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ABSTRACT: The purpose of this paper is to encourage the use of the seismic cone penetrometer (SCPTU)
in soil characterisation studies. There has been an increase in use of shear wave velocity (V) data in geotech-
nical engineering. This has been prompted by improvements in measurement and analytical systems.
A significant advantage, as is confirmed here, is that Vg can be measured easily and repeatedly by several
different techniques in the sensitive marine clays under consideration here. Here the focus is on the derivation
of preconsolidation stress (p.') from V. A rational method of determining a V/p.' relationship is outlined
with resorting to empirical data analysis. The proposed relationship is shown to work well for Canadian sensi-

tive clay data as has been shown previously for Norwegian and Swedish clays

1 INTRODUCTION

There has been increasing recent use of shear wave
velocity (V) measurements in geotechnical engineer-
ing practice. This has been driven by advances in cost
effective and efficient methods of determination of V.
Traditionally V, measurements were used for seismic
and dynamic analyses. However, they are being
increasingly used for site characterisation studies,
determination of soil parameters, foundation settlement
analyses, assessment of sample disturbance and in the
quality control of ground improvement schemes.

This paper focuses on the use of V, values to pro-
vide first order estimates and quality control checking
of some geotechnical properties of sensitive marine
clays. Unfortunately, it has been shown that different
forms of the correlation equations have been devel-
oped in different areas. It appears that local correl-
ations are necessary for satisfactory use of the
technique as demonstrated for example by L’Heureux
and Long (2017), Duan et al. (2019) or Elbeggo et al.
(2021). In this paper data for clays in eastern Canada
will be examined and compared with similar clays in
Norway and southern Sweden. The marine clays of
these three countries have similar properties and share
a comparable geological depositional environment.

The V; profiles and basic soil properties in these
areas will be studied to investigate any systematic dif-
ferences and links between the V, measurements.
Focus will be then placed on use of V; to determine
the important preconsolidation stress (p.') parameter.
It is hoped that that this work can lead to a unification
of these important practical relationships.
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2 Vs MEASUREMENTS

2.1 Invasive methods

Geophysical methods can be divided into two cat-
egories: invasive and non-invasive. Common inva-
sive methods include down-hole logging, cross-hole
logging, suspension logging, seismic dilatometer
(SDMT) and the seismic cone penetration test
(SCPTU). In Scandinavia and Canada most invasive
testing is done with the SCPTU.

A standard CPT is equipped with one or more seis-
mic sensors. The seismic signals are only recorded
during pauses in penetration, commonly every 0.5 or
1.0 m. A horizontal beam coupled to the ground sur-
face by the weight of the testing vehicle is the source
of the seismic energy. The beam is struck on end with
a hammer to generate shear waves. V is determined
from the travel-time differences along the assumed
travel path length for receiver depth.

2.2 Non-invasive methods

Of available non-invasive geophysical methods, per-
haps that most widely used in Scandinavia and
Canada is the multichannel analysis of surface waves
(MASW) technique. This technique was introduced
in the late 1990s by the Kansas Geological Survey
(Park et al., 1999). This method utilises the dispersion
property of surface waves for the purpose of V pro-
filing. Some further details on the use and validation
of the MASW technique in Norwegian clays can be
found in L’Heureux and Long (2017).
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Figure 1. (a) V, profiles Onsoy site. Data from Gundersen et al. (2019) and Icelandic group MASW from Olafsdottir et al.
(2019) and (b) Tiller-Flotten. SDMT and SCPTU No TILC29 data from L’Heureux et al. (2019) and MASW from Icelandic

Group from Olafsdottir et al. (2019).

2.3 Comparison of V; measurements using
different techniques

Between 2016 and 2019, NGI and its partners estab-
lished five National GeoTest Sites (NGTS) in
Norway for testing and verifying innovative soil
investigation methods and foundation solutions
(L’Heureux et al., 2017). Two of the sites at Onsegy
and Tiller-Flotten are underlain by soft sensitive
marine clays. The soils at Tiller-Flotten can be clas-
sified as quick below a depth of about 8 m using
laboratory Swedish fall cone data. V; profiles have
been made with several techniques at these two sites,
see Figures 1a and 1b.

The profiles from SCPTU, SDMT and MASW at
the two sites are very similar. The Vg values at
Onsey are significantly less than those at Tiller-
Flotten. The reasons for this will be explored below.

3 Vg PROFILES FROM NORWAY, SOUTHERN
SWEDEN AND EASTERN CANADA

Several V profiles from a series of selected sites in
Norway are shown on Figure 2a. The sites are from
several areas of the country including southern
Norway, the area around Trondheim and northern
Norway. Measurements were made using a variety of
techniques as discussed above. In general the V pro-
files are very similar and show Vj increasing approxi-
mately linearly with depth from about 125 m/s at the

516

surface to about 225 m/s at 20 m depth. The Tiller-
Flotten data falls within this general trend. An excep-
tion to the trend is the data from Onsey where the
values of V, are significantly lower though they do
show a clear tendency for an increase with depth.

A similar set of data from Southern Sweden is
shown on Figure 2b. Again all values are very simi-
lar but here they are much lower than the Norwe-
gian measurements with V; increasing from some
50 m/s near ground level to 125 m/s at 20 m depth.
In fact the Swedish data is very similar to the
Onsgy profile.

A compilation of available Eastern Canadian data
is shown on Figure 3. Many of the profiles fall
within the bounds of the Southern Sweden sites. An
exception is the profile from the Quyon Landslide
site and perhaps the City of Ottawa data.

