongly contributing to water circulation within them.
Dispersion data were extracted with a Gaussian windowing approach and inverted with a
laterally constrained inversion using a priori information from the seismic reflection imaging.
The inversion of dispersion curves has evidenced the presence of a low velocity layer (lvl,
with a velocity reduction of ca. 30 per cent) probably associable to quick clays. This velocity
reduction is enough to produce detectable phase-velocity differences in the field data and to
achieve a better velocity resolution if compared to reflection seismic velocity analyses. The
proposed approach has the potential of a comprehensive determination of the shear wave
velocity distribution in the shallow subsurface. A sensitivity analysis of Love-wave dispersion
data is also presented underlining that, despite limited dispersion of the data set and the
velocity-reducing effect of quick-clay leaching, the proposed interpretation procedure arises
as a valuable approach in quick clay and other lvl identification.
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1 I N T RO D U C T I O N

Quick clays are worldwide spread, particularly in Nordic countries
(Torrance 1983; Rankka et al. 2004) and Canada (Crawford 1968;
Choquette et al. 1987), causing several landslides of varying size
and destructiveness (Geertsema et al. 2006; Lundström et al. 2009).
Quick clay is a water-saturated clay composed of saline silts and
clays deposited in a marine to brackish environment. If these clays
are uplifted above sea level, they can be leached to low salinity
by freshwater flow. The decrease of salt content, which originally
contributed to the bonding between clay particles, could cause a
strength reduction (Osterman 1964; Choquette et al. 1987), caus-
ing, as extreme, the collapse of the flocculated structure and the
liquefaction of quick clay. It is, therefore, of major importance to
detect the presence of quick clays and determine their associated
risk of failure.

In many sites, boreholes showed that flocculated material over-
lies coarse-grained units: glaciofluvial sands formed at the end of
deglaciation, when the sea level was high relative to the local land
level (Malehmir et al. 2013). These permeable units are a potential
path for freshwater intrusion causing an acceleration in the natu-
rally slow salt leaching process and quick-clay formation with later
destabilization.

From the geotechnical point of view, a clay is defined ‘quick’
when its sensitivity (the ratio of undrained shear strength in undis-
turbed conditions and undrained remoulded shear strength) is above
30 and its remolded shear strength is less than 0.5 kPa (Torrance
1983). Quick-clay identification using geotechnical field and labo-
ratory testing can be carried out based on these parameters. How-
ever, geotechnical testing is often sparse and lack correlation among
wider investigation areas. Geophysical methods can be used alter-
natively to distinguish quick-clay formations using the variations in
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geophysical parameters (e.g. resistivity and seismic velocities) as a
proxy for quick-clays geotechnical properties. Geophysical meth-
ods offer the advantage to bridge the gaps between geotechnical
information over wider areas.

Seismic and electrical resistivity methods are particularly use-
ful for geophysical characterization of quick clays (e.g. Malehmir
et al. 2013). So far, mostly electrical methods have been used.
Field studies compared electrical resistivity values and salt con-
tent (Söderblom 1969; Solberg et al. 2008) to detect the presence
of leached formations. Unleached marine clay, which contains a
larger concentration of ions in its pore water, shows usually low
values (below 10 �·m) of resistivity. For quick clay, where signifi-
cant leaching of salt has occurred, the resistivity values are usually
higher. Different resistivity ranges have been proposed in literature
(Solberg et al. 2008; Dahlin et al. 2013; Sauvin et al. 2013).

