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Abbrevations and Symbols 
 
(qt - σv0) – net tip resistance (kPa) 

CPT – cone penetration test 

cu – undrained shear strength (kPa) 

cuCPT  – undrained shear strength from the Cone Pene-

tration Test (kPa) 

cuVST  – undrained shear strength from the Vane Shear 

Test (kPa) 

cv – undrained vane shear strength (kPa) 

e – a mathematical constant of 2.71828 

e0 – void ratio (%) 

fs – sleeve friction (kPa) 

g – standard gravity (9.81 m/s2) 

IL – liquidity index 

IP – plasticity index (%) 

lc – clay content (%) 

M' – a constant of 0,4096·10-3 (m3) 

m – bulk mass (kg) 

M – factor for estimating the liquid limit 

ms –  mass of a dry sample 

mw –  mass of water 

N –  factor for estimating the liquid limit 

Nke – empirical cone factor 

Nkt – cone factor 

Pa – a peak torque (Nm) 

qc – cone resistance (kPa) 

qt – total cone resistance (kPa) 

R2 – coefficient of determination 

Rf  – friction ratio (kPa) 

u – pore pressure (kPa) 

V– bulk volume (m3) 

VST – vane shear test 

w – natural water content 

wL – liquid limit (%) 

wP – plastic limit (%) 

γ – unit weight (kN/m3) 

μ – Bjerrum’s correction factor 

ρ – bulk density (kg/m3) 

σv0  – effective vertical stress (kPa) 
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Abstract: Undrained shear strength is a crucial parameter of the clay-rich sediments commonly used in the design 

process of geotechnical structures and is determined by several tests. As a considerable part of these tests are cost- 

and time consuming, it is of interest to investigate the potential relationship with shear strength (cu) with alterna-

tive, easily measurable parameters, such as liquidity index (IL). In this study, several field and laboratory methods 

were applied to collect samples, analyse physical properties, and determine undrained shear strength of three clay 

tills of Stångby and Simrishamn in the  province of Scania in southern Sweden. In total, 23 disturbed samplings, 

13 cone penetration tests (CPT), and 11 vane shear tests (VST) were performed. The natural water content and 

liquid and plastic limits were established from all disturbed samples and undrained shear strength was determined 

from CPT and VST. The results show that the liquidity index varies between -0.10 and 0.34 at Stångby and be-

tween -0.35 and 0.23 at Simrishamn. The undrained shear strength varies between 57 and 256 kPa at Stångby and 

between 179 and 763 kPa at Simrishamn. Only a partial relationship between the liquidity index and undrained 

shear strength was found in this study. The study shows that the wide range of the consistency of clay-rich sedi-

ments is crucial for the correlation between IL and cu, which was demonstrated by the relation being found only at 

Simrishamn. 

 



 

 

Bedömning av att använda flytindex för att uppskatta den odräne-

rade skjuvhållfastheten av lermorän i Skåne. 

Dagnija Andreasson  

Andreasson, D., 2018: Assessment of using liquidity index for the approximation of undrained shear strength of 

clay tills in Scania. Examensarbeten i geologi vid Lunds universitet, Nr. 900, 41sid. 45 hp.  

Nyckelord:  lermorän, odränerad skjuvhållfasthet, flytindex, CPT. 

Handledare: Dan Hammarlund, Erika Tudisco 

Ämnesinriktning: Kvartärgeologi 

Dagnija Andreasson, Geologiska institutionen, Lunds Universitet, Sölvegatan 12, 223 62 Lund, Sverige. E-post: 

dagnija.andreasson@gmail.com 

Sammanfattning: Den odränerade skjuvhållfastheten är en viktig geoteknisk parameter som man behöver ha en 

god uppfattning om i samband med byggnation på lerrika jordarter. Då flertalet av de vanligen tillämpade under-

sökningsmetoderna är väldigt tidskrävande och kostsamma, finns det ett stort intresse för att undersöka hur alterna-

tiva och samtidigt mer enkelt mätbara parametrar, så som flytindex (IL), förhåller sig till skjuvhållfastheten (cu). I 

denna studie användes flera olika typer av laboratorietester och fältmetoder för att analysera fysikaliska egenskaper 

hos tre olika moränleror från Stångby och Simrishamn och därmed bestämma den odränerade skjuvhållfastheten 

hos dessa. Totalt togs 23 störda prover och på samma djup utfördes 13 spetstrycksonderingar (CPT) och 11 vingför-

sök (VST). Den naturliga vattenkvoten, flytgränsen och plasticitetsgränsen fastställdes på alla störda prover medan 

den odränerade skjuvhållfastheten bestämdes med hjälp av CPT och VST. Resultaten visar att flytindex varierar 

mellan -0.10 och 0.34 i Stångby och mellan -0.35 och 0.23 i Simrishamn. Den odränerade skjuvhållfastheten varie-

rar mellan 57 och 256 kPa i Stångby och mellan 179 och 763 kPa i Simrishamn. Endast en partiell relation kunde 

fastslås mellan flytindex och odränerad skjuvhållfasthet, och tydligast samband kunde påvisas på proverna från 

Simrishamn. Studien visar att det krävs analys av en stor mängd prover med mycket stor skillnad i konsistens för att 

fastslå sambandet mellan flytindex och odränerad skjuvhållfasthet.  
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1  Introduction  
  
Building on clay-rich sediments can be challenging 

and includes several geotechnical issues. They have a 

complex interaction between clay minerals and water, 

which in turn provides low bearing and strength capac-

ity. As the physicochemical interaction between clay 

particles, the water that fills the voids between the 

particles and the ions in the water affect the mechani-

cal behaviour of clays, high clay mineral content in the 

soil contributes to clay minerals being more “active” 

as a result, such deposits are highly compressible, very 

plastic, have a low permeability and are subjected to 

shrinkage and swell (Mitchell and Soga, 2005). Water 

is strongly connected to clay particle surfaces, which 

results in plasticity. 

 In 1911, the Swedish agriculturist Albert Atter-

berg described two qualitative (liquid and plastic) lim-

its based on the varying water content of clay. These 

limits are used for identification, characterization and 

classification of clay-rich sediments. Plasticity index 

(IP) is the difference between liquid (wL) and plastic 

(wP) limits and is the range of water content at which 

clay-rich sediments display plastic properties, while 

the liquidity index (IL) describes the relative consisten-

cy of the clay-rich sediments. After Karl von Terzaghi 

(1925) discovered the potential of the Atterberg limits 

in soil mechanics, many further studies were per-

formed to establish relationships between various me-

chanical properties of clayey sediments, such as com-

pression modulus and shear strength, and liquidity and 

plasticity indices. While there have been many studies 

carried out worldwide to establish the correlation be-

tween liquidity index and undrained shear strength 

(cu), such investigations are not common in Sweden. 

Larsson (2008) and Vardanega and Haigh (2014) also 

write that the Atterberg limits give an introductory 

assessment of mechanical properties of soils. Interest-

ingly, the plasticity index also gives a preliminary in-

sight into the potential geotechnical issues since the 

clay content is quantitatively estimated by the plastici-

ty index (Duncan et al., 2014). Therefore, the higher 

the index, the more clay in the soil. 

