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PREFACE 


This report mainly deal s with t he resul ts from a lar ge l aboratory 
investigation on the behaviour of fine- grained soi ls in the transition 
zone between mineral soils and or ganic s oi l s, i.e . or ganic mineral 
soils and mineral organic soils such as organi c clay and clayey 
gyttja. Some results from investigati ons on sul phi de- bearing soils, 
which may or may not be organic but which by tradition have been 
grouped among t he organic soils, have al so been included. 

The investigation was carried out at the Swedish Geotechnical 
Institute in 1982- 1985 with support from t he Swedish Council for 
Building Research and the Swedish Road Administration. Many of the 
results have been reported and implemented i n Swedish practice as they 
have been obtained. Examples of reports where the results from thi s 
investigation have been reported or form a part of the experimental 
basis are: 

• 	 Evaluation of shear strength in cohesive soils with special 
reference to Swedish practice and exper ience.(Larsson, Bergdahl and 
Eriksson 1984. SGI Information No. 3. Shorter version also in ASTM 
Geotechnical Testing Journal Vol .10, No. 3, 1987.) 

• 	 Determination of organic content, carbonate content and sulphide 
content in soil.(Larsson, Nilsson and Rogbeck 1985 . SGI Report No. 
27) 

• 	 Automatic continuous consolidation testing in Sweden. (Larsson and 
Sallfors 1985 . ASTM Special Technical Publication STP 892.) 

• 	 Consolidation of soft soil s. (Larsson 1986. SGI Report No. 29) 

• 	 Dilatometer tests for determination of strati graphy and properties 
in soil . (Larsson 1989, SGI Information No . 10. ) (I n Swedish ) 

The resul ts have also been implemented in manuals and standards for 
laboratory testing in Sweden . 

The purpose of this report is to p resent more of t he basic data, to 
describe t he gradual change in behaviour at the transiti on from a 
mineral to an organic soil and to present certain data and results 
that have not been reported elsewhere. 
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Pri or t o this project , a similar investigation was carried out at the 
Geotechnical Laboratory at the Technical Research Centre of Finland, 
(Slunga 1983) . The results from this investigation are used to 
supplement the Swedish results and the author is indebted to his 
Finnish coll eagues f or the valuable information obtained at the start 
of the current projec t . Assistance has also been obtained from 
colleagues at Chalmers University of Technology who provided most of 
the test results from the Vijlen site. 

Linkoping in June 1990 

Rolf Larsson 
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1. SUMMARY AND CONCLUSIONS 


An investigation has been carried out into the properties of 
finegrained soils containing organic matter and their variation with 
the composition of the soil. Also the applicability of current testing 
techniques to this type of soil has been investigated. 

New testing techniques for determination of organic contents, 
carbonate contents and sulphide contents have been introduced, which 
enables a more relevant and accurate classification to be made. 

Numerous CRS-oedometer test series with varying rates of deformation 
for the tests in the series have shown that the standard testing and 
interpretation procedure for inorganic clays may be used also for 
soils with organic content. The normally used standard rate of 
deformation, 0.0024 mm/min , is however a maximum rate for soils with 
organic contents which must not be exceeded and it is prudent to use a 
somewhat lower rate. 

Provided that the standard rate is not exceeded, a unique stress
strain curve can be evaluated independent of the rate of strain in the 
test. Furthermore, this evaluated stress-strain curve coincides with 
the stress-strain curve obtained in standard incremental tests with 
doubled load increments and 24 hour duration for each increment. Also 
the evaluated preconsolidation pressures become the same when the 
appropriate evaluati on methods for the two types of tests are used . 

The rate effects as expr essed by the coefficient of secondary 
consolidation increase in the transition zone between mineral and 
organic soil s with increasing organic contents and the associated 
increase in water content . For even more organic soils , this trend 
becomes broken and in peat the rate effects seem to be related more to 
the degree of humification. 

When using the results from the oedometer tests for settlement 
calculation, these rate effects have to be taken into account and a 
new calculation method which enabl es this has been introduced. 

The permeability of organic fine-grained soils is lower than in 
corresponding inorganic soils. Combined with the high compressibility, 
this entails that the rate of consolidation as expressed by the 
coefficient of consolidation i s in the order of one decade lower than 
corresponding values for inorganic soft clays. This fact and the high 
creep effects must be considered in al l other strength and deformation 
testing of the soil. 
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A significant effect of the preferred horizontal ori en t ation of the 
undecomposed plant remains can be observed on the permeability of the 
soil. The horizontal permeability in clayey gyttja is thus typically 
about 2 times the vertical permeability. In peats, where the 
permeability is usually much higher, this anisotropy depends on the 
degree of humification. It is high in undecomposed peat, but decreases 
to become insignificant when the soil is completely decomposed. 

The coefficient of earth pressure at rest in the normally consolidated 
state , Kone• has been evaluated from oedometer tests and triaxial 
tests and has been found to vary between 0.5 and 0.6 for all the 
investigated soils. The observed trend is that K slowly

one
decreases with increasing organic content . The organic contents in the 
investigated soils varied from 3-4% to about 30%. 

Triaxial tests showed that in undrained tests the stress-paths within 
the yield surface were approximately vertical in a q-p'stress space . 
This means that initial pore pressure changes at an undrained stress 
change can be calculated in the same way as for inorganic clays from 
t he assumption that within the yield surface the isotropic mean 
effecti ve stress, p', remains constant. 

The failure mode, however, differs. Failure in an active compression 
test on a soil with a significant content of organic fibres occurs 
when the increasing pore pressure has brought down the effective 
horizontal stresses close to zero. Failure then mainly occurs as 
vertical cracking of the sample. Correspondingly, failure in a passive 
extension test occurs when the effective vertical stress appr oaches 
zero and the sample is cut off in a horizontal plane. 

Failure in undrained tests on organic soils occur a t fairly large 
deformations. As the volume during the test is constant, this implies 
that there are large tensile strains in the minor stress direction. 
The cracki ng of the sample can therefore , as expl ained by Janbu 
(1979} , partly be considered as tensile strain cracks, which are no t 
necessarily associated with tensile stresses. An evaluation using 
Mohr-Coulomb criteria i s not appropriate as the theory does not allow 
for this type of failure . 

The results from oedometer tests indicate that a proper testing rate 
in undrained strength tests should be ten or more times s lower than 
the standard rate of strain used for testing of inorganic clays. This 
procedure would be very time consuming. The combined results from the 
Swedish and the Finnish investigations show that the reduction factor 
to be applied to test results obtained at the normal rate of 
deformation in order to make them correspond to a one decade slower 
rate is 0.9 and the minimum correcti on factor t o be used for extremely 
s low rates is around 0.85. These values seem to be fairly constant. 
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Direct simple shear tests are shown to be the type of test that gives 
the most relevant value of the undrained shear strength. Performing 
this type of test on soils with extremely low preconsol idation 
pressures is associated with special problems. In the relatively 
simple apparatus normally used in Sweden, the minimum vertical stress 
is about 20 kPa and direct normalization of the undrained shear 
strength against the preconsol idation pressure is not quite applicable 
for this type of soil . Several tests with varying preconsolidation 
pressures may therefore have to be performed in order to enable 
extrapolation of the results to the actual stress level in the ground . 

All testing and especially normalization and comparisons are unusually 
difficult, as it is very small numbers that are compared and divided, 
and variations and inaccuracies make the relative scatter rather 
large. Even so, all the normalized results show that for a given 
preconsolidation pressure the undrained shear strength in all loading 
modes becomes higher when the organic content increases and the 
organic matter to a large extent consists of fibrous matter. This 
increase starts at an organic content around 2 % and continues non
linearly up to an organic content of about 20 %, where it evens out . 
The results generally confirm the limits for organic contents used in 
the Swedish classification system. 