The seismic wave velocity, particularly shear wave velocity (Vs),
which depends on the mechanical properties of the soil skeleton
only, is also a potentially useful geophysical parameter. First, among
several, Bjerrum (1954) showed that leaching can result in a reduc-
tion of the undisturbed shear strength of marine clay due to the
reduced bonding between clay particles. This leads to the fact that
the shear strength, together with resistivity, can also vary with re-
duced salt concentration. This was confirmed by the analysis of
a number of landslides occurring without external causes and by
laboratory data (Bjerrum 1954). Empirical correlations between
Vs and undrained shear strength determined in triaxial or direct
shear tests and with empirical interpretations of geotechnical in situ
testing have been established (Dickenson 1994; Andersen 2004;
Taboada et al. 2013). Specific correlations have also been proposed
for Norwegian clays (NGI 2015; L’Heureux & Long 2017). Even if
their general quantitative validity is debated, most of these correla-
tions report an exponential reduction in Vs following a reduction in
the undrained shear strength. Therefore, shear wave seismic meth-
ods could potentially be an alternative approach, with respect to
the more established resistivity-based methods, for locating and
mapping quick-clay formations. This is particularly true if the in-
vestigated formations are near their stability limit (i.e. undergoing a
significant shear strength reduction). Quick and non-quick clays can
be therefore distinguished based on the evidence of shear wave ve-
locity reduction related to the shear strength reduction. Moreover,
given the above correlations, information about the shear resis-
tance can be extracted from seismic data and used as first input for
geotechnical modeling and stability assessment.

Yet, differences in Vs and shear resistance between flocculated
and dispersed structures, evidenced by laboratory and geotechni-
cal data, might not be large enough to produce seismic velocity
variations that can be detected and interpreted in practice with geo-

physical field surveys. There is a lack of information published
on the evidence of shear wave velocity reduction in presence of
quick clays. Donohue et al. (2012) performed multichannel anal-
ysis of surface waves (MASW) over quick clays suggesting that
further work is necessary to fully investigate the effect of leaching
on Vs and that 2-D Vs profiles could be useful for improving site
characterization in areas of quick clays. Sauvin et al. (2013) used
the MASW method to recover shear wave velocities for quick-clay
mapping along profiles. They concluded that the weak bonding of
clay particles, that could potentially lead to a decrease of shear
wave velocity and attenuation in leached clays, needs to be further
investigated since no clear evidence has been found in the analysed
data (Sauvin et al. 2013). Interesting results have been reported by
Fabien-Ouellet et al. (2014) who showed that joint acquisition and
processing of SV (vertically polarized shear waves) reflections and
Rayleigh waves provided a more complete and accurate reconstruc-
tion of the velocity structure than the two methods taken separately.
Authors also observed variations in shear wave velocities in the
sensitive clays comparable to the results of SCPTu (Seismic Cone
Penetration Test with pore pressure measurement).

Moreover mapping coarse-grained units related to the quick-clay
presence is also of major importance for the definition of the risk
associated to landslides. Seismic methods, and particularly high-
resolution SH (horizontally polarized shear waves) seismic reflec-
tion, are more suitable for a detailed mapping of these ancillary
formations with respect to resistivity-based methods, since they
offer a better structural resolution of interfaces. Such structural
identification of quick-clay layers has been successful for instance
in Trondheim (Polom et al. 2010) or close to Gotenburg (Krawczyk
et al. 2013a; Malehmir et al. 2013).

Seismic methods are, therefore, used in this paper to investigate
both the presence of relevant interfaces related to gravelly layers and
the effect of quick clay on shear wave velocity in field data. High-
resolution SH reflection and Love-wave dispersion data extracted
from the same data set were integrated to recover a comprehensive
shear wave velocity model along a seismic line acquired over a
potentially unstable quick-clay area.

2 T E S T S I T E

High-resolution SH reflection data have been acquired, along several
profiles, as part of a joint project studying clay-related landslides
in Nordic countries (Krawczyk et al. 2013a; Malehmir et al. 2013).
The experimental site is in Fråstad, an area near the Göta River,
north of the village Lilla Edet in southwest Sweden. The site is
located (Löfroth et al. 2011) near a known landslide scar (Fig. 1) at

Figure 1. (a) Location of the study area, with details on the orientation of analysed seismic profile (grey) and (b) borehole (yellow).
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an average height above sea level of about 25 m. Several other quick-
clay-related landslides have been observed in the surroundings. On
1957 June 7, a disastrous quick-clay landslide affected an area of
32 ha, located several kilometres south of the test site, and hit the
Göta community leaving three fatalities (Nadim et al. 2008). Göta
River is the source of drinking water for about 700 000 people and is
extensively used for industrial transportation. Therefore, areas near
the river are highly industrialized and populated even though they
are well known for several hazardous quick-clay landslides during
the last century.