 Geotechnical investigations are very important 

since they provide significant information about vari-

ous physical and mechanical soil properties which 

affect the design of upcoming constructions. This 

study investigates the relationship between the liquidi-

ty index and undrained shear strength. Undrained 

shear strength of clay-rich sediments is not a charac-

teristic property of the material, but is dependent on 

the water content (w). Thus, it is suggested to correlate  

to a state-dependent index parameter, the liquidity 

index (Knappett and Craig, 2012). Undrained shear 

strength is defined as an internal resistance to failure 

per unit area of a material and is commonly used to 

analyse soil stability and lateral pressure on geotech-

nical structures. In clayey sediments, it is the un-

drained shear strength that controls the bearing capaci-

ty. There are several approaches to determine un-

drained shear strength. It is common that undrained 

shear strength is derived from cone penetration tests 

(CPT) and used in further calculations, as the direct 

shear test methods, such as vane shear test (VST), are 

less cost- and time-effective. Thus, it is of interest to 

test the potential relationship with shear strength ob-

tained using different methods by applying alternative, 

easily measurable parameters such as liquidity index. 

In this study, indirect empirical equations are consid-

ered using the CPT and direct in-situ VST methods. 

 This master's thesis was developed in collabo-

ration with the consultancy company Tyréns, and after 

the evaluation of Quaternary deposit maps, it was de-

termined to take part in fieldwork at two sites: Stångby 

and Simrishamn. Sampling at both sites was per-

formed during October and November 2017. As a 

fieldwork plan was followed, it largely determined the 

location of investigation points. Results from previous 

studies and proposed shear strength estimations from 

liquidity/plasticity indices are discussed in this thesis. 

To carry out this thesis, a literature study of 

clayey sediments in the province of Scania was con-

ducted. The aim of this study, which is based on a lit-

erature review complemented by selected field and 

laboratory analyses, is to evaluate the relationship be-

tween liquidity index and undrained shear strength to 

assess the possibility of using liquidity index as a 

means of estimating the undrained shear strength of 
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clay tills in Scania.  

Different limitations may arise when clay till is 

being analysed. Firstly, a clay till is inhomogeneous 

and generally includes large clasts as well as layers of 

coarse-grained sorted material. Thus, large clasts 

might influence or even interrupt the disturbed sam-

pling. Secondly, not only the sampling is affected by 

clay till inhomogeneity, but also other in-situ testing 

methods. CPT is applicable to soft sediments and if the 

clay till contains coarse sand or gravel at the investiga-

tion point, the risk that the CPT will be interrupted is 

high. VST is another method that is sensitive to the 

presence of coarse material, since it might give higher 

undrained shear strength values.  

 At the Stångby and Simrishamn sites clay till 

was exposed at the surface. The initial observation of 

disturbed samples showed that the clay till at Stångby 

had enough clay to implement VST. In contrast, the 

clay till at Simrishamn was sandy, and so only CPT 

was carried out there. Clay content and grain size vari-

ations affect not only the choice of in-situ methods but 

also might have impacts on the results in laboratory 

tests.  

 

2 Theoretical background 
 

2.1 Clay till and its properties 
 
2.1.1 Liquid and plastic limits 

 

At the initial stage, the natural water content (w) of 

each sample is determined and calculated:    

   

 

The water content at which a physical state of clayey 

sediments or their consistency changes from liquid to 

plastic and from plastic to brittle are defined as the 

liquid limit (wL) and plastic limit (wP), respectively 

(Fig. 2.1).   

The liquid limit (wL) is determined by the fall cone 

method and calculated in the following way: 

 

Named in honour of Albert Atterberg, this method is 

widely used due to its accessibility and simplicity for 

evaluation of consistency of clayey sediments.  

Lastly, the plastic limit is determined as the lowest 

water content of the sediment sample at which the con-

sistency changes from plastic to brittle. 

 

2.1.2 Plasticity and liquidity indices 

 

The plasticity index is the water content range in the 

clay-rich sediment sample at which it displays plastic 

properties, and it is defined as the difference between 

liquid and plastic limits (Venkatramaiah, 2006): 

 

 

The liquidity index describes the moisture level in the 

clay-rich sediments in the field and thus determines 

the plastic range of the sediments. 

If the liquidity index is 1, the material is at its liquid 

limit and is soft, whereas if the liquidity index is 0, the 

material is at the plastic limit, and is brittle (Murthy, 

2002). The consistency of clay till and other clay-rich 

Figure 2.1. Atterberg limits (modified from Knappett and Craig, 

2012). 

where w is the water content of the sediment sample 

and M and N values are derived from appendix A 

(Larsson, 2008).  

The greater this difference is, the more plastic the 

sediments are (Murthy, 2002).  

where mw is the mass of water and ms is the mass of a 

dry sediment sample (Swedish Standards Institute, 

2008)   
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sediments is classified with respect to liquidity limit 

(see Tab. 2.1). 

 
 
 

 
 
 
 
 
 
 

 
 

2.2   Assessment of undrained shear 
strength from Atterberg limits and 
derived indices  

 
Depending on the geological material being analysed, 

different test and calculation methods are applied to 

determine undrained shear strength. Although there are 

many studies that suggest shear strength estimations 

from liquidity and plasticity indices for clay, not many 

studies are available that are correlating shear strength 

and the described indices for clay till. Apart from the 

relations described above, an application of an appro-

priate cone factor (Nkt) is of interest, as this factor is 

used to calculate undrained shear strength from CPT. 

A part of estimations described in this section was 

applicable to the results gained in this study, and the 

test results are observed and discussed in subsection 

6.5. 

 The assessment of shear strength from Atter-

berg limits is closely related to the development of 

empirical calculations of shear strength from both CPT 

and VST. Studies by Skempton and Northey (1952) 

and by Schofiled and Wrother (1968) led Wroth and 

Wood  (1978) to propose a new equation to estimate 

shear strength from liquidity index for clayey sedi-

ments (Vardanega and Haigh, 2014). 

    
 

This equation indicates that the undrained shear 

strength should be 170 kPa at the plastic limit and 1.7 

kPa at the liquid limit (Wroth and Wood, 1978). 

Later, an alternative correlation was proposed by 

Leroueil et al. (1983) which is applicable for liquidity 

indices between 0.5 and 2.5:  

    

Locat and Damers (1988) proposed an equation suited 

for sensitive clays with high liquidity indices:   

   
  

When estimating undrained shear strength from VST, 

the Bjerrum correction factor (μ) is applied as a con-

stant value. Initially, Bjerrum (1954) stated that un-

drained shear strength in clays increases with depth, 

meaning that this relation can be expressed as a con-

stant ratio of undrained shear strength to effective ver-

tical stress. In later studies, Bjerrum (1973) suggested 

using a correction against the soil plasticity, known as 

the Bjerrum’s correction factor μ, when calculating the 

shear strength in clay-rich sediments from VST: 

 

 

Bjerrum suggested that the correction factor might be 

determined from the plasticity index (Ip) as the effects 

of anisotropy and strain rate on the shear strength were 

considered (Fig. 2.2) 

Liquidity index, (IL) Consistency 

<0.00  Very brittle  

0.00 to 0.250  Brittle  

0.251 to 0.50  Medium-soft  

0.501 to 0.750  Soft  

0.751 to 1.00  Very soft  

>1.00 Liquid  

Figure 2.2. Bjerrum’s correction factor with respect to plasticity 
index (Bjerrum, 1973). 

Table 2.1. The classification of clay-rich sediments with respect to 
the liquidity index (modified from Venkatramaiah, 2006). 

where cu is the undrained shear strength, e is a mathe-

matical constant and IL is the liquidity index. 

where μ is correction factor and cuVST is a shear 

strength from VST. 
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In contrast, Dolinar (2010) did not find a con-

stant criterion to determine the normalized undrained 

shear strength from the plasticity index for all clay-

rich sediments, as the normalized undrained shear 

strength can only be correlated with the plasticity in-

dex for non-swelling clays.  

Kayabali et al. (2015) suggested that the effect 

of plasticity on the undrained shear strength of clayey 

sediments is better represented when the measured 

undrained strength values are correlated with the li-

quidity index. 