The deformations at failure in triaxial tests increase with increasing 
organic content and liquid limit. The deformations at failure are very 
similar in active and passive tests and no significant peaks are 
obtained in slow tests . 

The sensitivities of soils with an organic content follow the general 
pattern in that they increase with increasing liquidity index. In 
comparison with normal values for inorganic soft clays with 
corresponding liquidity index, they are generally lower. 

Comparisons between strength values obtained in field vane tests and 
fall cone tests and the results of the laboratory tests and, in t hose 
cases where s uch data are available, large scale field tests s how that 
the recommended correc tion factors are generally applicable . The 
procedure described in SGI Information No. 3 to estimate if the 
results are normal and if t he correction factors can be assumed to be 
applicable has to be followed, however. In some cases with obviously 
abnormal strength values, the deduced correction factors deviated 
strongly from the general values. 

The results from investigations in "svartmocka" show that the real 
strength of the material i s quite normal for soils with corresponding 
liquid limits and or ganic contents free from sulphides. The main 
difference is t hat both the field vane test and the fall cone test 
seem frequently to yield abnormally high strength values, which 
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correspondingly have to be reduced much more than the general 
correction specifies. The reason for this is not known, but special 
care should be taken when these methods are used in "svartmocka" . 
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2. INTRODUCTION 


Fine-grained soils with organic content are common in Sweden. Even the 
glacial clays often contain minor amounts of organic material. This 
content gradually increases in the younger post-glacial clays as the 
biological activity increased during the period of their deposition. 
The upper layers in clay deposits in Sweden therefore often contain 
significant amounts o f organic matter. In many areas, the content is 
so high that the soils are classified as organic clay or gyttja. In 
other areas where lakes were overgrown and peat bogs were formed, the 
peats often lie on top of deposits of gyttja and organic clay. 

"Organic soils" or "soils with an organic content" has often been a 
concept with various meanings in geotechnical engineering and the 
rules for division into different groups have often been rather 
diffuse. The rules for division of the soils into organic soils, 
mineral organic soils, organic mineral soils and mineral soils have 
varied between different countries and different sciences. The 
previously commonly used method of measuring the organic content, the 
l oss on ignition method, has also been rather approximate and contains 
numerous sources of errors. Soils rich in sulphides and so called 
"svartmocka", which mainly consists of sulphide-rich silt, have often 
generally been designated as organic soils. They may or may not 
contain significant amounts of organic matter, but the loss on 
ignition is always high because of the sulphides. In the same way, 
sediments rich in cal cium carbonates have often incorrectly been 
des ignated as organic soils. There is therefore r eason to be very 
cautious when using data and conclusions from older investigations on 
"organic" soils. 

Better methods for analyses have been introduced and new and stricter 
rules for classification of organic soil s and calcareous soils have 
been introduced. There are, however, at present no rules for 
classification of soils according to the content of sulphides. 

The organic matter can occur in many forms, mainly ranging from 
organic substances in the pore water to aggregates formed of organic 
and mineral matter and pure organic particles in the soil matrix. 

Minor amounts of organic compounds have been shown to affect the 
sensitivity of the soil and may be a contributing factor at the 
formation of quick clays, (Pusch 1973, Soderblom 1974). Organic 
colloids in the pore water decrease the permeability of the soil and 
an increasing amount of organic matter also affects the deformation 
properties. 
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It is uncertain whether the presence of aggregates of organic-mineral 
matter has any significant influence on the strength and deformation 
properties of the soil, but large amounts, as in the type of soil 
called "svartmocka", certainly seem to affect the results of some 
geotechnical testing methods such as the fall cone test, the fiel d 
vane test and the determination of organic content by the loss on 
ignition method. 

When the soil matrix starts to contain significant amounts of 
undecomposed remnants of plants there is a gradual change in 
behaviour. In this case, the soil contains increasing amounts of short 
elastic fibres with a tensile strength and a preferred horizontal 
orientation. The contact points in the soil matrix change from 
mineral-mineral to mineral-organic and organic-organic. This results 
in changes in shear strength values, shear strength anisotropy, mode 
of failure, elasticity and anisotropy of permeability. 

Common features for almost all the organic soils are that they have 
very low e ffective densities and are located near the ground surface 
in areas with high ground water levels. Most of them have therefore 
consolidated only for very low effective stresses and are very 
compressible. This fact, coupled with a very low permeability and high 
rates of so called "secondary consolidation", makes the consolidation 
process very time consuming. The organic matter, if fibrous, seems to 
somewhat increase the shear strength of the soil, but because of the 
low preconsolidation and the slow consolidation process, both the 
strength and the gain in strength with time are low. Due to the highly 
elastic nature of the soil, the shear deformations also become large. 
Engineering in these soils is therefore an unusually difficult task. 

The changes in behaviour of the soil when the organic content 

increases also affect the testing of the material and t he 

interpretation of the results. The standard procedures and 

interpr etation methods elaborated for inorganic soils are not 

necessarily appropriate for organic soils . 

The present i nvestigation has been made in order to highlight some of 
these aspects and to find suitable testing procedures for fine - grained 
soils with organic contents. 
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3. PREVIOUS INVESTIGATIONS 


Previous investigations concerning the way in which the organic matter 
influences the geotechnical properties of fine- grained soils have been 
made by Pusch (1973} and by Slunga (1983). Pusch mainl y investigated 
the effect of relatively small amounts of organic matter on the 
properties of clays. A comprehensive description was given of the 
origin of and the different processes leading to different kinds of 
organic matter and t he current composition of glacial and postglacial 
clays. Electron-micrographs were used to i llustrate various forms of 
organic matter in the soil. From this investigation it was concluded 
that even small amounts of organic matter may affect the sensitivity 
of the soil and that the organic content strongly affects the 
deformation properties. 

The investigation reported by Slunga (1983} was mainly concerned with 
the shear strength of fine-grained organic soils and the applicability 
of the usual correction factors for results from field vane tests. Six 
different clays and gyttjas with organic contents ranging from <2 to 
about 14 %were investigated. The shear strength was measured by field 
vane tests in the field, and triaxial tests and direct shear tests in 
the laboratory were used as references. The triaxial tests were 
performed in large series with varying rates of deformation in order 
to determine the rate effects . The results indicated that the usual 
correction factors could be used also for thi s type of soil . 

In thi s inves tigation, a l s o diffe r ent methods to determine the organic 
content in soil were s tudied. Among them was the colorimetric method, 
whi ch has late r become a standard method also in Sweden. A more 
detailed report with all the test results from this investigation has 
been given by the Geotechnical laboratory at the Technical Research 
Cent r e of Finland {1982}. 

At the Swedish Geotechnical Institute , investigations relating to the 
present study have been made by Inganas (1978} concerning the 
permeability in organic soils and by Carlsten {1988) concerning the 
behaviour of peat. 