Geological reconstruction of the formations at the investigated
site reported the presence of a mixture of silty clay to clayey silt and
sandy silt which were originally deposited in a marine to brackish
environment (Lundström et al. 2009; Solberg et al. 2012). After
deglaciation, these marine sediments were uplifted above sea level
and leached to low salinity by fresh water intrusion. This formation
process reflects the potential presence of quick clays in the area,
which may lead to rapid liquefaction, in most cases triggered by an
external initial force (e.g. intense rainfalls).

Geotechnical surveys on site (CPT, Cone Penetration Tests, and
CPTu, Cone Penetration Tests with pore pressure measurement)
and laboratory testing have been performed in the area. Results
of these surveys suggested the presence of coarse-grained material
at a depth range of 20–30 m. Interestingly, in most places quick
clays were found to overlie this coarse-grained material. A detailed
description of the geotechnical data can be found in Löfroth et al.
(2011).

Local stratigraphy and sediment cores are available at the site
from a borehole (Salas-Romero et al. 2016) that is located near the
centre of the analysed shear wave reflection seismic profile (10 m

apart from the profile plane; Fig. 1b). A simplified stratigraphic
column from the borehole is reported in Fig. 3(a). Direct sounding
and laboratory tests evidence, between 6 and 7 m depth, the presence
of a clay formation with liquid limit about 65 per cent, natural water
content about 71 per cent and sensitivity around 49 (SGI 2012),
which is probably a quick-clay formation. Similar properties have
also been noted in a deeper portion of the sounding, below a coarser
sand–silt–gravel formation which separates these two quick-clay
layers. The lower boundary of quick clay at about 15–20 m depth is
in accordance with the surface elevation of the most recent landslide
scar seen in the study area (Fig. 1b). Bedrock was reached at nearly
35 m depth (Salas-Romero et al. 2016).

3 S E I S M I C R E F L E C T I O N DATA

The data analysed in this work refer to a single high-resolution SH
seismic line acquired over the soft sediments of a stubble field (for
location, see Fig. 1). This specific data set has been selected, among
several acquired lines, because of the presence of weak Love waves,
showing dispersive pattern. Acquisition was performed by means
of a land streamer consisting of 120 (10 Hz) horizontal geophones
perpendicular to the survey line at 1 m spacing. A source sweep
signal of 20–160 Hz, 10 s duration, was emitted every 2 m along
the profile by an ELVIS - Electrodynamic Vibrator System (e.g.
Polom et al. 2008; Krawczyk et al. 2012). Two different spreads
were used during the data acquisition for a total survey length of
about 250 m. Example shot gathers (following pre-processing) are
reported in Fig. 2 with evidence of both shallow and deep reflections
and dispersive Love waves.

Figure 2. Example shot gathers (following pre-processing) from the reflection survey with evidence of both shallow and deep reflections and dispersive
Love waves.
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Figure 3. Time-to-depth converted, FD-migrated seismic section along the surveyed line (a) with simplified lithologic stratigraphy from the borehole (vertical
bar in the middle; lithology from Salas-Romero et al. 2016) superimposed and the S-wave interval velocity field derived from velocity analysis from seismic
reflection data for the first 20 m of the section (b).

After quality control, correlation, subtractive stack and geometry
setup, the subsequent main processing procedure of the SH-wave
seismic data encompassed amplitude scaling, bandpass filtering, f–k
filter, common midpoint (CMP) sorting, velocity analysis, normal
moveout correction, CMP stacking, predictive deconvolution, finite-
difference (FD) migration and time-to-depth conversion.

The migrated depth section (after Polom et al. 2013), com-
bined with the evidence from the borehole, is reported in Fig. 3(a).
Fig. 3(b) presents the first 20 m of the seismic reflection profile
superimposed on the interval velocities derived from the velocity
analysis of the seismic data. Interval velocities were retrieved only
for the top portion of the surveyed line due to the absence of strong
reliable reflectors at depth. The structural inventory is imaged down
to ca. 50 m depth with a vertical resolution of at least 1 m. The
minimum vertical resolution is nearly 30 cm in the sand–silt–gravel
layer at 8 m depth at offset 80 m.