When calculating shear strength from CPT re-

sults, a constant value of cone factor (Nkt) is used to 

calculate the undrained shear strength: 

 

 

The Swedish Geotechnical Institute (SGI) sug-

gests a constant value for the cone factor Nkt =11 

(Larsson, 2015), which is used to determine the un-

drained shear strength of clay tills in Sweden. While a 

cone factor value of 11 (Nkt) is used in Sweden, a value 

of 10 is established and used in Denmark based on the 

tests of the Storebæltsbroen area (Steenfelt and Søren-

sen, 1995).  

Luke (1996) found that the plasticity and the 

content of impurities in the material may influence 

both the friction ratio and the cone factor and suggest-

ed the following calculation for the cone factor: 

 

Young and Daehyeon (2011) suggested a new empiri-

cal equation for estimation of the cone factor in differ-

ent counties in Indiana, USA:   

 
Aas et al. (1986), Young and Daehyeon (2011), 

Nwobasi and Egba (2013) found that the cone factor 

increases as the plasticity index rises, which conforms 

with some studies, while other researchers reported 

decreasing trends (Lunne et al., 1976). Luke (1994) in 

her study did not find any pronounced relation alt-

hough it was found that the plasticity index and the 

plastic limit affect the cone factor. 

 In summary, since K. von Terzaghi discovered 

the potential of the Atterberg limits in soil mechanics, 

in 1925, many studies have been performed to corre-

late shear strength and liquidity and plasticity indices 

in clayey sediments, and several authors offered em-

pirical shear strength calculations. Furthermore, differ-

ent cone factors (with respect to both indices) and 

Bjerrum correction factors have been proposed to cal-

culate shear strength from CPT and VST. The results 

have been inconclusive. While one research group 

found that the shear strength fits well with the liquidity 

and plasticity indices, other results contradict such a 

relationship and provide opposite results. 

 

2.3 Previous studies on clay till 
 

To carry out this thesis, a literature study of clay-rich 

sediments in Scania was conducted. The general de-

velopment of southwestern Scania in connection with 

the new Öresund Link to Denmark has led to deeper 

knowledge of the local clay tills (Larsson, 2001). 

Therefore, diverse studies have been conducted in this 

area, while just a general description of the Simri-

shamn area was found in Daniel (1986). 

 Dueck (1998) and Larsson (2001) studied The 

latter authors describe the two different types of till 

referring to Baltic and Northeast tills, which are not 

geological terms and only indicate the provenance of 

clasts. Further in the text the Baltic clay till is named 

as Lund Till consistent with the terms used in other 

studies (Berglund and Lagerlund, 1981; Ringberg, 

2003; Anjar, 2013). Lund Till is found from the 

ground surface down to 3 m depth and contains a large 

amount of sedimentary bedrock particles. The grain 

size distribution indicates that the Lund Till is a clay 

till or a sandy clay till (Fig. 2.3).  

The groundwater level at Tornhill is situated 1.5 m 

below the ground surface (Dueck, 1998). A good cor-

where Rf  is the ratio between the sleeve friction (fs) 

and the cone resistance (qc), (%). 

where qt is a total cone resistance (cone resistance, 

corrected for pore pressure effects), σv0 is the effective 

vertical stress and Nkt is the cone factor. 
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relation between plasticity index and the liquid limit of 

the Lund Till has been found (Dueck, 1995).  

To determine different properties of the Lund 

Till, a significant number of various tests were imple-

mented by Dueck (1997) and Larsson (2001) (see Tab. 

2.3).  

As it can be seen, physical properties of the 

Lund Till are quite close, while the undrained shear 

strengths scatter widely as not only the heterogeneity 

of the till but also sampling, the precision of measure-

ments and other factors affect the results of undrained 

shear strengths.  

Undrained shear strength from CPT showed 

that results scatter widely. However, a comparison 

between CPT and VST suggests that a cone factor be-

tween 10 and 12 would be appropriate (Larsson, 

2001). 

 Jacobsen (1970) and Hartlén (1974) proposed 

undrained shear strength relations for clay till taking 

the void ratio (e0), water content (w) and clay content 

(lc) into account. However, the comparison with the 

measured undrained shear strengths from triaxial tests 

showed that estimated undrained shear strengths are 

mainly lower (Larsson, 2001).  

 A very detailed division of the tills by charac-

teristic mineral composition has been performed by 

Ekström (1936, 1950), who states the shale-crystalline 

till is the most widespread till in Scania (Daniel, 1986; 

further discussed in section 6). Meanwhile, the divi-

sion of clay tills by the percentage of clay particles is 

used to visualize tills in the Quaternary sediment map 

(Sveriges Geologiska Undersökning, 1985; Sveriges 

Geologiska Undersökning, 1987; Daniel et al., 2000; 

Ringberg, 1987). 

 

3 Geology 
 

3.1 Bedrock of Scania 
 

The information presented in this section is based on 

maps and general descriptions from the National Atlas 

of Sweden (Sveriges Nationalatlas, 1999).  

 Scania is located at the boundary between the 

Baltic shield and the younger Central European sedi-

mentary bedrock area. This unique location provides 

the variety of bedrock of Scania which formed be-

tween 1700 and 50 million years ago. The Precambri-

an bedrock mainly lies directly under the Quaternary 

deposits in the northern part of Scania and primarily 

consists of orto gneiss, gneiss-granite, syenite and 

monzonite. On the contrary, younger sedimentary bed-

rock, including sandstone, clay shale, limestone and 

claystone, and Quaternary deposits cover this older 

bedrock in the southern part (Fig. 3.1). The tectonic 

movements have developed the bedrock surface that is 

observed today. A wide tectonic zone, the Protogine 

Zone, divides the Precambrian bedrock into a western 

part consisting of mainly gneiss, and an eastern part 

consisting of volcanic rocks and granite. This zone 

stretches from the Romele Horst up to the county bor-

der in the north. Another, younger tectonic structure, 

the Tornquist zone, crosses Scania from northwest to 

southeast (see fault zones in Fig. 3.1). This zone began 

to develop during the younger Carboniferous-Permian 

Periods, and resulted in raised fault blocks (horsts) and 

Properties 
Lund Till 

(Dueck, 1997, 
1998) 

Lund Till 
(Larsson, 2001)  

w %  14 - 21  13 - 17  

wL %  47  20 - 37  

wP %  19  13 - 16  

IP %  -  8 - 12*  

cu (Triaxial)  175 - 350  165 - 175  

cu (CPT) kPa  50 - 400  30 - 400  

cu (VST) kPa  80 - 420  300 - 400  

Table 2.3. The summary of different properties and undrained 
shear strengths of Lund Till. Modified from Dueck (1997, 1998) 
and Larsson (2001). * Plasticity index was estimated from a rela-
tion IP = 0.79 (wL -0.12) 

Figure 2.3. Grain size distribution for seven samples from Lund 
Till (Dueck, 1998). 
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Figure 3.1. Map of the bedrock of Scania. Study sites are marked with red circles and names. Modified from Sveriges Nationalatlas 
(1999). 

Figure 3.2. Map of Quaternary deposits in Scania and deglaciation recession from 17 to 14 kya BP. Study sites are marked with 
red circles and names. Modified from Sveriges Nationalatlas (1999). 
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subsided areas (grabens). These subsided areas are 

filled with clay, clay shale and sandstone from the 

Triassic-Jurassic Period, while only the higher Pre-

cambrian horsts are exposed at the surface.  

 During the Cretaceous-Neogene Periods, Sca-

nia was exposed to significant vertical movements 

which led to the development of smaller basins, such 

as the Kristianstad and Vomb depressions. A part of 

Scania around Kristianstad and the southernmost part 

of Scania, from Landskrona to Ystad down to the Fal-

sterbo Peninsula, was covered by the sea and subse-

quently limestone was deposited. Today this lime-

stone, rich in fossils, forms up to 1400 m thick sedi-

mentary bedrock layer in the southern part of Scania 

and only up to 400 m around Kristianstad. 