The behaviour of "svartmocka" has been investigated by the Swedish 
Road Administration {unpublished} . On a basis of 5 f ailures that had 
occurred, it was t entatively suggested that a correction factor of 0.5 
s hould be applied to strength values obtained by field vane or fall 
cone tests in this type of soi l. Further investigations by Schwab 
(1976} in three sites with "svartmocka" also indicated that lower 
correcti on factors should be used than those normally applied to other 
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fine-grained soil s, even if not quite as low as 0.5. The results from 
a test embankment on "svartmocka" reported by Holtz and Holm {1973), 
on the other hand, indicated that normal correction factors could be 
used for that case. The latter investigations show, together with data 
from Pusch {1973), that the organic content is grossly overestimated 
if it is determined from loss on ignition al so when the usual 
correction for clay content is applied. 
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4. SCOPE OF THE PRESENT INVESTIGATION 


The present investigation has been aimed at: 

• finding s i mple and reliable methods to determine the organic 
content, the carbonate content and the sulphide content in soils, 
(reported by Larsson et al 1985) 

• studying present techniques for consolidation testing in the 
laboratory with special reference to their applicability to organic 
clays and gyttjas and, if need be, to find more suitable test methods . 
(Partly reported by Larsson and Sallfors 1985) 

• finding new ways to calculate settlements and deformations in soft 
soils with strongly time dependent stress strain relations, such as 
organic clays and gyttjas. (Reported by Larsson 1986) 

• evaluating the applicability of different types of tests to 
determine the undrained shear strength and of existing correction 
factors for field vane tests and fall cone tests in organic clay and 
gyttja. (Partly reported by Larsson et al 1984) 

Furthermore , the influence of the organic content on properties as 
sensitivity, permeability, coefficient of earth pressure at rest, 
anis otropy of permeability and undrained shear strength and on the 
shear strength normalized against the preconsolidation pressure has 
been studied . 

Rate effects in triaxial testing have been studied together with the 
deve lopment of pore pressures in undrained tests and the influence of 
the organic content on the stress-deformation curves and the failure 
strains. 

The structure and the composition of the investigated soils have also 
been studied in a scanning electron microscope at Linkoping University 
and X-ray diffraction has then in some cases been used to determine 
the nature of various particles or aggregates in the soil. 

Six different clays and gyttjas have been studied in detail. 

The results from this investigation have been combined with the 
earlier reported investigations and certain data obtained in related 
research and consulting investigations at the Institute. 
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5 . 	 ORGANIC SOILS IN SWEDEN WITH 

SPECIAL REFERENCE TO ORGANIC 

CLAY AND GYTTJA 


5.1 Origin 

The organic ma t ter in soils originates from living plants, animals and 
organisms , forming biogenic matter in contrast to mineral matter. 
Aquatic animals and organisms form the basis, or part of it, in many 
of the more or less biogeni c sediments . 

In more recent formations, much of the biogenic matter originates 
directly or indirectly from pl ants. Animal life on the continents 
plays a relativel y small role from a geological point of view . 

The 	 various organic soils are formed at the decomposition of the dead 
organic 	substances originating from plants, animals and organisms. 
This 	 process takes place in different ways, mainly by bacterial 
acti vity, and is intensified by a warm climate, suitable humidity and 
access 	 to oxygen from the air. The processes are mainly as shown in 
FIG . 	 1 . 

Complete oxidation C0 . H 0 elc.
2 2

( main! 	 in !he lro 1cs I 

L iving plants Dead organic Incomplete oxidation 
and animals substance and decomposition 

} Relat,vely fast 
n ::~,~:eosMicroscopic Dead organic 0 

plants and animals ,_____ substance Humus 

n swampy 
areas and lakes. 

Peal and dyEspecially anaerobic t
reduction in water 	 Relatively slow 

Gyllja 

Fig. 1. 	Schematic process at decomposition of biogenic matter. After 
HaHden (1961). 
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Parts of the plant and animal remains cannot decay into humus or 
gyttja . Shells and the small but resistant Si O2 skeletons of diatoms 
and needles of sponge animals are preserved in the soil. 

Organi c matter in soil is usually identified by its ability to be 
combusted. 

Humus is a dark substance with colloidal structure. The destruction 
process from dead organic substances to humus, which is the solid 
product of the process, is called humification. The process takes 
place with aid of fungae, bacteria and other organisms. 

The further decomposition processes are in dry areas so rapid that the 
thickness of the topsoils seldom exceeds a few tenths of a metre. In 
swampy areas, the processes are slower as lack of oxygen delays the 
oxidation. Access to air is prevented and the water in these areas may 
be almost totally devoid of free oxygen from dissolved air. In the 
upper layers, there is usually a certain amount of oxygen from 
precipitation, contact with the air, flowing water and fluctuating 
water levels. Some of this oxygen may penetrate also to deeper layers. 
Also in the absence of free oxygen, the decay proceeds in the form of 
fermentation and putrefaction. This is evidenced by the evolution of 
gaseous products, such as methane and sulphuretted hydrogen. Other 
sulphides and compounds devoid of oxygen are also produced. These 
anaerobic processes are much slower than the decay when there is 
access to free oxygen. 

The formati on of peat areas mainly occurs in humid parts of the 
temperate climate zones. Mires will form and peat accumulate wherever 
the condi tions are favourable, irrespective of altitude or latitude, 
but a r e mai nly located in t hose parts of the world where the climate 
is relatively cold and we t, as in Sweden. 

Peat originates from plants and denotes the various stages in the 
humification process where the plant structure can still be discerned. 
!!_l denotes the various stages in the humification process where the 
plant structure i s completely destroyed. Peat is a sedentary soil 
which has been formed in place from the original material. Some types 
of dy are also formed in place, where t hey constitute the highest 
degree of humi fication of the peat. Other types of dy have been 
transported by water and precipitated in a colloidal form in 
environments with low contents of calcium. 

Gyttja originates from r emains of plants and animals rich in fats and 
proteins, in contrast to peat which is formed from remains of plants 
r i ch in carbohydrates . Dead microscopic aquatic animals are dissolved 
and decomposed with the aid of bacteria to a flocculent substance, in 
which mineral particles and l ess decomposed remains of plants and 
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animals are embedded. Further decomposition occurs with the aid of 

organisms living in the substance, such as worms and larvae. 

Fermentation processes generating sulphuretted hydrogen and methane 

complete the formation of gyttja. 

Gyttja formed in nutritious water is greenish in colour. In less 
nutritious environments, the gyttja becomes brown from mixing wi th 
brown-black dy. Gyttja has a more or less elastic consistency which is 
sometimes almost jellylike. Dy has a stickier consistency. 

Gyttja formed in areas with calcareous soil often occurs as a 
transitional form between gyttja and marl called calcareous gyttja. 

Depending on the content of mineral particles there are a number of 
various soils, such as clayey gyttja, organic clay etc. Due to the 
increasing biological activity at deglaciation, postglacial clays in 
general contain some organic matter. 

5.2 Distribution of organic soils in Sweden 

The areas with organic soils in Sweden are relatively large. Exact 
figures, however, cannot be given. In general, the peat areas alone 
cover a fifth of the total area of the country. The largest peat areas 
are l ocated in the northern part of the country, but also in southern 
Sweden about 8 %of the area is covered by peat. The distribution is 
uneven, FIG. 2. 

Estimating the distribution of the other types of organic soil is more 
difficult. A coarse method is to study existing maps of clay areas in 
Sweden and the compositi on of the topsoils in the cultivated areas, 

FIGS. 3 a and b. 

The map of the clay areas includes glacial clays , postglacial clays 
and moraine clays. As can be seen from the map over the topsoils, a 
large portion of the areas along the nort hern coast denoted as clay 
areas in FIG. 3a should rather be called silt areas. The clay areas in 
southernmost Sweden contain moraine clays. 

Regarding the distribution of glacial and postglacial clay , the 
general rule is that topographically lower lying parts mainly contain 
postglacial clays. This is especially pronounced on the Swedish west 
coast , where the postglacial clays are totally dominant in the main 
parts of the valleys. The glacial clay i s here found below the 
postglacial clay and in narrow zones al ong the valley sides. 
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Fig. 2. Peat areas in Sweden. I
;· 

Grey areas represent 
bare rock, 
(Magnusson et ai 1963). 