In the seismic section, the top of the basement, with a rough
bowl-shaped topography mildly dipping from NW to SE, is clearly
evident. Horizontally layered sediments overlying the bedrock are
also visible in the upper 20 m depth of the section.

A slight mismatch with the borehole evidence, of nearly 3 m,
for the bedrock depth detection is observed in the middle of the
profile. One reason for this mismatch may be the low CMP fold at
this location. However, 3-D effects, caused by the irregular bowl-
shaped bedrock topography projected into the 2-D section, and the
offline offset of the borehole are more likely responsible for the
depth difference.

One can note three distinct sediment sequences (units) delineated
by high-amplitude reflectors above the bedrock (Figs 3a and 7a). The
shallowest seismic reflectors exhibits characteristics similar to the
ones observed on P-wave data gathered in close vicinity (Malehmir
et al. 2013), implying that it may originate from a coarse-grained
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layer, as also confirmed by direct sounding evidence. This layer,
mostly responsible of water circulation, leads to an acceleration in
leaching of the clays above and below it and to quick-clays forma-
tion. The topography of this reflector and the bedrock topography
were picked along the seismic line and used as a priori information
during the inversion of Love-wave dispersion curves.

Comparison of the simplified stratigraphic column (Salas-
Romero et al. 2016) with the seismically derived velocity field
(Fig. 3b) shows no clear velocity indication to distinguish between
quick-clay and stiff-clay layers. This is probably caused by the small
velocity contrast of these units and the long aperture of more than
−25 m to +25 m offset range of the recording setup regarding depths
below 12 m. Improving the aperture and, consequently, the veloc-
ity resolution in this very low velocity environment, would require
smaller geophone and source intervals (e.g. below 0.5 m instead
of the actual spacing of 1 m). Due to the lack of strong reflectors
below the bedrock, a reliable analysis of the bedrock interval veloc-
ity could not be achieved. Therefore, the obtained bedrock velocity,
resulting from the continuation of the rms velocity trend from above
bedrock, is too low with respect to the expected bedrock velocity.

4 P RO C E S S I N G A N D I N V E R S I O N
O F L OV E - WAV E DATA

Several Love-wave dispersion curves are extracted from the same
seismic records used for reflection interpretation to obtain a 2-D
shear wave velocity image. Because of relevant subsurface lateral
variations, the dispersion curve extraction along the profile requires
an approach able to optimize the lateral resolution. A Gaussian win-
dowing approach suggested by Bergamo et al. (2012) was adopted
for this purpose. The seismic line is spanned with a moving Gaus-
sian window and dispersion curves are extracted at distinct positions
in f–k domain.

For the present data set, after a preliminary design and several
tests on the windowing parameters, the processing provided a set
of eight evenly spaced dispersion curves along each of the two
different spreads used during data acquisition. This corresponds
to approximately a dispersion curve every 12 m along the two
spreads (Fig. 4). The dispersion curves have been obtained within
each window using an f–k transform of the raw data and stacking the
spectra of several shots. An automatic maxima picking is carried out

Figure 4. Dispersion curves extracted along the profile analysed with the
moving Gaussian window approach; dispersion curves are coloured from
yellow to blue from NW to SE.

inside a pre-selected area of high amplitude in the stacked spectra.
Uncertainties in the picking are evaluated taking into account the
picking variability of different shots and is later used for inversion
(see later Fig. 6). The fundamental mode is dominant in most of
the f–k spectra. Given the relatively high-frequency sweep adopted
in data acquisition (20–160 Hz), the spectra resulted to be noisy in
the low-frequency band (i.e. below nearly 15 Hz—see later Figs 6
and 8a). The picking was however continued also in the noisy part
of the spectra, when possible, but this strongly compromises the
maximum depth of investigation and increases the experimental
uncertainty at low frequencies (see later Fig. 6).