 

3.2 Quaternary deposits in Scania 
 

 
The bedrock surface of Scania is covered by Quater-

nary deposits, with a thickness varying from a few to 

more than 130 meters, depending on bedrock surface 

undulations (Sveriges Geologiska Undersökning, 1980 

and Sveriges Geologiska Undersökning, 2017). Where 

the bedrock surface is elevated, the Quaternary depos-

its are usually thin, whereas in depressions the thick-

ness increases. 

 The Quaternary deposits are composed of till, 

glaciofluvial sands and gravel, glaciolacustrine fine-

grained sediments, postglacial sand, clay, peat and 

gyttja. The deposition of the Quaternary sediments we 

observe today began in the Late Weichselian (25-11.7 

kyr BP), when the Scandinavian ice sheet reached its 

maximum extent (ca 23 kyr BP; Fig. 3.3). Later ice 

sheet re-advanced and glacio-isostatic rebound during 

the following deglaciation period led to deposition of 

tills, gravel and sand, silt and clay. 

 When the Scandinavian Ice Sheet reached its 

maximum extent at 25-21 kyr BP it covered the prov-

ince of Scania, the eastern part of Denmark and ex-

tended into the northern parts of central Europe. Dur-

ing this advance, the Dalby Till was deposited in Sca-

nia.  

  

The deglaciation phase (20-15 kyr BP) was the next 

essential step in the geological development of Scania. 

At ca 20-17 kyr BP southern Sweden and Denmark 

were exposed to several re-advances, differ-

ent studies give contradictory results regarding the 

deglaciation. At ca 17 kyr BP the ice margin had re-

treated along the Swedish west coast, and the Kullen 

Peninsula in northwest Scania is believed to have be-

come ice-free for the first time (Sandgren et al., 1999; 

Fig. 3.3). 

The next phase in the deglaciation of Scania is 

characterized by the formation of periglacial surfaces 

and a last re-advance (Anjar, 2013). The deglaciation 

was interrupted by the last Öresund re-advance (ca 17 

kyr BP) of the Young Baltic Ice stream, which extend-

ed over southwestern Scania to south and west of  the 

Romele Horst, depositing the Lund Till (Ringberg, 

2003; Anjar, 2013; Anjar et al., 2014; Houmark-

Nielsen and Kjær 2003). As the ice sheet was thin, and 

shortly after advancing vast territories in low-lying 

areas along the south and west coast of Scania became 

ice free.    

 
3.3 Clay tills at the Stångby and Sim-

rishamn sites 
 
During tens of thousands of years, Scania experienced 

several glacier advances from different directions, and 

clasts of various origin were incorporated in the sedi-

Figure 3.3.The maximum distribution of Scandinavian Ice Sheet 
during the Late Weichselian glacial period. The province of the 
Scania is encircled with orange. Modified from Patton et. al 2017. 
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ments and later deposited by glaciers. Ekström (1936) 

studied tills in Scania and divided them into several 

areas based on the characteristic mineral clasts incor-

porated (Fig. 3.4).  

As can be seen the chalk and sedimentary bedrock 

clasts are typical for the till in the southwestern part of 

Scania (light green area in Fig. 3.4). Ringberg (1987) 

describes that the till rich in clay and chalk lies in 

southwestern Scania and its thickness varies from 1 to 

20 m. A cross-section in west-southwest to east-

northeast directions shows that clay till is mainly the 

thinnest in the western part (approx. 1m) and increases 

in thickness (up to approx. 20 m) as it approaches the 

border of its distribution. This sketches the noticeable 

borders in the Quaternary map (Ringberg, 1987; Sveri-

ges Geologiska Undersökning 1987). The clay content 

in the clay-rich till generally varies between 25 and 

40%, but might reach up to 40 to 60%, occasionally 

surpassing 60% (Fig. 3.5).  

The clay-rich till also lies in a narrow area along the 

coastline near Simrishamn. It is assumed that two po-

tential processes might have contributed to the high 

clay content. From one side, it is believed that either 

this clay-rich till has formed by reworking sedimentary 

clay, or by the weathering of chalk and limestone of 

the uppermost part of the till.  

The same phenomenon is observed in south-

western Scania (Daniel, 1986). Ringberg (2003) and 

Anjar (2013) concluded that the clay-rich till was de-

posited by the Öresund re-advance by the Young Bal-

tic Ice stream ca 17 kyr BP. 

 In contrast, the Simrishamn site lies on the bor-

der of two till areas: the one till includes crystalline 

mineral clasts while the other has shale and chalk (red/

dark green area in Fig. 3.4). Moreover, the whole Sim-

rishamn area represents the very shifting thickness of 

Quaternary sediments being dependent on the mor-

phology of the underlying sedimentary bedrock 

(Cambrian sandstone); the till cover is missing almost 

completely west and northwest of Simrishamn (Daniel, 

1986).  

 

3.4 Field site geology 
 

The digital map generator allows us to gain infor-

mation about the Quaternary deposits at the Stångby 

and Simrishamn sites from the website of the Geologi-

cal Survey of Sweden (Sveriges Geologiska Un-

dersökning kartvisare, 2018a and 2018b) (Fig. 3.6 and 

3.8). Since the sites vary greatly in size, different 

scales were used in the maps. The legend for both 

maps is found below the Stångby map. 

 

3.4.1 Site I - Stångby 

 

The Stångby area is located approximately 3 km north 

of Lund and lies approximately 45 m above sea level. 

The investigation area is dominated by cultivated land. 

Figure. 3.4. Areas of clay tills in Scania. Study sites are marked 
with red circles. The cross-section between Löddeköpinge and 
Eslöv cities is marked with a grey line. Modified from Ekström 
(1936). 

Figure 3.5. The grain-size distribution of clay tills at Stångby 
(right) and Simrishamn sites (both images) according to Quater-
nary deposit maps SGU 1987; SGU 1985. Modified from Ringberg 
(1987). 
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According to the website of the Geological survey of 

Sweden (Sveriges Geologiska Undersökning) digital 

map (Sveriges Geologiska Undersökning kartvisare, 

2018a) clay till with a clay content >15 % overlies the 

sedimentary bedrock and forms up to 10 m thick Qua-

ternary sediments (Sveriges Geologiska Undersökning, 

2018a; Sveriges Geologiska Undersökning, 2017) 

(Fig. 3.6.). 

Geological investigations (Tyréns, 2017a) show that a 

clay till rich with humus lies 0.0-0.3 and 0.0-0.8 m 

deep, overlies clay till which lies approximately to a 

depth of  1.8 m (Fig. 3.7, 6.1, 6.2.).  

 

 

 

 

 

 

 

 

Below these two layers, a clay till with occa-

sionally embedded 30 to 60 cm thick sand lenses is 

situated at 1.8-4.0 m depth. This separate clay till with 

sand lenses was found only at the three points located 

in the western part of the site and was not included in 

this study.  

 

3.4.2 Site II - Simrishamn 

 

Compared with Stångby, the Simrishamn site is a 

small area located in the middle of Simrishamn city. A 

clay till with a clay content of 15-25% dominates the 

area (Fig. 3.8 and the labels under 3.6.). 

This till overlies the Cambrian sandstone, which lies 

approximately 10 m deep (Sveriges Geologiska Un-

dersökning, 2018b; Sveriges Geologiska Un-

dersökning, 2017; Sveriges Geologiska Undersökning, 

1985). Apart from that the clayey till areas with a clay 

content lower than 5% (light blue areas in Fig. 3.8) 

were found near the study site, and vast fields with 

postglacial sand and gravel (orange areas) cover the 

coastal areas and parts of the city.  