The glacial clay is inorganic 
from a classification point 
of view, even if very small 
amounts of organic matter may 
occur also in these soils. 
The deposition of postglacial 
clay started at a time when 
large parts of the l and were 
submerged under the sea. At 
the same time as the inland 
ice retreated, the 
temperature rose and thereby I• 

I 

~00,...also t he biological activity 
in the areas now free from 
ice. This brought an increase 
in the amount of plant and animal remains in the sediments that were 
deposited. Lakes and seas s l owly became shallower by accumulation of a 
mixture of mineral and organic material on t he bottom and by the 
ongoing land- heave bays were cut off from the sea and became lakes and 
marshes. Soils such as organic clays, cl ayey gyttjas and gyttjas were 
formed as the organic content increased. The postglacial clays, which 
are located to the topographically lower areas, thus to a large extent 
became overlain by soils with increasing organic contents. The 
thicknesses of the deposits vary from place to place. Deposits of 
postglacial clay of 10 to 20 metres are common, but the thicknesses 
may in extreme cases exceed 100 metres. The overlying deposits of 
soils designated as organic mineral or organic soils may be up to 10 
metres thick. 
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Fig. 3a. 	Clay areas in Sweden. From Atlas over Sverige, bl 15-16. 
(Magnusson et al 1963). 

Fig. 3b. 	Fine-grained topsoi ls in cultivated areas. 

(Magnusson et al 1963). 
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Gyttja and organic clay occur fairly frequently in the low lying and 
densely populated areas across central Sweden and along the west 
coast. 

The different soi l layers in a profile contain various amounts of 
calcium. Apart from the clay parti cles originating from lime- rich 
rock, also dissolved calcium was precipitated and even in the early 
stages various amounts of shell-bearing organisms were deposited. The 
remains of these may be microscopic and evenly distributed in the 
soil, but also wave- washed layers of shell soil occur. The carbonate 
contents in different layers thus vary depending on the environment at 
deposition. In the dry crust and other zones affected by climatic 
conditions, the carbonate contents have later often been strongly 
reduced due to weathering and leaching. 

Relatively high carbonate contents are frequent in Sweden. In 
determination of organic content by the loss on ignition method, they 
constitute a large source of error that previously in many cases has 
not been observed. A soil profile from a valley on the Swedish west 
coast is shown in FIG. 4 . 
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Fig. 4. Distribution of certain chemical and physical parameters in a 
soil profile from the Swedish west coast. From Cato 1981. 
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In some areas, the lakes were overgrown and became swamps and fens 
where different types of peat were formed. Such areas were also 
created in higher regions by topographical conditions leading to high 
ground water levels and marshes. 

In clay sediments, there are also often layers containing remnants of 
decomposed organic material, which during processes occurring in a 
reducing environment have been transformed to ferrous sulphide, among 
other things. The ferrous sulphide, which in pure form is completely 
black, occurs as dark spots, patches, bands or completely colours the 
soil even at moderate contents. 

In Finland and northern Sweden, a special type of mass transport took 
place. Because of the land heave and the narrow fjord-like creeks, the 
rivers started to erode through the earlier deposited deltaic 
sediments. The sediments were redeposited further and further away as 
the coast line was moved. The redeposition occurred in smooth water 
along the rivers and along the coast. Thick layers of silt and clay 
mixed with dead algae and remains of animals were formed. The 
deposition was made in a reducing environment. The decomposition of 
the organic matter in this environment created a special type of soil 
called "svartmocka", which covers large parts of the coastal areas of 
the Gulf of Bothnia but is confined to this region. It consists of 
silt and clay with a r elatively high content of amorphous ferrous 
sulphide and the colour is black. The sulphide clay in general has a 
high silt content. The content of gyttja in "svartmocka" varies, but 
is usually relatively low. 

A detailed description of the various kinds of organic substances and 
the processes forming t hem in clays with organic matter has been given 
by Pusch (1973). The formation of mires and peat bogs has been 
des cribed by Hobbs (1986), among others. 

5.3 Classification of organic soils 

Classification of organic soil with respect to its colour, consistency 
and combustible organic substance has been made for geotechnical 
purposes in Sweden for many years, e.g. SGI Meddelande No. 5 (1959). 
The combustible organic substance was then measured as loss on 
ignition with some kind of correction. 

The rules for classification now used are in accordance with the 
Swedish geotechnical classification system worked out by Karlsson and 
Hansbo (1984) in cooperation with the Laboratory Committee of the 
Swedish Geotechnical Society. 
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In this system, the soils are classified with respect to their mode of 
formation as well as their composition. Organic soils, calcareous 
soils, shell soils and sulphide soils are also distinguished. 

Organic mineral soils and medium-organic soils are classified on a 
basis of the content and the type of the organic material and of the 
composition of the mineral material, TABLE 1. 

Table 1. 	Guiding values for the classification of soils on a basis of 
organic content. After Karlsson and Hansbo (1981). 

Soil group 	 Organic content in weight Examples of designations 
%of dry material (<2 mm) 

Low-organic soils 2-6 	 Gyttja-bearing clay 

Dy-bearing silt 

Humus-bearing sand 


Medium-organic soils 6-20 	 Clayey gyttja 

Silty dy 

Humus-rich sand 


High- organic soils >20 	 Gyttja 

Dy 

Peat 

Humus-rich topsoil 


The nature of the organic material is identified by its mode of 
formation, by inspection and by certain simple tests. 

Gyttja is normally greenish in colour, but can be brown. It bleaches 
on drying, usually to a grey colour. In the wet state, gyttja has an 
elastic, rubbery consistency. It has a brittle rupture in bending and 
tension. It shrinks strongly on drying to form hard lumps with low 
density. 

A special type of gyttja, "algae gyttja", almost exclusively 
originates from dead algae and the content of plant remains is small . 
It has a jelly-like consistency, is often brightly coloured and is 
very elastic. This type of gyttja is r e latively rare and no such soil 
is included in the present investi gation. 

Clayey gyttja has in the damp state a green-grey colour. It differs 
from gyttja in the wet state in that it feels sticky, due to the clay 
content. 
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Gyttja-bearing clay has in the damp state a dull, slightly greenish, 
often dark colour, sometimes brown due to the presence of dy, 
sometimes black or with black patches due to ferrous sulphide. Gyttja
bearing clay is less elastic and less brittle than gyttja. On the soil 
surface it often cracks in a characteristic cubic pattern. 

Gyttja-bearing silt and sand 	are seldom encountered. 

Alkali extracts of gyttja-bearing soils are light yellow or light 
green in colour. 

Calciferous gyttja can be distinguished from marl by lowering a sample 
into a beaker containing dilute hydrocloric acid. If the sample 
consists of calciferous gyttja it will retain its gyttja skeleton. 

~ consists of a dense, black or brown soil which, besides dy matter, 
also contains peat or gyttja matter and mineral particles. Pure dy is 
seldom seen. On drying, dy retains its dark colour. In contrast to 
gyttja , dy is relatively inelastic and has a mushy consistency. Like 
gyttja, it shrinks strongly on drying to form hard, very light lumps. 

Sand or silt can often be mixed with dy, giving rise to intermediate 
forms such as sandy or silty dy or dy with sand or silt layers. Dy
bearing clay is uncommon. 

Alkali extracts of dy have a 	dark colour. 

The classification and division of peat is in practice based on ocular 
inspection of the structure and consistency and on the squeezing test 
according to von Post (1921). For many engineering purposes only a 
coarse division is made into three types, TABLE 2. 

Table 2. 	Classification of peat on a basis of decoTTTposition on t he von 
Post scale. After Karlsson and Hansbo (1981). 

Designation Group 	 Descripti on 

Fibrous peat Hl- H4 	 Low degree of decomposition. Fibrous 

structure. Easily recognizable plant 

s tructure, primarily of white mosses. 