Fig. 5 shows the same dispersion curves given in Fig. 4, but in
form of a pseudo-section where pseudo-depth corresponds to wave-
length divided by 2.5 and colour-coded to phase velocity. These
data are compared to the main reflectors interpreted from seismic
reflection and the simplified stratigraphic column of direct sound-
ing. The investigation depth of surface wave dispersion curves is
limited, overall to ca. 12 m: this is a result the low seismic ve-
locity of the sediments and high-frequency band of the sources
that produce relatively small wavelengths. A lateral variability can
be observed along the survey line in the low-frequency band that
corresponds to larger depths. Coherently with interfaces imaged in
the reflection data, the velocity increases abruptly with depth in
the NW portion of the line (at least for some of the imaged dis-
persion curves) due to the arising bedrock (Fig. 4). This notable
increase reveals a higher sensitivity of dispersion data compared
to reflection velocity analysis with respect to the bedrock veloc-
ity identification (also due to the lack of coherent reflectors within
the bedrock).

The obtained Love-wave dispersion curves were inverted using a
laterally constrained inversion (LCI) scheme based on a pseudo-2-D
model parametrization together with 1-D forward data simulation.
Auken & Christiansen (2004) first introduced the LCI approach
for the interpretation of resistivity data, and Wisén & Christiansen
(2005) and Socco et al. (2009) successfully applied it for inversion
of surface wave data. LCI is a deterministic inversion in which each
1-D model is linked to its neighbours with mutual constraints to
provide a single pseudo-2-D model. A priori information extracted
from the reflection section was used to define the position of the
main interfaces and to impose the lateral continuity of some layers.

Figure 5. Dispersion curves extracted along the reflection seismic pro-
file represented at the corresponding Gaussian window centers in terms of
pseudo-depth (wavelength divided by 2.5) and colour-coded to phase veloc-
ity with simplified stratigraphic column from the borehole (vertical bar in
the middle) and corresponding interfaces from seismic reflection data.
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Figure 6. Normalized residuals of LCI along the profile (bottom) and some example fitting of experimental dispersion curves from (a) to (d).

Table 1. Adopted parametrization for LCI and lateral constraints.

Layer number Initial shear wave Lateral Initial depth (m) Lateral
velocity (m s−1) constraint (m s−1) constraint (m)

1 60 5 1 2
2 120 – 6 –
3 250 (100 from 75 m offset) – From SH reflection 2
4 300 10 15 (from SH reflection before 75 m offset) 2
5 500 (300 from 75 m offset) –

Given the limited investigation depth, inversion was conducted to
characterize the upper quick-clay layer.

A five-layer parametrization was adopted for LCI (Table 1). The
first layer of the model is the shallower portion of the profile con-
stituted by low velocity altered material, while the second layer is
a progressively more compacted one. For both of these layers, no
constraints on their initial values have been introduced in the in-
version, but a strong constraint to ensure lateral continuity of the
shallow layer has been introduced. The strength of the constraints
are ruled by the value of the covariance (the lower the covariance,
the stronger the constraint) which represents the expected lateral
variability of the model parameters at the site (Table 1). A priori
constraints have been instead imposed on the seismic interfaces
imaged by seismic reflection: the bedrock surface in the NW por-
tion and the coarser layer along the whole section (respectively, red

and blue interfaces in Figs 5 and 7a). Hence, the depths of these
interfaces are fixed in the inversion. Given the layered structure
of the geological setting, we also imposed strong lateral constraints
on the velocity of the sand–silt–gravel layer (which is imaged along
the whole section) to ensure its continuity and lateral smoothness.
No lateral constraints are instead imposed for the depth of the top
of bedrock (which, given the limited investigation depth, is observ-
able only in the NW portion of the line). A starting model with a
slight velocity inversion (of 20 m s−1 from the above layer) at layer
3, which is supposed to be the quick-clay layer above the sand–
silt–gravel interface, was adopted. Starting model velocities above
the bedrock have been established following both reflection seismic
velocity analysis and pseudo-depth representation.