Geological investigations (Tyréns, 2017b) shows that 

the medium sand overlies brown, sandy and silty clay 

till which is situated at 0.7 - 3.6 m depth (Fig. 3.9 left). 

Below this clay till, a brown silt layer is underlied by 

grey clay at 3.6 - 4.0 m depth. A grey clay till lies at 

the base of the borehole 4.0 - 6.0 m depth (Fig. 3.9 

right). 

 

Figure 3.6. The study site at Stångby is marked with a purple 
dashed line. Modified from SGU (2018a). 

Figure 3.8. The study site at Simrishamn is marked with a purple 
square. Modified from SGU (2018b)  

Figure 3.7. Clay till with chalk clast at Stångby. Photo by the au-
thor, 2018 
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4 Methods 
 
 
In this study, several field and laboratory methods 

were applied to collect samples, analyse physical prop-

erties and determine undrained shear strength of clay 

tills from Stångby and Simishamn. Test standards and 

guidelines of the Swedish Standard Institute were fol-

lowed. To obtain test samples, disturbed sampling was 

accomplished with a GeoTech 604 drill rig. CPT no. 

4907 and CPT 4933 were used to implement cone pen-

etration tests and the Danish vane V5 type was used 

for vane shear tests and to calculate the undrained 

shear strength. Considering field descriptions of the 

previous studies and various limitations of the equip-

ment, a maximum depth of 2.0 m at Stångby and 5.9 m 

at Simrishamn was reached in this study. Altogether 

12 disturbed samplings, 10 CPT soundings and 11 

field vane tests at 8 points were performed at the 

Stångby site from 0.3 to 2.0 m depth (see Tab. 4.1).  

Both the 11 disturbed samplings and CPT were con-

ducted at 3 points from 1.2 to 5.9 m depth at the Simri-

shamn site. Results from VST and CPT were analysed 

for the same sampling depth. Disturbed samples were 

obtained for further determination of Atterberg limits: 

the liquid limit and the plastic limit, and related indi-

ces. To calculate both plasticity and liquidity indices, 

the percentage of natural water content was also deter-

mined. In addition to the investigation methods men-

tioned above, many empirical calculations were tested, 

as undrained shear strength estimation from Atterberg 

limits has been of interest since 1925 (Terzaghi, 1925). 

Finally, the results were mainly displayed in graphs 

and the correlations between shear strength and liquid-

ity and plasticity indices were estimated using either 

linear or exponential regressions.  

 

4.1 Field methods 
 
4.1.1 Disturbed sampling 

 

The most common method for sampling is a disturbed 

sampling. While the basic methods include sampling 

from the test pits or with a hand auger, more advanced 

sampling with a drill rig provides disturbed sampling 

from greater depths. In this study a screw auger 

mounted on a drill rig was used for obtaining the dis-

turbed clay till samples. The screw auger is a sampler 

designed as a screw on a steel rod and the diameter 

varies from 30 to 200 mm, although a diameter of 60 

to 100 mm and 1 m height is most frequently applied 

(Svenska Geotekniska Föreningen (SGF), 2013; see  

Fig. 4.1.left).  

The screw auger is primarily used for clay-rich sedi-

ments down to 5 m depth, although drilling down to 15 

m is possible. During sampling, the auger is screwed 

into the ground to the desired depth and then pulled 

out (Fig. 4.1.right).  

Site 
Disturbed 
samples 

CPT 
points 

VST 
points 

Stångby 12 10 11 

Simrishamn 11 3 - 

Table 4.1. The summary of test methods performed in this study 

Figure 3.9. A sandy, silty brown clay till (left) and a clay-rich, 
grey clay till (right) with clasts from Simrishamn site. Photo by 
the author, 2018 

Figure 4.1. The screw augers of the different sizes, (left, SGF, 
2013); a drill rig with the lifted screw auger (right). Photo by the 
author (2018) 
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The clay till remains on the ribs of the auger as it is 

pulled out, representing the geological profile of the 

depth interval (Svenska Geotekniska Föreningen, 

2013). Finally, clay till samples are carefully taken and 

placed in plastic bags and the boring number and the 

depth of the samples are noted. Notes are made in a 

field book including simple descriptions of the clay till 

samples. 

4.1.2 Cone penetration tests 

 

When performing a CPT sounding, a cylindrical probe 

with the total cross-sectional area of 1000 mm2 and a 

cone with 60° apex angle is pushed into the ground 

with a constant rate of 20 mm/s. During the test the 

following quantities are measured: cone resistance 

(qc), sleeve friction (fs) and pore pressure (u) which is 

measured in a porous ring between the cone and cylin-

der (Larsson, 2015)(see Fig. 4.2).  

Typically, CPT sounding is a complementary 

method for disturbed sampling in the field and princi-

pally constructed to ascertain the ground profile. How-

ever, sounding also gives information about continu-

ous shear strength variations in the sediments 

(Svenska Geotekniska Föreningen, 2017), and this is a 

method widely used in Sweden. CPT is used to a large 

extent to empirically calculate undrained shear 

strength. Alternatively,  a dynamic penetration test can 

be applied as this method is adjusted to a coarser ma-

terial. However, its main aim is to determine the 

ground profile (Swedgeo, 2017). Sounding results are 

influenced by various conditions, like particle size, 

density, overburden and horizontal stresses in the lay-

er. Therefore, CPT sounding data should be regarded 

as complex, considering relations and variations of all 

three measured features: cone resistance (qc), sleeve 

friction (fs), and pore pressure (u). For example, the 

coarser the material is, the higher is the cone re-

sistance and the lower friction ratio (Rf) (a relation 

between cone resistance and sleeve friction) and lower 

pore pressure. The undrained shear strength usually is 

calculated using measured cone resistance (qt) values, 

and effective vertical stress (σv0): 

    
 

4.1.3 Vane shear tests 

 

The vane shear test is a simple in-situ method to deter-

mine the shear strength of soft to medium brittle clays. 

This method is widely used in  geotechnical investiga-

tions due to its time and cost effectiveness and sim-

plicity. Moreover, the VST enables measurement of 

the undrained shear strength at a certain point, thus it 

is used as a complementary method to validate CPT 

sounding results (Svenska Geotekniska Föreningen, 

2017). A Swedish field vane is designed for soft clays 

and considered not to be suitable to measure the shear 

strength in clay tills. The Danish vane instrument is 

more appropriate due to its design, which was created 

on a basis of surveying firm clay tills in Denmark 

(Larsson, 2001; Fig. 4.3). 

  

 

Figure 4.2. A cone penetration probe (left), modified from Lars-
son, (2015) and a CPT equipment in use at Simrishamn (right). 
Photo by the author (2017) 

where qt  is the total cone resistance, σv0 is the effec-

tive overburden stress, and Nkt is the cone factor 

(Larsson et al., 2007). 

Figure 4.3. A - a schematic picture of the Danish field vane; B - 
the geometry of the vane; C - the cross-section. Modified from 
Dansk Geoteknisk Forening, 1998 
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Since the Lund Till in southwest Scania and Denmark 

was formed during the same ice advance, the Danish 

vane instrument is broadly used in geotechnical inves-

tigations in southwest Scania. 

The Vane instrument consists of a four-bladed 

vane which is mounted on a cylindrical rod. To reach 

the required depth, the holes are pre-bored and then 

the VST probe is lowered at the bottom of these pre-

bored holes. A rod is pushed into the undisturbed sedi-

ment until the base of the vane reaches a depth up to 

twice the height of the vane (see Fig 4.3A). Next, a 

torque wretch is attached to the rod and slowly rotated 

until the moment at which the sediments reach failure. 