Pseudo-fibrous peat H5-H7 	 Intermediate degree of decomposition. 

Recognizable plant structure . 


Amorphous peat H8-H10 	 High degree of decomposition. No visible 
plant structure. Mushy consistency . 
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Fi brous peat is low-humified and has a distinct plant structure. It is 
brown to brownish-yellow in colour. If a sample is squeezed in the 
hand, it gives brown to colourless, cloudy to clear water, but without 
any peat matter. The material remaining in the hand has a fibrous 
structure.(Degree of decomposition on the von Post scale; Hl - H4} 

Pseudo-fi brous peat is moderately humifi ed and has an indistinct to 
rel atively distinct plant structure. It is usually brown. If a sample 
is squeezed in the hand, less than half of the peat mass passes 
between the fingers. The material remaining in the hand has a more or 
less mushy consistency, but has a distinct plant structure, (H5- H7}. 

Amorphous peat is highly humified. The plant structure is very 
indistinct or invisible. It is brown to brown-black in colour. If a 
sample is squeezed in the hand, more than half of the peat mass passes 
between the fingers without any free water running out. While 
squeezing, one can only feel a few more solid components such as root 
fibres, wood remnants, etc. These constitute any material remaining in 
the hand, (H8-H10). 

Calcareous soils are classified on the basis of their content of 
calcium carbonates. 

Presence of sulphides is always noted at classification of soils but 
the designation sulphide soil or "svartmocka" is used exclusively for 
the sulphide-rich soils in the coastal areas around the Gulf of 
Bothnia. No classification based on the content of sulphides has been 
made so far. 
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6. 	 SPECIAL PROBLEMS INVOLVED AT 
SAMPLING AND TESTING OF SOILS 
WITH ORGANIC MATTER 

The soils in Sweden that contain significant amounts of organic matter 
are in general more difficult to sample and to test than inorganic 
clays. An increasing amount of fibres makes it more difficult to 
produce clean cuts at sampling and further trimming of specimens. The 
organic matter also leads to a more elastic and time dependent 
behaviour of the soil. In sampling with piston samplers, great care 
has to be taken to avoid unnecessary inner clearances in the samplers, 
to provide sufficient waiting time for the soil to adhere to the walls 
of the internal liners or sample tubes and to withdraw the sampler 
carefully, thereby avoiding any unnecessary suction on the samples. 
The samples otherwise have a strong tendency to elongate because of 
the stress relief at sampling and thereby often become decreased in 
diameter so that they do not quite fill the sampling tubes . 

This tendency to elongate continues with time after sampling. There is 
usually also some biological activity in the samples, which will 
increase if the temperature is raised. If the samples are exposed to 
free air the chemical environment changes, whereby oxidation and 
certai n changes in properties may occur. It is the refore important 
that the s amples be well seal ed, stored at ground temperatures and 
t ested within a s hort time after sampling. 

The elasticity of the soil entails that criteria often used to 
estimate the quality of undisturbed samples in inorganic soils are not 
applicable to soils containing organic matter. The strain at failure 
in s hear strength tests increases with the organic content and is not 
a measure of the quality of the samples. In oedometer tests, the 
strain upon reaching the preconsolidation pressure is often in the 
order of 4 5 %. Nevertheless, experience has shown that the 
preconsolidation pressure and all other consolidation parameters can 
be evaluated with a satisfactory degree of accuracy, (Sallfors 1975, 
Larsson 1986). 

The soils containing organic matter often have very low 
preconsolidation pressures and are highly compressible. Due to t heir 
low preconsolidation pressures they also have low shear strengths . 
Testing in the preferred way with samples reconsolidated to in situ 
stresses in direct simple shear tests and triaxial tests therefore 
means t esting at very low stress levels. This puts special demands on 
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stress applications and measuring accuracy that often cannot be met 
with standard equipment. Sources of errors in the tests, such as 
friction and stresses in the membranes, also exert great i nfluence and 
shoul d preferably be eliminated. In the Swedish type of direct simple 
shear apparatus, which has a minimum vertical stress of 15-20 kPa, 
some sampl es cannot be tested at in situ stresses. One method often 
used is to run the tests on samples that are consolidated for higher 
stresses and then normalize the results against the preconsolidation 
pressure. In the case of soils with organic matter, a consolidation 
for higher stresses involves large deformations and significant 
changes in the soil structure. It has also been shown that the 
strength properties are not linearly related to the preconsolidation 
pressures in these soils, but several tests have to be performed in 
order to allow non-linear extrapolation of the results, (Bergdahl et 
al 1987) . 

When normalization is used, this puts high demands on accuracy in the 
determination of the preconsolidation pressure. This determination can 
be made with fairly good accuracy, but the relative scatter increases 
with decreasing preconsolidation pressures. Several tests may 
therefore be required to obtain a reliable average value. When the 
results of tests performed at in situ stresses are normalized, the 
scatter becomes unusually large as it consists of two relatively small 
numbers, which both have relatively high scatter, which are compared 
to each other and the scatter is magnified. 

In routine testing of soils with organic matter, there are also 
special problems. The liquid limit of the soil can be determined 
either by the fall cone method or by percussion in the Casagrande 
device. In inorganic clays, the r esults from the two types of t est are 
us ual l y very similar, but in organic clays there is a clear trend that 
the latte r limit becomes higher, (e.g. Karlsson 1981). One reason for 
this may be that the energy applied to the soil in the percussion test 
depends on its own dens ity, which becomes lower when the organic 
matter increases. In Sweden, the fall cone method is the standard 
method and has been used exclusively in the present investigation. In 
s ome of the related investigations both methods have been used. 

The grain size analyses by sedimentation tests are affected by the 
organic matter in the soil. Traditi onally, this matter is removed by 
oxidation with hydrogen peroxide and washing. This is a very tedious 
procedure, which also may involve some unwanted changes in the soil. 
Parallel to the traditionally treated samples, sedimentation tests 
have also been performed on s amples where only the salts in the pore 
water have been washed away . After correction for the weight of the 
organic matter , the results seem to be compatible, (Larsson 1985). 
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The organic content of the soil has until a few years ago mostly been 
estimated from loss on ignition for geotechnical purposes . This has 
been shown to be highly erroneous in soils containing carbonates or 
sulphides, which are both frequent in Swedish soils. In soils free 
from sulphides, the loss on ignition can be used if both the carbonate 
content and the clay content are determined and corresponding 
corrections are applied. All values of organic content in fine-grained 
soils determined by loss on ignition where these corrections have not 
been applied must be treated with great caution. For soils containing 
sulphides, the method cannot be used as there are no rules for 
correction for sulphide content. 

Today, the loss on ignition method is used at the Swedish Geotechnical 
Institute only for soils with high organic contents, 20 %or more, and 
which are mainly free from carbonates. For all other soils, the simple 
colorimetric method with wet combustion and determination of intensity 
of colour in a photometer is used. 

In Sweden, the undrained shear strength in fine-grained soils is 
normally determined by vane tests in the field or by fall cone tests 
in the laboratory. Both tests give similar values and the results have 
to be corrected before they are used in calculations. This correction 
is based on and increases with the liquid limit. Increasing organic 
contents generally involve increasing liquid limits and in organic 
soils correction factors down to 0.5 may have to be applied. This 
procedure in general works out fairly well in organic clay and gyttja, 
but in "svartmocka" the scatter is great. Schwab (1973} suggested that 
screw-plate tests could be used in this type of soil. 

Lately, the dilatometer has been shown to give representative values 
of the shear streng th in organic clay and gyttja,(Larsson and 
Eskilsson 1989}. No similar research has been made in svartmocka. 