Normalized residuals obtained at LCI inversion last iteration
along the profile are reported in Fig. 6 together with some examples
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Figure 7. (a) Top part of the SH reflection section and (b) LCI inversion of the data set. Both images provide evidence of the main seismic interfaces and
correlate with the stratigraphic column from borehole information.

of fitting between experimental and modeled dispersion curves. Dis-
persion curves fitting are particularly good for frequencies higher
than 15 Hz where experimental uncertainties are lower. The average
residual along the line is 6 per cent. Local higher residuals can be
observed particularly near progressive 75 m (Fig. 6b), where the
bedrock dips at the limit of the available investigation depth and
this results in a higher lateral variability.

5 R E S U LT S A N D D I S C U S S I O N

Results of the LCI inversion of dispersion data are pre-
sented together with the reflection seismic image in Fig. 7. In
Fig. 7(b), the shaded area (from 75 to 225 m offset) refers to the
zone of the profile where the reliability of the inversion is reduced
due to the limited penetration of dispersion data (see Fig. 5).

The final S-wave velocity model presents a low velocity layer
(lvl), that is, the quick-clay layer, in the SE part of the section, which
is locally comparable with the evidence from the direct sounding.
The thickness of this layer is variable from SE to NW; as can be
observed in Fig. 7(a), a weak but continuous reflection is imaged
in the seismic section at this interface, most probably due to a
low-impedance contrast. Indeed, considering the obtained velocity
values and a constant density, the reflection coefficient at the faint
reflection marking top of the quick clay layer can be estimated to
approximately −0.22. The obtained velocity model also correctly
depicts a higher velocity layer, comparable with the coarser sand–
silt–gravel formation evidenced in the sounding and in seismic
reflection data. This bright reflection at ca. 12 m depth has a reflec-
tion coefficient value of 0.53. The velocity model also gives clear
evidence of the presence of the shallower bedrock in the NW por-
tion of the line. Moreover, this analysis yields the bedrock velocity



Shear wave velocity determination over quick clays 1929

Figure 8. Forward multimodal modeling of a retrieved dispersion curve: first three modes plotted above (a) the picked dispersion curve and f–k spectrum,
(b) velocity versus frequency data and (c) borehole lithology and shear wave velocity model.

Figure 9. Phase-velocity sensitivity in the frequency band observed in the field data with respect to a velocity reduction in the quick-clay layer.

obtained from the dispersion curve inversion that was not possible
to derive from reflection seismic velocity analysis at comparable
depths (Fig. 3b).

The application of a moving Gaussian window along the seismic
line allowed a high lateral resolution to be obtained, thus providing
a detailed mapping of the lvl associated to quick clay and of other
relevant geological formations. The key point of this approach is
the balance required between lateral resolution and wavenumber
resolution. Indeed, the more local the dispersion curves (i.e. the
greater the lateral resolution), the more accurately lateral variations
can potentially be reconstructed (Bergamo et al. 2012). However,
wavenumber resolution of the f–k spectra gets poorer if too narrow
windows are used and, consequently, the extracted curve quality is
compromised.

In order to evaluate possible influence of higher modes in the
dispersion curve a multimodal modeling test was conducted. As
a benchmark, the 1-D inverted stratigraphy obtained by LCI from
the dispersion curve nearest to the direct sounding (i.e. 150 m
offset) was used (Fig. 8c). This modeling also aimed at further as-
sessing the sensitivity to the lvl in the dispersion curve extracted
through the Gaussian window. Results of the multimodal mod-

eling are reported in Fig. 8 and compared with field data. It is
evident that in the modeled data, the modal curves show a pe-
culiar pattern with fundamental and first higher modes sharing a
point that is typical of the presence of velocity inversions within
the layered system. This is reflected in a marked curvature of the
fundamental mode around 20 Hz, and in a partial superposition
with the first higher mode (Fig. 8b). This behaviour is correctly
picked in experimental data by means of the Gaussian windowing
approach.