Although the operating principle is the same, 

various vane sizes are used depending on the expected 

undrained shear strength. Vane types V4, V5, HVA 

and HVB are used down to 20 cm depth from the bot-

tom of the borehole, while V7.5 and V9.2 are used 

approximately down to 30 cm depth from the bottom 

of the borehole (Dansk Geoteknisk Forening, 1998). 

For vanes V4 and V5, a repetition of the shear test 

procedure can be made at 20 cm depth from the first 

test point. To implement vane shear test at Stångby, 

the V5 type Danish vane instrument was used (see 

Tab. 4.2). 

Next, the measured peak torque was used to calculate 

the vane strength (cv): 

 
where Pa is a peak torque (Nm) and M’ is a constant 

(m3), depending on the dimensions and shape of the 

field vane (Dansk Geoteknisk Forening, 1998). It is 

considered that the vane strength value measured in 

the clay till is about the same as the undrained shear 

strength value, thus: 

      
 
 

4.2 Laboratory methods: liquid and 
plastic limits 

 

To implement laboratory tests, the informational 

booklet of the Swedish Geotechnical Institute 

(Larsson, 2008) and the Swedish Standard (Swedish 

Standards Institute, 2008) were followed. At the ini-

tial phase, the natural water content of each sample 

was determined. First, a specimen was taken out of 

the bag, weighted and put into the oven at 105°C to 

dry out for 24 hours. Next, the sample was taken out 

of the oven and weighed again (Larsson, 2008).  

 The liquid limit was determined by the fall 

cone method. A paste of moisture sediment was put in 

a bowl and inserted into a fall cone device. A cone 

with a mass of 60 g and tip angle of 60° was lowered 

until it almost reached the surface of the sample and 

then released (Fig. 4.4).  

When the cone had dipped, the cone imprint was 

measured and the liquid limit was calculated according 

to guidelines of Swedish Geotechnical Institute 

(Larsson, 2008). 

 The plastic limit, also called a rolling limit, is 

the lowest water content in the sample at which it re-

tains its physical ability to be rolled out to a 3 mm 

thick thread without falling apart. The water content 

was calculated according to Swedish standard 

(Swedish Standards Institute, 2014) and the result ob-

tained was determined as the plastic limit.  

Typ
e 

h 
(mm) 

d 
(mm) 

r 
(mm) 

cv, max 
(kPa

) 

M(m3) 
(constant) 

V4 80 40 10.0 715 0.2097·10-3 

V5 100 50 12.5 366 0.4096·10-3 

V7,5 150 75 18.8 109 1.3820·10-3 

V9,2 350 92 23.0 32 4.7588·10-3 

HV
A 

66 33 7.0 333 0.1201·10-3 

HVB 96 48 10.0 108 0.3703·10-3 

Table 4.2. Measurements of different Danish vanes, vane load 
capacity and a constant applied to undrained shear strength 
calculations. Modified from Dansk Geoteknisk Feltkomité, 1998. 

Figure 4.4. A schematic image of the fall cone device (left), modi-
fied from Larsson, 2008; and the fall cone in use (right), photo by 
the author (2017).  
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5 Results 
 
 
The relationship between the liquidity index (IL) and 

the undrained shear strength (cu) was tested for clay 

tills from the two sites in Scania. To visualize and 

analyse the undrained shear strength with both plastic-

ity (IP) and liquidity indices the determined indices 

were attributed to the whole disturbed sample and the 

point values of the shear strength at the particular 

depths were extracted from CPT and VST measure-

ments. The analysis of the liquidity index and the un-

drained shear strength was combined with empirical 

estimations from the previous studies described in the 

subsection 2.2. 

 

5.1 Site I - Stångby 
 
 
Results from the Atterberg tests show that the liquidity 

index (IL) in the clay till samples varies from -0.10 to 

0.34 with only one sample having a negative value 

(see Tab. 5.1). The average value of 0.22 indicates that 

according to the consistency classification, Lund Till 

at Stångby can be generally classified as having a very 

brittle to brittle consistency (Tab. 2.1).  

 The undrained shear strength obtained from the 

two methods shows different values: while cuCPT varies 

between 57 and 256 kPa, the cuVST shows lower val-

ues, between 42 and 208 kPa. Interestingly, the aver-

age values from the two methods are very close, 126 

and 125 kPa respectively. 

 

5.2 Site II - Simrishamn 
 
The liquidity index of 8 samples from Simrishamn 

varies between -0.35 and 0.23 and has primarily nega-

tive values (see Tab. 5.2). With an average liquidity 

index of -0.07, the clay till is classified as a having 

very brittle consistency (Tab. 2.2). The undrained 

shear strength calculated from CPT varies between 

179 and 763 kPa with an average value of 337 kPa. It 

should be pointed out that an undrained shear strength 

higher than 350 kPa is more typical for frictional ra-

ther than cohesive sediments.  

 

6 Analysis and discussion 
 

6.1 Liquidity and plasticity indices at 
Stångby and Simrishamn 

 
Firstly, there is no systematic change in the natural 

water content (w) with depth at both Stångby and Sim-

rishamn sites (Fig. 6.1), and a higher variation of natu-

ral water content was found at the Simrishamn site 

than at the Stångby site. Secondly, as the liquidity 

index is directly dependent on the natural water con-

tent, no relation was observed when the liquidity index 

was plotted against depth (Fig. 6.2). At the Stångby 

site, the highest and lowest IL values were found at the 

same depth of 1.1 m. In addition to IL, IP does not 

show any change with depth either.  

Table 5.1. A summary from the Stångby site. Extremely high Nke and cuCPT values, and low cuVST value are marked  
in yellow.  
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 Several factors affect the variability of the indi-

ces. First, Skempton (1984) found that the plasticity of  

clay increases linearly with the percentage of the clay-

size fraction. Therefore, the plasticity index directly 

demonstrates the composition of the clay till: the high-

er the IP value, the higher the clay percentage of de-

posits, independent of depth. Second, IL is dependent 

on the sediment composition and the water content. 

 It is common that clay-rich sediments above the 

groundwater table are saturated, and this is related to 

the capillary rise. The height of the capillary rise de-

pends on the grain size and the size of pores in the 

material: for coarse sand the capillary rise is 0.03 to 

0.12 m, while for clays it is more than 8 m (Larsson, 

2008). Results from groundwater monitoring at 

Stångby from the 4-year period indicate yearly varia-

tions of the groundwater table: the highest level is 

observed from February to May and the lowest level is 

reached from August to October (Tyréns, 2017a).  In 

this study groundwater table varies between 0.2 and 

3.67 m depth. Therefore, it is expected that the natural 

water content of the clay tills might be higher from 

February to May, which might increase IL at both 

study sites to some extent. 

 To summarize, the plasticity index is dependent 

only on the clay content of the sediments, whereas the 

liquidity index is affected by both the plasticity index 

and the natural water content. It is expected that the 

rise of the groundwater table during February to May 

will increase the natural water content of the clay tills, 

Table 5.2. A summary from the Simrishamn site 

Figure 6.1. Variations of natural water content with depth 
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which in turn would result in the slightly higher liquid-

ity index values, considering that the plasticity index is 

the crucial variable which provides a major impact on 

the liquidity index.  

 

6.2 Liquidity index and undrained shear 
strength at Stångby 

 
The shear strength values from the CPT and VST 

methods are scattered differently, between 199 and 

166 kPa range respectively (see maximal and minimal 

undrained shear strength values from the CPT and 

VST in Tab.5.1.). This suggests that the CPT might be 

more susceptible to inhomogeneities of clay till than 

VST, giving occasionally higher cone resistance val-

ues and, consequently, higher undrained shear strength 

values. As Mayne et al. (2009) describes, the general 

difference in the shear strength is due to the different 

methods. 