Research on the combined cone penetration and pore pressure sounding 
test, (the piezocone or CPTU-test}, is currently being carried out in 
both organic and inorganic soft soils. 
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?. METHODS USED IN THE PRESENT 
INVESTIGATION 

7.1 Sampling and field testing 

At each site, samples were taken at every metre of depth in 10 
boreholes located in a square pattern with c/c 2m. In some cases, 
where the organic layers had a more limited thickness, samples were 
taken at every 0.75 metre of depth. The samples were taken with a 
Swedish standard piston sampler, which gives three samples 170 mm long 
and 50 mm in diameter at each sampling depth, (Kallstenius 1963). The 
samples were carefully brought into the laboratory, where they were 
stored in humid rooms at a temperature of 7° C. Of the three samples, 
only the lower two are used for qualified testing. The upper sample is 
used for visual inspection, determination of organic content, grain 
size analyses and other tests which do not require an undisturbed 
sample of the highest quality. Testing of the samples in the 
laboratory commenced as soon as they were brought in. 

In the field, vane tests were performed at both sides of the sampling 
area. The tests were performed with the Geotech lightweight equipment 
and with the standard procedures for installation and rotation of the 
vane. These procedures specify that rotation of the vane shall start 
within 5 minutes of its installation and that failure shall be 
obtained within 1 to 3 minutes of rotation time. The vane size was 65 
x 130 mm and all other dimensions were in accordance with the 
specifications . The tests were performed at the same depths as the 
samplings and the results from the different vane tests were very 
uniform. The ground water level at the time for the sampling was 
observed in open boreholes. 

The procedure described above was used at the four new test fields. At 
the old test fields, the vane testing was omitted as such data were 
already available and sampling was made only to enable certain 
supplementary tests. In many of the old investigations and in some of 
the supplementary tests in other investigations, the heavier SGI-type 
of field vane equipment was used. The dimensions and procedures are 
basically the same as for the Geotech equipment and the results are 
normally compatible, except for varved and highly stratified soils 
where the disturbance at installation of the vane is unusually high. 
The results frdm both types of test are corrected in the same way on 
the basis of the liquid limit of the soil. 
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The relevance of the normally used correction is, as a first step, 
judged on the basis of the relation between the obtained uncorrected 
shear strength value (~vane)• the preconsolidation pressure (o'c) and 
the liquid limit (wL). The normal relation is ~vane= a'c · 0.45 wL. 
If the uncorrected shear strength value is significantly higher than 
this relation yields, there is a great risk that the strength value 
will have to be reduced more than the general correction specifies. If 
the uncorrected shear strength value is significantly lower, 
supplementary tests will probably give higher values of the shear 
strength. 

Later, in 1989, when the dilatometer tests were performed in the new 
test fields, the pore water pressures were also measured at different 
levels in the soil profiles. 

7.2 Laboratory tests 

7.2.1 Routine tests 

In the laboratory, the usual properties bulk density, natural water 
content, liquid limit and plastic limit were determined. The Swedish 
routine also includes determination of undisturbed and remoulded shear 
strength by the fall cone test. The liquid limit was determined by the 
fall cone method, (Karlsson 1981). 

7.2.2 Classification tests 

The organic content was determined by a large number of both simple 
and more qualified methods. The more qualified methods and the simple 
colorimetric method gave compatible results, which have been used. 

The carbonate contents were determined by a simple method devised by 
Mourn {1967} which also was shown to give compatible results with more 
advanced methods . 

In a few cases, the sulphide contents have been determined by a 

relatively simple method suggested by Svensson {1983) mainly based on 

Steinrath {1966). 

The methods used for determination of organic content, carbonate 
content and sulphide content are described in detail by Larsson et al 
{1985). 

The grain size distribution was determined in sedimentation tests and 
measurements with the suspended glass body method used at SGI, 

(Karlsson 1973). 
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7.2.3 Microscope studies 

The general structure of the soils was studied on freeze-dried 
specimens . The dry specimens were broken to give horizontal and 
vertical fracture surfaces before they were mounted and coat ed for 
microscopy. The microscope studies were made at the University of 
Linkoping using a scanning electron microscope of the Cambridge type 
equipped with facilities for x-ray diffraction. The usual procedure 
was to first scan the whole fracture surface and locate a 
representative area. This area was then successively magnified and 
photographed. In some cases individual particles and aggregates were 
x-rayed in order to establish their composition. 

7.2.4 0edometer tests 

The oedometer tests were performed both as step-loaded tests and as 
tests with constant rate of deformation, CRS-tests. Series of tests 
were performed for each sampling level at each site. 

The step-loaded tests were performed in a type of oedometer designed 
at SGI, which can also be modified for direct simple shear tests. The 
specimens are 50 mm in diameter and 20 mm high and are confined in a 
ceramic ring. The ring is greased with a silicone compound and the 
specimen is pushed directly from the sample tube into the ring by a 
special extruding jack. The ends of the specimen are cut by a thin 
stretched piano-wire and are carefully scraped off to be flush with 
the end planes of the ring. The ring is then placed in the oedometer 
in the loading frame, where filter-stones provide drainage at both 
ends, FIG. 5. 

The series of step-loaded tests were performed in such a way that six 
specimens from the same sample tube were mounted at the same time in 
six oedometers in a row. The first load steps were then sli ghtly 
varied in the different oedometers, e.g. 3.5, 4, 4 . 5, 5, 5.5 and 6 
kPa. The load steps were applied for 24 hours and were then doubled. 
The 24-hour readings were plotted together in a single diagram and in 
this way an oedometer curve with six times as many points as usual was 
obtained, leaving very little room for subjective interpretation . 

The preconsolidation pressure was evaluated according to the widely 
used Casagrande (1936) method, which is the usual procedure for such 
tests. 

From the step-loaded tests also t he coefficient of secondary 
consolidation, as, was evaluated as the slope (d£/dlog t) of the time
settl ement curve at the end of each l oad increment, FIG. 6. 
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Fig. 5. SGI oedometers for step-loaded tests. 
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The CRS-tests, i.e. oedometer tests with constant rate of strain, are 
in reality performed with constant rate of deformation, but the 
notation "CRS-test" for this type of test is internationally used. 

In the CRS-test, the specimen is mounted in the same way in a ring 
with identical dimensions as in the step-loaded test. It is then 
placed in an oedometer where drainage is allowed at the top surface 
only. The oedometer is placed in a compression test machine and the 
sample is compressed with a constant rate of deformation. During the 
compression of the sample the deformation, the applied load and the 
pore pressure at the lower undrained end of the sample are 
continuously recorded, FIG. 7. 

LOAD Clll 

COMPRESS I ON 

MACH INE 

Fig. 7. Oedometer for CRS-test. 
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From the tests, continuous curves are obtained for the relations 
effective vertical stress versus deformation and permeability versus 

deformation. From the f i rst relation, a continuous curve for the 
variati on of the compression modul us with effective str ess can be 

evaluated, FIG . 8 . 

EFFECTIVE VERTICAL STRESS. kPo 

cip
? _ 2p__ 4,0 __ 60 80 100 120 140 160 

0 

10 

~ 
PERMEABILITY , rn/sz 

Q k i 8 :1 -6 -5 -l 
(/) 10 10 10 10 10 
(/) 

w 0 +----'--J.J---'---'-----'15 
0:: 
(L 

:a: 
0 
u 

\ 


\ 
 1020 ; 

I \ 

', ~ Q 
z 
(/) 
(/) 20 13 ;- ~J_, 

\ 

~ 

w k 6( 
0::-- ' (L 

l: 
0 
u

. I _ 1 _ - ' -- ·-- --1--L----'-----'--2000 

30 

0 
'.;; 1200 

I 
(/) I::, 
~ I 
::, I0 

/ L:IM~ 800 Fig. 8 . Results f rom CRS-tests 
and evaluation of/_J 

/ 60' corrrpression andI • LIM 

400 I M= ;:,.cr· permeability


I 
I properties.

