
1 INTRODUCTION  

Marine sediments in the coastal regions in Norway are mainly composed of clay and 
silt minerals deposited in sea water during the withdrawal of the ice cap after the last 
ice age, some 9000 years ago. As the clay minerals were deposited in sea water, the 
salt ions caused flocculation of mica and chlorite creating clays with an open grain 
skeleton with high water content. 
 As the isostatic upheaval progressed after the ablation, these deposited clays be-
came dry land, reaching up to 220 meters above sea level in the eastern and central 
parts of Norway. This resulted in leaching of the marine sediments caused by both 
downward percolation of rain water and upward flow of fresh groundwater. Bjerrum 
et al (1971) indicated that the latter is the primary leaching cause. Leaching reduced 
the salt content in the pore water, which also reduced the chemical bindings between 
the clay minerals causing a weaker grain structure in the clay. When the salt content 
becomes low enough, the clay can become quick. 

Since the leaching mainly depends on the upward flow of fresh groundwater, there 
are large local variations in salt content in marine clays. Pockets of quick clay in non-
sensitive clay, or a layer of quick clay above/below non-sensitive clay often occur, all 
depending on the local variations in the pore water chemistry. 
 Norwegian quick clay is defined by a remolded shear strength (sr) equal to or less 
than 0,5 kPa. Various studies have tried to establish a salt content lower limit for 
where the clay becomes quick. According to Moum et al. (1971), a salt content of less 
than 1 g/l in the pore water will reduce the sr so that the clay behaves as a liquid. Tor-
rance (1974, 1979) however, found that leaching of fine, marine sediments to a salt 
concentration of less than 2 g/l is sufficient to develop quick clay. Torrance (1999) 
further found that with pore water salinity below 2‰ the material behaves as a fluid. 
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Recent work by Andersson-Sköld et al. (2005) at a Swedish site found salt content up 
to 5.6 g/l in quick clay. 
 However, low salt content does not necessarily prove quick clay. Dry crust often 
has a low salt content even though it is not sensitive. Rosenqvist (1954) indicated an 
upper boundary of quick clay at 4-6 meters depth as long as dry crust has developed 
in the top layer. 
 Chemical weathering can also help stabilize the clay structure in quick clay. The 
chemical weathering can transform the quick clay to a non-quick state, even though 
the salt content remains low due to the exchange of ions on the mineral surface 
(Løken, 1968; 1970, Moum et al. 1971). 

2 RESISTIVITY 

2.1 Influencing factors 

The electrical resistivity in soils generally depends on various factors such as grain 
size distribution, water content and saturation, pore water chemistry/salinity, mobility 
of the ions in the pore water, temperature and electrical conductive minerals in the 
soil (Brorsson et al. 2004, Goodman 1993, Telford 1990, Mørk 1983). 
 Dahlin et al. (2001) indicate that the salt content will have higher influence on the 
measured resistivity in marine clays than the grain size distribution and density. 
Lunne et al. (1997) confirmed for Norwegian marine clay that the measured resistivi-
ty is dominated by the resistivity through the pore water (pore water salinity). 

2.2 Resistivity in marine sediments 

Research on establishing representative resistivity ranges for different soil types has 
persisted for many years in Norway and Sweden. Berger (1980) established the resis-
tivity intervals given in table 1 for different types of marine soils. The classification 
was based on vertical, electronical soundings in Verdal, central Norway. 
 
Table 1. Classification of soil material from resistivity (Berger 1980) 
Soil material Resistivity interval
Clay, salt 1-20 Ωm
Clay, leached 20-90 Ωm
Clay, dry crust 70-300 Ωm
Silt, wet 50-200 Ωm
Sand, saturated 200-1000 Ωm
 

Solberg et al. (2008) performed several electrical resistivity tomography (ERT) 
profiles in Buvika, central Norway. Table 2 presents resistivity ranges based on their 
results and earlier work 
 
Table 2. Classification of soil material from resistivity (Solberg et al. 2008) 
Soil material Resistivity interval
Salt/intact marine clay 1-10 Ωm
Leached, possible quick clay 10-80 Ωm
Dry crust clay, slide deposits, coarser 
material like sand, gravel and bedrock

> 80 Ωm
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Lundström et al. (2009) concluded that the resistivity in quick clay deposits was 
equal to or higher than 5 Ωm based on surface resistivity imaging in quick clay areas 
in southern Sweden. 

3 RCPTU EQUIPMENT 

The RCPTU used in this study was developed by NGI together with Swedish manu-
facturer Environmental Mechanics AB (ENVI). 

The conventional CPTU-equipment from ENVI consists of a CPTU-memocone 
and a battery pipe. The data is stored in the cone during the sounding, and there is no 
need for cables. This cable-less system makes the execution of the sounding easier for 
the operator and a cable-less system was therefore preferred for the RCPTU as well. 
ENVI solved this by adding a resistivity module between the CPTU-memocone and 
the battery pipe on the conventional CPTU-equipment. This gives a distance of ap-
proximately 0.8 m from the tip of the cone to where the resistivity is measured. 

The resistivity module consists of four electrodes, where the two outer rings apply 
current and the two inner rings measure the potential difference (voltage). The dis-
tance between the two outer rings is approximately 20 cm, and to avoid ionization the 
poles are switched 20 times per second. The module measures resistivity in the range 
from 1 to 10.000 Ωm with a resolution of 1/1024 per deca. 

In figure 1 the different modules of the RCPTU is shown. To the left is the CPTU-
memocone, in the middle is the resistivity module and to the right is the battery pipe.  
 

 
Figure 1. RCPTU-equipment 

4 RESULTS 

Results from four different sites south-west of Oslo and one site north-west of Trond-
heim are presented. 