 Related to this, Rémai (2012) describes that the 

measured undrained shear strength depends on the test 

method, the strain rate and many other factors. Also, 

Karpovics (2010) points out that the geotechnical be-

haviour of clay till is influenced by granulometric 

composition, the state of the consolidation, soil tex-

ture, deposition, conditions of sedimentation and post-

sedimentation changes. Finally, CPT and VST meas-

urements in this study were performed within a small 

distance (ca 30 cm) from each other, which also leads 

to different shear strength values. 

 The results from Stångby show that the un-

drained shear strength is higher in the very brittle con-

sistency zone and decreases when the liquidity index 

slightly increases (Fig. 6.3).  

This would confirm a common knowledge of the soil 

mechanics, which states that the higher the water con-

tent, the higher the liquidity index and the lower the 

density of the sediments should be. Therefore, the 

lower the density is, shear strength should also be low-

er. However, it is very important that no relation can 

be found when an extreme value of cuCPT and the only 

one negative liquidity index value are excluded.  

With respect to the classification to liquidity index, in 

principle, all results lie in the brittle consistency zone 

Figure 6.2. Liquidity index plotted against depth at the  Stångby and Simrishamn sites 

Figure 6.3. Undrained shear strength and liquidity index relation-
ship at Stångby; An extremely high cuCPT value is encircled with a 
solid and the only one negative IL value is encircled with a dashed 
circle. 
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(IL from 0.2 to 0.3) and the undrained shear strength 

varies mainly from 50 to 200 kPa. 

It is assumed that the lack of direct measurements of 

the shear strength and a constant cone factor value of 

all clay tills lead to some level of uncertainty of the 

calculated shear strength from the cone penetration 

test. The cone factor, (Nkt) which is a constant of 11, is 

used to calculate the shear strength from CPT, not 

considering the inhomogeneity of the clay till 

(Larsson, 2015): 

   

Thus, the constant of 11 applied to the whole clay till 

layer may provide incorrect shear strength values.  

The results from VST were used to back-calculate the 

cone factor for each point of interest:   

        

The empirical cone factor values vary from 4.6 to 29.6 

with a general assemblage between 5 and 10 and an 

average value of 12.8 for 11 points (Tab. 5.1). The 

great variation of cone factor values suggests an indi-

vidual assessment of the bulk density (ρ, kg/m3) for 

each sample since bulk density is used in the determi-

nation of the unit weight (γ, kN/m3) when estimating 

the shear strength from cone penetration test: 

      

  

Aas et al. (1986), Young and Daehyeon (2011) and 

Nwobasi and Egba (2013) found that IP increases as 

Nke increases, whereas later studies do not confirm this 

tendency. Neither the relation described above, nor the 

one between IL and Nke, was found in this study.  

While there is no relation between Nke and the two 

indices, the empirical cone factor correlates weakly 

with the net tip resistance (qt-σv0) (Fig. 6.4). 

The relation with all empirical cone factor values (blue 

triangles) shows a slight fit (coefficient of determina-

tion R2 = 0.40), although after the elimination of the 

extremely high cone factor values (triangles with red 

outline), the relation shows better fit (R2 = 0.56 There-

fore, this might indicate that the Nke is dependent on 

the total cone resistance, and to get correct cu values, 

qt should be divided by higher Nke values. Concerned 

about the influence of the cone factor on the undrained 

shear strength results from CPT, many researchers 

have conducted their own studies with the aim to pre-

sent different cone factors, either applicable locally or 

to a particular sediment type. A few of them, appropri-

ate to this study, are discussed in subsection 6.5.  

 

6.3 Liquidity index and undrained shear 
strength at Simrishamn 

 

The results show that undrained shear strength varies 

between 179 and 763 kPa limits and the undrained 

shear strength tends to diminish when liquidity and 

plasticity indices increase. It is clearly seen that the 

undrained shear strength correlates better with the 

liquidity index (R2 = 0.76) than with the plasticity 

index (R2 = 0.49) (Fig. 6.5 and 6.6).  

 

Figure 6.4. The empirical cone factor (Nke) and net tip resistance 
(qt-σv0); two extremely high cone factor values are marked with a 
red outline. The dashed linear regression line includes all points, 
while the solid regression line excludes the two extremely high 
values.  

where Nkt is the cone factor, qt is the total cone re-

sistance and σv0  is the vertical stress. 

where cuVST is the shear strength from vane shear test. 

where m is the weight of the sediment sample (kg) and 

V is a volume of the sample (m3); 

where ρ is the density of the material (mass per unit 

volume, kg/m3) and g is standard gravity (m/s2) = 9.81 

m/s2. 
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Figure 6.7. A summary of undrained shear strength and liquidity index from both Stångby and Simrishamn ex-
pressed by the exponential regression lines. 

Figure 6.6. The plasticity index (IP) and the undrained shear 
strength (cuCPT) relationship expressed with an exponential regres-
sion line. 

Figure 6.5. The liquidity index (IL) and the undrained shear  
strength (cuCPT) relationship expressed with an exponential regres-
sion line. 

Therefore, Kayabali et al.’s (2015) hypothesis, that 

the effect of plasticity on the undrained shear strength 

of clay-rich sediments is better represented when  

measured undrained strength values are correlated 

with the liquidity index, was confirmed.  

 

6.4 Liquidity index and undrained shear 
strength at Stångby and Simrishamn 

 
When comparing the undrained shear stregnth from 

both sites, it is noticeable that shear strength values at 

Simrishamn are higher and vary within the 584kPa 

range from 179 to 763 (Tab.5.2.), whereas at Stångby 

they vary only within the 199kPa range (from 97 to 

256 kPa, Fig.6.7 and Tab.5.1). In Parallel to observat-

ions  in the laboratory, this provides additional evience 

of the higher variability of the proportion of clay at 

Simrishamn, while clay till at Stångby can be conside-

red as more homogeneous. 

Apart from the low variability of the shear strength, 

the liquidity index also shows generally similar values 

varying from -0.10 to 0.34 at Stångby, which, unfortu-

nately, resulted in a data assembly with no correlation. 

Although the coefficient of determination for both 
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cuCPT and cuVST shows some relation, no relation is 

observed when the data set is evened out, suggesting 

that the undrained shear strength cannot be estimated 

if IL values are closely distributed within one con-

sistency zone (Tab.2.2.). 

On the contrary, a quite pronounced correlation 

was found at Simrishamn, implying that the composi-

tion of the clay till contributes to a significant  varia-

tion of IL and cuCPT (Fig 6.5). The low clay and natural 

water content of clay till lead to negative values of the 

liquidity index. A steep increase in the shear strength 

is observed in the very brittle consistency zone. The 

relation between qc and IP shows that IP is the conclu-

sive variable, which affects qc, displaying higher qc 

and lower IL values for clay till with sandy impurities 

in comparison with those with the higher clay content. 

The reduction of IP by 3.12% also lowers the IL by 

0.06 (from -0.29 to -0.35), which in turn leads to the 

rise of the undrained shear strength to 321 kPa 

(Fig.6.5.). 

 

6.5 The undrained shear strength pro-
posed by other authors 

 

Considering properties of the clay till at Simrishamn 

and Stångby, estimations of undrained shear strength 

proposed by Wroth and Wood (1978), Luke (1996) 

and Young and Daehyeon (2011) were applied (see 

subchapter 2.2) and compared to the obtained un-

drained shear strength values from this study (Tab. 6.1 

and Fig. 6.8). While Wroth and Wood (1978) pro-

posed an estimation of undrained shear strength using 

the liquidity index and a mathematical constant, Luke 

(1996) and Young and Daehyeon (2011) suggested a 

multi-step alternative. First, estimate the cone factor 

(Nkt) employing the friction ratio (Rf) and then the 

plasticity index (IP). Afterwards, the undrained shear 

strength is estimated from CPT measurements by ap-

plying the calculated cone factor values. 