L 

0 - -r-- , -- - ,- --- ,- · 1 --- , 

36 



The results from CRS-tests in terms of stress-strain relations are 
dependent on the rate of deformation at which the test has been 
performed. For tests performed at rates lower than a critical rate, 
the results can be evaluated with consideration to rate effects as 
follows (Larsson and Sallfors 1985, see FIG. 8.): 

The preconsolidation pressure is evaluated according to Sallfors 
{1975). The two straight parts of the stress-strain curve are extended 
and intersected. An isosceles triangle is inscribed between the lines 
and the stress-strain curve. The intersection point between the base 
of the triangle and the upper line represents the preconsolidation 
pressure o'c· This construction is sensitive to scales and is 
therefore always made in a plot where the scales are such that the 
length representing 10 kPa on the stress axis corresponds to the 
length representing 1 %on the strain axis. Both stresses and strains 
are plotted in linear scales. 

After determination of the preconsolidation pressure, the stress
strain curve for higher stresses is moved horizontally a distance c to 
pass through the point where o'c was evaluated (Larsson 1981). With 
the low testing rates used according to Swedish practice, the value of 
c is usually small. As shown by Larsson and Sallfors {1985) the 
adjusted stress strain curve so obtained corresponds very well to the 
curve obtained from standard incremental tests. 

The modulus plot is now modified. The initial constant modulus M0 is 
extended to o'c· At o'c the modulus is assumed to drop instantaneously 
to t he second constant modulus ML. The part of the curve where the 
modulus increases linearly with effective stress is moved c kPa to the 
left . The stress at the intersection with the constant modulus o'L is 
evaluated and the modulus number M'is evaluated as bM/bo' for the part 
of the curve where the compression modulus increases linearly with 
effective stress. 

Thus the curve is divided into three parts: 

1. The part in the stress interval o' o-o' c where M Mo 

2. The part in the stress interval 0 1 -0 1 

L where M = MLc 

3. The part in the stress region where 0'>0 1 and where
L 

M = M + M1 
( 0 1 -o 1 

)L L . 
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The initial modulus from the first loading of a natural "undisturbed" 
sample in the oedometer is never used. It is always too low compared 
to the in situ initial modulus due to sample disturbance, swelling, 
and imperfect fit in the oedometer. In most cases M0 is estimated from 
empirical relations such as M0 ~ 250 "fu or M0 ~ 50 cr'c· To obtain a 
useful value of M0 in the laboratory, the sample has to be unloaded 
when cr'c is just exceeded to the "in situ" effective vertical stress 
cr' 0 • It should then be allowed to swell before it is reloaded. M0 is 
then evaluated from the reloading curve . 

The permeability is evaluated by simplifying the log permeability
strain curve to a straight line. The ini tial permeability ki is 
evaluated at the intersection of the straight line and the horizontal 
line£= 0 and the decrease in permeability with compression is 
expressed by the parameter ~k = -6log k/6£. 

The CRS-tests were also run in series with several specimens from the 
same sample tube. In the test series, the rate of deformation was 
varied, usually by running two tests at the standard rate of 0.0024 
mm/min, one at 0.0012 mm/min, one at 0.0006 mm/min and another test 
(or tests) faster than the standard rate. The program was varied 
somewhat depending on what other tests were run at the same sampling 
level. 

Apart from CRS-tests, also tests with so-called "continuous loading" , 
CL-tests, were performed. In this type of test the rate of deformation 
is electronically controlled by the recording computer in such a way 
that the relation between the applied vertical stress and t he pore 
pressure at the undrained end of the specimen is kept constant, {Janbu 
et al 1981). The results from some of these tests have been reported 
by Larsson and Sallfors (1985) and are not treated in this report. 

A smaller CRS- oedometer with a sample diameter of only 40 mm was also 
used. In this oedometer specimens were cut out and tested in a 
direction perpendicular to the vertical. The main reason for this was 
to measure the horizontal permeability of the soil, but it also 
provided an estimate of the preconsolidation pressure in the 
horizontal direction. 
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7.2.5 Direct simple shear tests 

In Sweden , shear strength is often determined by direct simple shear 
tests in the SGI apparatus. The apparatus is a modified SGI oedometer 
with facilities for shearing the soil sample af ter consolidation. The 
sample has a diameter o f 50 mm and the sample height after 
consolidation should normall y be between 10 and 20 mm. Depending on 
the compression during consolidation, the sample i s consolidated in 
slightly different ways . 

The sample is placed on a fixed pedestal 0 50 mm, which has a filter
stone on top and an internal drainage channel . A top part, which at 
this s t age is fixed so that it can only move vertically, is lowered 
onto the sample. This part also has a diameter of 50 mm, a filter
stone and a drainage channel. If the compression during consolidation 
is expected to be small, the sample is surrounded by a rubber 
membrane. Thi n metal rings are fitted outside the membrane to keep the 
sample diameter constant during the test . There are small vertical 
clearances between the rings to prevent transmissi on of vertical 
forces by the rings. The rubber membrane is sealed against the 
pedestal and the top part by clamps and drainage is provided by the 
filter-stones and the drainage channels. 

If the compression during consolidation is expected to be large, the 
sample is first consolidated inside a confining ring, where most of 
the compression is allowed to take place . The confining ring is then 
replaced by the rubber membrane and the metal rings befor e the final 
load i s appl ied . This operation is carried out with the sample in 
place in the s hear apparatus. 

The apparatus is shown i n FIG. 9. 

The test is performed by first applying the vertical l oad to the 
sample and allowing it to consolidate. 

After consolidation the sample is sheared. The bolts fixing the top 
part are removed and the ball bearing which transmits the vertical 
l oad allows the top part to move horizontally with a tol erable amount 
of friction . In shearing, the top part is moved horizontally at a 
constant speed while t he bottom pedestal is fixed. The sample thereby 
undergoes a fairly uniform angular distortion . During the test, the 
horizontal shear stress, the horizontal displacement of the top part 
and the height of the sample are measured by electronic transducers 
and automati cally recorded. 
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Fig. 9 . The SGI direct s.trrrple shear apparatus. 
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The tests can be drained or undrained. In drained tests the vertical 
stress remains constant and the drainage channels remain open. In 
undrained tests the height of the sample is fixed during shear and the 
channels are closed. Consolidation i s usually allowed for 24 hours and 
the rate of shear is such that an angular distortion of the sample of 
0.15 radians is obtained in another 24 hours. 

The wei ght of the top part and its accessories produces a vertical 
stress on the sample of about 15 kPa and the minimum vertical stress 
at which tests can normally be performed is around 20 kPa. 

Direct simple shear tests have been made on all the soils at the SGI 
sites. In some cases the tests were performed at elevated 
preconsolidation pressures and the results have been extrapolated non
linearly to correspond to the actual preconsolidation pressures in the 
ground. Drained and undrained tests have been performed. 

7.2.6 Triaxial tests 

The triaxial tests were performed in the triaxial equipment at SGI 
and, in the case of Valen organic clay, in the equipment at Chalmers 
University. The two equipments are very similar and consist of 
modified Geonor triaxial apparatuses. The modifications consist of 
replacing the old pressure system with air pressure regulators and 
replacing the old measuring system with electronic transducers. The 
load cell measuring deviatoric stress is placed inside the triaxial 
cell to avoid friction errors, FIG. 10. 