4 COMPARISON OF PROPERTIES OF CLAYS
FROM THE THREE COUNTRIES

A summary of the key properties of the clays from
the three countries is given on Table 1. For this pur-
pose typical sites have been chosen, namely Goteborg
Central Station from Southern Sweden, St. Alban
from Eastern Canada as well as the two NGTS sites
at Onsgy and Tiller-Flotten from Norway.

The Tiller-Flotten site (and generally many of the
Norwegian sites) are significantly different from the
other sites.
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Figure 2. (a) V, profiles for selected Norwegian sites. Data from L’'Heureux and Long (2017) and this paper and (b) for
Swedish clays from Long et al. (2017) and Long and D’Ignazio (2020).
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Figure 3. V; profiles for Eastern Canadian sensitive clays
Data from Bouchard et al. (2017), Lefebvre et al. (1994),
Leroueil et al. (2003), Mayne et al. (2019), Fabien-Ouellet
et al. (2014), Motazedian et al. (2011), Elbeggo et al.
(2021) and Agaiby (2018).

These Norwegian sites have relatively lower
water content and plasticity and higher density
(1.7 — 1.9 Mg/m*> compared to 1.6 — 1.7 Mg/
m®) than the Canadian and Swedish sites. Also
Tiller-Flotten has very low organic content com-
pared to the other sites. The Onsey site param-
eters are much closer to those of the Swedish
and Canadian sites. All sites under consideration
have similar clay content and stress history.

Table 1. Summary of material properties for the
study sites: w = water content, I, = plasticity index,
Org. = organic content OCR = overconsolidation ratio,
S = fall cone sensitivity. Main references Gundersen
et al. (2019), L’Heureux et al. (2019), Wood (2016)
and Trak et al. (1980).

\% Clay Org.

Site %) (%) I,(%) (%) OCR S
Onsgy 40-80 50-70 25-50 2.5-4 1.1-2.0 5-8
Tiller- 30-50 45-70 8-20 Very 1.5-2.0 upto
Flotten low 350
Goteborg  60-90 70-90 27-40 2-5 1.5-2.0 12-30
CS

St. Alban  60-90 45-81 5-30 0.9 2.2 14-22
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Figure 4. Normalised V; profiles (a) by vertical effective stress and (b) preconsolidation stress.

5 NORMALISATION OF Vg VALUES

5.1 Normalisation by vertical effective stress

According to Hight and Leroueil (2003) and Hardin
(1978) the controlling factors on Vg are primarily
functions of soil density, void ratio, and effective
stress, with secondary influences including soil type,
age, depositional environment, cementation and stress
history. It is logical then to attempt to harmonise the
V; profiles by normalising them with respect to in situ
vertical effective stress (6,¢'). Here the normalised
parameter Vy, is determined from as follows:

Vs
E)
Pa

Mayne et al. (1998), Robertson (2009) and others
have chosen n = 0.25 based mostly on laboratory
data on silica sands. Here a value of 0.5 has been
chosen. Data from the four selected study sites nor-
malised as above are plotted against depth on
Figure 4a. Although the normalisation brings the
values from the four study sites closer together there
are still significant differences between the values
especially those of Tiller-Flotten and St. Alban
below about 4 m. The value of n was altered but no
improvements in the relationships were observed.

Vin =

(1)

5.2 Normalisation by preconsolidation stress

To take the stress history of the materials into
account the measured V, data have been normalised
by the preconsolidation stress (p.') on Figure 4b.
A form of normalisation very similar to that
expressed in Equation 3 has been used as follows:
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Vs

Unfortunately, as is well known, p.' can be heavily
influenced by sample disturbance effects and by the
method used to determine p.' from the measured oed-
ometer tests data. To deal with the issue of sample dis-
turbance the sites have been chosen where very high
quality samples are available. Data from Sherbrooke
block or mini-block samples were available for all four
sites. The Casagrande (1936) technique was used to
determine p.' at three of the sites with the Janbu
(1969) approach being used for the Goteborg Central
Station site. No correction has been applied to the p,'
data. The reported values have been used and com-
pared directly to Vg measurements at the same depth.

As can be seen on Figure 4b this form of normal-
isation was very successful in harmonising the four
sets of data. All four profiles are very similar and
show an average Vg,, value of about 100 m/s.
Taking this average Vi, value the following equa-
tion can be obtained to relate V and p.'.

Vo = (2)

pe=0.011? (3)

This form of power equation supports and justifies
some previous similar empirical equations that have
been developed. These include the general relationship
developed by Mayne et al. (1998) as shown on Equa-
tion 4, that derived for Norwegian marine clays by
L’Heureux and Long (2017) (Equation 5) and by Duan
et al. (2019) for Jiangsu clays in China (Equation 6)

pe=0.106V47 (4)
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(5)
(6)

pe = 0.007697+0%

pe = 0.109771357

6 Vs-Pc' RELATIONSHIP FOR EASTERN
CANADA CLAYS

Available V and parallel p.' data for Eastern Canada
clays is shown on Figure 5. This data should be trea-
ted with caution as it comes from several sources and
it is possible different sampling techniques, testing
techniques and methods of deriving p.' may have
been used. The data is shown merely to illustrate the
application and usefulness of Equation 5 and suggests
further work on this approach is well warranted.

7 CONCLUSIONS

The purpose of this paper was to highlight some advan-
tages in the use of V; values in soil characterisation
studies and to therefore encourage the use of the

SCPTU device. The particular focus here was the deriv-
ation of p.' from V data for sensitive marine clays. It
was shown that despite V; profiles for marine clays
from different countries being often different, normalisa-
tion by p.' harmonises the different profiles. A rational
method, without resorting to empirical correlations, is
outline for the derivation of a formula which relates V
and p.. The derived formula is tested successfully on
a set of data for Canadian marine clays. More sites
should be included in the relationship shown on
Figure 4b to study the likely variation in the values
determined.
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