The figures in the following chapter present the corrected cone resistance (qt), the 
sleeve friction (fs), the pore pressure (u2) and the resistivity (ρ) from the RCPTU-
testing. The figures also present the sensitivity (St) and the remolded shear strength 
(sr) determined by fall cone tests on piston samples and the interpreted stratification. 
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4.1 Results from test sites 

Quick clay extent at the Smørgrav site in Øvre Eiker municipality has been investi-
gated extensively by NGI and research partners in Ireland and Sweden (Donohue et 
al. 2009). Here we show one example where quick clay is embedded between non-
quick clay (Figure 2). 
 

 
Figure 2. RCPTU-results from Smørgrav

 
 
 At Vålen, another site in the same quick clay hazard area as Smørgrav, two sound-
ings were carried out at the same location to see the repeatability of the RCPTU (Fig-
ure 3. 
 In addition resistivity measurements were carried out on samples in the laboratory. 
These were performed on cubes with dimensions of 4x4x4 cm. The results from these 
measurements are plotted together with the RCPTU-measured resistivity. 
 

 
Figure 3. RCPTU and sr-results from Vålen
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 Figure 4 shows the results from the Bøle-site in Skien municipality. This site was 
earlier a part of a quick clay hazard area. The size of the hazard area was reduced be-
cause of the results of these site investigations.  
 The undrained shear strength from fall cone was not determined on these samples. 
Figure 4 does therefore not shown the sensitivity. 
 

 
Figure 4. RCPTU and sr-results from Bøle
 
 The results from the E16 Kjørbo – Wøyen-site are shown in figure 5. The site is lo-
cated in Bærum municipality and the site investigations are executed because of a fu-
ture road construction. 
 

 
Figure 5. RCPTU- and sr-results from E16 Kjørbo - Wøyen
 
 Figure 6 shows the results from the site at Rv 717 Sund – Bradden, Rissa munici-
pality. This site is also a future road construction site, located approximately 3 km 
south of the Rissa slide from 1978. 
 Figure 6 also show the laboratory measured resistivity. These measurements were 
carried out in all three directions on cubes measuring 4x4x4 cm.  
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Figure 6. RCPTU-results from Rv 717 Sund-Bradden

4.2 Summary of results 

Figure 7 presents the main results from the resistivity mearsurements sorted by soil 
types. 
 

 
Figure 7. Summary of resistivity values from the five sites sorted by soil type
 
 Leached and non weathered clay is here defined as clay with remolded shear 
strength below 0.5 kPa, i.e. quick clay. These materials are situated at such depths 
that it is assumed that no weathering has taken place. 

The leached and weathered clay consists of materials from the upper part of the 
different soil profiles. These clays might have a salt content similar to quick clay, but 
because of weathering the materials are non quick with a sr greater than 0.5 kPa. 
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The two last soil types are clay and silt materials with some additional coarser 
fragments such as sand and gravel. The materials are assumed leached because of the 
higher permeability in these materials, hence faster leaching than in the low-
permeable clays. 

5 DISCUSSION AND CONCLUSIONS 

The repeatability of the RCPTU and the comparison between field and laboratory 
measurements shows very good results. Figure 3 indicates a tight agreement of the 
first and second sounding. Results from the laboratory measured resistivity agree with 
the RCPTU logs. Minor disagreements arise from uncertainties in the lab measure-
ments and the problem that never exactly the same material is sampled in the lab as 
was penetrated by the RCPTU.  

As seen in Figure 7, the resistivity is not unique for the various soil types, thus it is 
not possible to identify the soil types based on resistivity alone.  
 The only unique values given by the resistivity measurements are the lower values 
for the salt and non weathered clay. According to the given results in Figure 7 the 
material has to be salt, nonweathered marine clay if the measured resistivity is lower 
than 5 Ωm. For measured values higher than 5 Ωm the resistivity values have to be 
combined with the conventional CPTU-data to get a classification of the soil type. 
But even then it is not sure that the sum of the results will be enough to get a precise 
classification of the soil.  

Comparing the results to previous work, the classifications in Figure 7 differ from 
the classifications given by Berger (1980) and Solberg et al. (2008). By combining 
the three studies salt/non weathered clay would range from 1 to 20 Ωm and quick 
clay from 5 to 90 Ωm. The range for leached and weathered clay would span from 8 
to 300 Ωm. Some of these differences are likely due to local differences in the soil. 
But further, potential systematic bias needs also to be taken into account. Results ob-
tained from an RCPTU may not immediately compare to ERT results as logged resis-
tivity (RCPTU) and model resistivity derived by regularized inversion modeling of 
surface data (ERT) are not necessarily quantitatively comparable. 
 Compared to the results by Lundström et al. (2009) the measurements on the quick 
clay in this study fit very well. Both studies conclude with a lower threshold for resis-
tivity in quick clay at 5 Ωm. 
 Based on the result from our and former studies it seems recommendable to estab-
lish local ranges for the different sites/areas, than a generally classification between 
soil type and resistivity values. The influencing factors on the resistivity in a soil are 
so many that it seems difficult to establish a general classification for all marine se-
diments. 

Once these local ranges are established by sporadic classic geotechnical site inves-
tigations including RCPTU, it is further possible to combine the RCPTU measured 
resistivity with the results from two-dimensional ERT-measurements. This gives the 
opportunity to map the stratification over a larger area in a rather cheap and time effi-
cient way. Donohue et al. (2009) showed the successful outcome of such a survey 
strategy. We are engaged in ongoing research to establish firm strategies for local, 
high resolution quick clay extent mapping with the help of RCPTU and ERT resis-
tivity. 
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