 The analysis shows that the suggested un-

drained shear strength estimations generally capture 

the trend. However, it is clearly seen that the shear 

strength values proposed by Wroth and Wood (1978) 

and Young and Daehyeon (2011) are underestimated 

in the brittle and medium soft consistency zones (the 

purple and gray frames in Fig. 6.8.) and overestimated 

in the very brittle consistency zone (the red frame in 

Fig. 6.8).  

Table 6.1. A summary of the different undrained shear strength values and related data. 
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The proposed estimation of Luke and the obtained 

undrained shear strength in this study display princi-

pally similar values, albeit even here indicating a 

small difference of undrained shear strength in the 

brittle consistency zone, where cu varies within 4 to 45 

kPa range. Additionally, a larger contrast is observed 

in the very brittle consistency zone where cu varies 

within 5 to 219 kPa range. Despite the divergence in 

the two consistency zones, the correlation between 

liquidity index and shear strength shows a quite high 

fit with the three proposed estimations, with R2= 0.70 

for Luke (1996), 0.71 for Young and Daehyeon 

(2011), and 0.72 for measurements obtained in this 

study (Fig 6.8). 

 

6.6 Geological aspects 
 

The clay-rich till at the Stångby site, also called Lund 

Till, was deposited by the Öresund re-advance of the 

Young Baltic Ice stream at ca 17 kyr BP (Ringberg, 

2003; Anjar, 2013). It has a clay content of >25% and 

a brittle to medium-soft consistency (Tab. 2.2, Fig. 

3.5. and 6.9). The characteristic Palaeogene chalk con-

tent representing the bedrock of the Baltic Sea was 

observed in clay till samples (Fig. 3.6).  

 The plasticity index characterises the plasticity 

of the sediments, while the liquid limit is the moisture 

content at which clay-rich sediments change con-

sistency state. The good relation between the liquid 

limit and the plasticity index found by Dueck (1995) 

for the Lund Till at Tornhill, was also observed in this 

study at the Stångby site. Therefore, it indicates that 

the plasticity of the clay till depends on both the natu-

ral water content and the clay content. Unfortunately, 

the narrow liquidity index range made it impossible to 

correlate it with the undrained shear strength, as the 

variations in grain size are crucial for the correlation 

of these properties. 

 It is believed that two clay tills were found at 

the Simrishamn site: a lower, clay-rich, grey till with 

occasional small rounded Palaeozoic limestone clasts 

and a clay content of >25%, and an upper, sandy, silty 

brown clay till with a clay content between 15 and 

25% (Fig. 3.5 and 6.9). Considering that the bedrock 

near Simrishamn and at the bottom of the Baltic Sea 

consist of shale, sandstone and Palaeozoic limestone 

Figure 6.8. A correlation between undrained shear strength and liquidity index from various authors and the 
results obtained in this study, expressed with exponential regression lines.  
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(Fredén,1994) it is likely that both tills found at Simri-

shamn, originated from the Baltic ice advance. How-

ever it is assumed that the lowermost grey till might 

also be deposited by the Bælthav re-advance and the 

upper by the Öresund re-advance. 

Dueck’s observed correlation between the liquid limit 

and the plasticity index for the Lund till at the Tornhill 

was also found  for the assumed two tills at the Simri-

shamn. The large variation of the grain size in clay 

tills provided the wide range of liquid and plastic lim-

its as clay particles have large specific area which re-

tain the water. This, in turn, provided a pronounced 

correlation between the liquidity index and the un-

drained shear strength. Considering all given infor-

mation, it is clearly seen that the grain size distribution 

of the clay till is the main crucial property, which is 

the prerequisite for the correlation of liquidity index 

and undrained shear strength.   

 In conclusion, clay tills in Scania can be cate-

gorized in two ways: by the percentage of clay or by 

the characteristic clasts incorporated in the tills. The 

analysis in laboratory, CPT and VST shows that the 

homogeneous Lund Till was deposited at Stångby, 

possibly two different tills were deposited at Simri-

shamn. The wide range of  grain size in these two tills 

provided the wide range of liquidity indices and shear 

strength values. Although all three tills were deposited 

by the Baltic Ice advance, the grain size distribution 

and mineralogy varies significantly between them, 

suggesting that undrained shear strength from liquidity 

index should be estimated locally. 

 

7 Conclusions  
 

 
The undrained shear strength is one of the critical 

strength parameters of a sediments, which is common-

ly used to analyse stability and lateral pressure at the 

different stages of the construction projects. Most part 

of the undrained shear strength tests are cost- and time 

consuming, thus it is of interest to test the potential 

relationship with shear strength obtained by different 

methods by applying alternative, easily measurable 

parameters such as the liquidity index.  

The relationship between the liquidity index 

and the undrained shear strength in this study was 

found only partially, as several factors affect these 

parameters. The liquidity index or consistency of clay 

tills at the Stångby and Simrishamn sites scatter be-

tween 0.44 and 0.58. It is primarily dependent on the 

composition of the sediments (plasticity index) and 

less on the natural water content. The study showed 

that the wide range of the consistency is crucial for the 

correlation between IL and cu.  

The undrained shear strength of the clay till is 

 Figure 6.9. Approximate geological cross-section in Stångby and Simrishamn. 
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influenced by the granulometric composition, the state 

of  consolidation, the texture, depositional conditions 

and post-sedimentation changes.  

The undrained shear strength from both CPT 

and VST at Stångby scatter within 199 and 166 kPa 

range, suggesting that the different methods give dif-

ferent shear strength values and CPT is more suscepti-

ble to the inhomogeneities. 

While no correlation between the liquidity in-

dex and the undrained shear strength was found at 

Stångby, results from Simrishamn show a quite good 

correlation (R2=0.76), suggesting that it is possible to 

estimate the undrained shear strength from the liquidi-

ty index if at least two consistency zones are tested. 

 

8 Proposed further research 
 
 
This study has provided evidence that the undrained 

shear strength can be estimated from the liquidity in-

dex and that the plasticity of the clay till is a signifi-

cant property in this relation. The plasticity depends 

not only on the amount of clay, but also on the type  

of clay minerals present in the sediments, as the differ-

ent clay minerals of the clay fraction (2µm) yield the 

different activity (Skempton, 1984; Dolinar, 2010). 

Although clay till samples taken from this limited area 

will presumably show only variations in the percent-

age of clay, it would be of interest to analyse to what 

extent various clay minerals of different origin affect 

the mechanical properties. 

 Several difficulties should be considered when 

performing related studies. Firstly, it was found highly 

complicated to carry out the fall cone test for sandy 

clay till samples, as the mineral grains were large 

enough to decelerate the cone from the immersion in 

the clay till mixture. Therefore, values of liquid limit 

obtained from sandy clay till might not be highly cor-

rect. Secondly, based on the sensitivity of the method 

to sediment impurities different shear strength meth-

ods give different values. Therefore, it is suggested to 

consider applying only one shear strength method. 
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1 Appendices 

Appendix B. Natural water content, liquid limit, plastic limit summary and Vane shear test results  from  the 

Stångby site. 

Appendix A. Cone immersion  i and M, N values  (modified from Larsson), 2008) 
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Appendix C. CPT results from Stångby 
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Appendix D. Natural water content and liquid limit data from the Simrishamn site. 
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Appendix F. CPT results from the Simrishamn site 

Appendix E. Plastic limit and summary data from the Simrishamn site 
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