The outlined lvl was present in the initial model (layer 3) of the
LCI and attempts in imaging the velocity inversion with different
starting models were not successful, hence the reliability of this
information should be further assessed. To evaluate the reliability of
Love-wave dispersion data, a sensitivity analysis has been conducted
on the same stratigraphy reported in Fig. 8(c), by changing the
velocity of the third layer and evaluating the effect of these changes
in the dispersion curve pattern. Dispersion curve sensitivity for
different amounts of velocity reduction within quick-clay layer, with
respect to above non-leached clays, is presented in Fig. 9. Sensitivity
is reported, in the frequency band observed in experimental data,
in terms of normalized phase-velocity variation with respect to a
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uniform velocity model. This means that a 0.25 sensitivity in a
particular frequency range will result in a 25 per cent variation of
phase velocities in that range, due to the presence of the lvl at depth.

Results of the sensitivity analysis show that from ca. 30 per
cent velocity reduction in the quick-clay layer an experimentally
detectable difference in phase velocity can be observed (sensitiv-
ity above 0.25). For the present case study, the most significant
phase-velocities variations (colours from green to red in Fig. 9) oc-
cur around 20 Hz which is where the fundamental and the higher
modes are coincident. The sensitivity to the lvl in the stratigraphy
increases from ca. 30 per cent velocity reduction on (about 0.5 at
60 per cent velocity reduction), reflecting the increased reliability
in the identification of stronger velocity contrasts. The threshold
frequency band at which the increase in sensitivity is more relevant
depends on the depth of the lvl which is intended to be imaged and
is strictly related to the penetration depth of surface waves.

The amount of velocity decreases in the layer corresponding
to quick clay in the LCI final section, and in the model reported in
Fig. 7(b), is comparable to literature data about the effect of leaching
on clay materials. Sauvin et al. (2013) reported shear wave velocity
values in the range of 80–150 m s−1 for leached clays. Bjerrum
(1954) showed that leaching could cause a shear strength reduction
in the order of 40 per cent from the original material and, by collect-
ing different Norwegian clay samples, observed relatively constant
density values which showed no particular correlation with mate-
rial sensitivity. Depending on the proposed correlations (Dickenson
1994; Andersen 2004; Taboada et al. 2013; NGI 2015; L’Heureux
& Long 2017) between Vs and undrained shear strength different
ranges of reduction could be attended in the shear wave velocity
from non-leached clay to quick clays.

6 C O N C LU S I O N S

We have shown that the analysis of Love-wave dispersion curves
is useful to derive fine-tuned lateral and vertical shear wave ve-
locity variability. The dispersion curves are extracted from seismic
reflection data with Gaussian windowing and inverted with a LCI
including structural a priori information from seismic reflection
imaging. A weak velocity inversion was observed in some of the
shear wave velocity profiles along the line and can be related to
highly sensitive material.

Even though the available dispersion data were band limited,
since targeted to high-resolution reflection imaging, and the S-wave
properties of quick clays need to be further investigated, the results
of this field experiment represent a promising confirmation of the
potential of the proposed approach for imaging the shear wave
velocity distribution. With respect to quick-clay identification, shear
wave velocity arises as a valuable diagnostic parameter alternative
to other geophysical methods (e.g. resistivity).

A priori information from seismic reflection provided a useful
constraint for accurate mapping of lvls. This was necessary be-
cause limited contrast of shear wave velocity with respect to the
background can cause that the sensitivity of dispersion curves re-
garding lvls is not always sufficient for a reliable inversion. Further
investigations are still required in order to fully understand this
information. However, the procedure described here yields high po-
tential of dispersion data for the mapping of quick clay or other
low-velocity sequences in the subsurface.

Particularly, the proposed Gaussian windowing approach and LCI
have shown their potentiality in evidencing lateral variations even
in very challenging situations like the ones of the present case study.

A wider application of the methodology to similar targets, or for
understanding both marine and terrestrial landslide processes in
general, will result in a more comprehensive imaging of Vs prop-
erties useful for different applications in applied and geodynamic
research.

The use of dispersion data should be targeted to the required
investigation depth. It is particularly important to acquire a broad
frequency band to allow for a proper low-frequency picking of
the dispersion data to overcome limitations in the investigation
depth. Thereby, not only local geophysical characterization would
be achieved but also the determination of site effects leading to a
better constrained hazard and risk assessment could be enabled.
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