The triaxial cell is elongated to accommodate the load cell and soil 
samples with a length of 100 mm and a diameter of 50 mm. The load 
cells have a maximum working range of± 200 N which corresponds to a 
difference between vertical and horizontal stress in the sample of 
about ± 100 kPa. The cells are thus specially designed for soils with 
shear strengths lower than about 40 kPa. 

The top cap and the pedestal are made of polished perspex. To minimize 
end fri ction only the pedestal has a fi l ter-stone which covers half 
the cross-sectional area. The samples are pushed out of the sample 
tubes with the special extrusion jack and cut to the right l ength with 
plane and parallel ends perpendicular to the length axis. No trimming 
of the diameter is performed as trimming is considered to introduce a 
new disturbance approximately equal to that at sampling and then l eave 
an even smaller specimen to test. The sample is placed on t he pedestal 
and the top cap is placed on top of the sample. Both pedestal and top 
cap have the same diameter, 50 mm. 
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In extension tests a top cap which can be connected to the load cell 
by a bayonet clutch is used. In these tests a layer of insulating tape 
is applied at the joints between sample and top cap and sample and 
pedestal to prevent intrusion of the rubber membrane into the joints. 
Filter papers cut in spirals as recommended by Berre (1981} are used 
to provide drainage. A paper quality with low strength is used . 
Membranes of latex rubber are used around the samples and paraffin oil 
is used as cell fluid. The paraffin oil partly dissolves the rubber 
membrane which at the end of the reconsolidation phase has the shape 
of a crumpled loose-fitting bag unable to take up any significant 
stresses. The tests can be performed without a membrane as paraffin 
does not penetrate fine-grained soils. The role of the membrane is to 
prevent the paraffin oil entering and blocking the paper drains and, 
especially in passive extension tests, preventing the cell fluid from 
entering joints, cracks or fissures or more permeable layers. Paraffin 
oil or other type of non-conducting fluid also has to be used in the 
triaxial cell because of the submerged electronic load transducer. 

Samples are normally reconsolidated to in situ stresses for 1 - 2 days 
before testing starts. 

After determination of the preconsolidation pressure and estimation of 
the coefficient of earth pressure at rest by oedometer tests, samples 
from all the levels at each site were reconsolidated for estimated in 
situ stresses. Undrained triaxial tests were then performed, in most 
cases as both compression and extension tests with both the standard 
rate of deformation of 0.6 %/hour and a ten times lower rate. In some 
cases series of compression tests with a wider range of deformation 
rates were performed. Sometimes, also drained tests were performed 
with respectively slow increases in vertical or horizontal stress in 
o rder to verify the preconsolidation pressures obtained in the 
oedometer tests. In a few cases also undrained tests with increased 
preconsolidation stresses were performed. 
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8. INVESTIGATED SOILS AND MAIN 
TEST RESULTS 

The sites in the present investigation were selected from information 
about the soil properties already available at the Institute. The 
prerequisite was that the layers of soil with organic matter should be 
fairly thick and very homogeneous. The sites were then selected to 
cover a range of soils with organic contents from slightly over 2% to 
over 20%. The selection was actually based on the consistency limits 
as the organic contents could only be roughly estimated from available 
data. The locations of the sites and of the other soils from which 
supplementary data have been used are shown in FIG 11. 

8.1 Lilla Mellosa 

The test field at Lilla Mellosa has been used by SGI since 1945. It is 
located north-east of Upplands- Vasby, about 40 kilometers north of 
Stockholm. The field has mainly been used for long-term observations 
of test fills constructed in 1945-1947, as well as for a number of 
different investigations concerning sampling and determination of 
strength and deformation properties, {Cadling and Odenstad 1950, Chang 
1969 and 1981, Wiesel 1975, Larsson 1977, 1981 and 1986, Tavenas et al 
1983, Carlsten and Eskilson 1984 and Larsson and Eskilson 1989). 

The area is very flat and t he soil consists of 14 metres of clay on 
top of a thin sand layer and rock . The soil profile i s typi cal for a 
large number of similar profiles where the upper post-glacial soil 
layers are organic (gyttja) or slightly organic and the soil is 
coloured black or dark grey by a certain content of sulphides. A 
detailed description of the soil and its properties has been given by 
Chang {1969 and 1981). This description has been somewhat modified, 
mainly concerning the organic content and the deformation proper.ties, 
as new and better methods to determine these properties have been 
introduced (Larsson 1986) . The soil profile is shown in FIG 12. 

At the top, there is a layer of organic topsoil. The dry crust is 
unusually thin and consists of organic soil. The desiccated crust is 
limited to 0.5 m and lies on soft c l ay. The clay has an organic 
content of about 5% just under the crust which decreases with depth 
and is less than 2% from 6-7 m depth and downwards . The colour changes 
from green to black and becomes grey with depth. The black colour is 
the result of the presence of sulphides which between 2.5 and 6 . 5 
metres amount to 0.5% of the dry weight of the soil . 
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FINLAND 

1 Valen 10 Umeci 
2 Section 6/900 11 Luleci 
3 Sect ion 7/600 12 Kai i x 
4 Kungsbacka 13 Seindjoki 
5 Krist ianstad 14 Lokalahti 
6 Mota la  Askersund 15 Si untio 
7 Lilla Mel li:isa 16 Rastaala 
8 Kramfor s 17 Vanhankau -
9 Gidecibacka punginlah t i 

Fig . 11. Location of t he test sites . 
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The natural water content is about equal to the liquid limit and de
creases from a maximum of about 130% to about 70% in the bottom 
layers. The bulk density increases from about 1.3 t/m3 to about 1.8 
t/m 3 at the bottom. Below 10 m depth the clay becomes varved. The 
varves are at first diffuse, but become more and more pronounced with 
depth. The undrained shear strength as determined by corrected field 
vane tests has a minimum of 8 kPa at 3 m below the ground surface and 
then increases with depth. The sensitivity in the soil varies between 
10 and 20. The shear strength of the soil in the grey inorganic clay 
between 8 and 10 metres depth has been studied in triaxial tests and 
direct simple shear tests in a special investigation {Larsson 1977). 

The pore pressure in the original ground has been found to be close to 
hydrostatic for a groundwater level 0.8 m below the ground surface. 
The permeability of the soil has been studied in both field and 
laboratory tests (Tavenas et al 1983, Carlsson and Eskilson 1984, 
Larsson 1986) . 

Overconsolidation because of the various effects in the dry crust and 
directly below it occurs down to abut 2.5 m depth. Below this depth 
the overconsolidation ratio is almost constant 1 .2. 

In 1982 new samples were taken with a block-sampler in a joint 
research with Laval University in Quebec (La Rochelle et al 1981). 
From the block-samples taken between 3.6 and 4.0 m depth specimens 
were trimmed and then tested in CRS-tests, direct simple shear tests 
and triaxial tests. Specimens were also freeze dried and examined in 
the electron microscope, FIG. 13. 

The magnifications are in the range 100 to 1000 x and a scale is given 
at the bottom of the micrographs. The organic content of the soil at 
3 . 75 m depth i s between 3 and 4%. Occasional organic fibres and some 
diatoms can be observed, but otherwise no significant difference in 
structure compared to the "inorganic" soil between 8 and 10 m depth 
can be seen. The content of ferrous sulphide is about 0.5% by weight. 
It shows up as peaks for presence of iron and s ulphur in x - ray 
diffraction but cannot be seen directly in the micrographs . 

The i nitial permeability of the soil is only about 6-10- 10 m/s, which 
t ogether with a low compression modulus gives minimum values of the 
coeffi cient of consolidation around 4·10- 9 m2 /s. This is in the order 
of one fifth of the normal values for soft inorganic clays. 
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a) 

Fig . 13. Electron micrographs of Lilla nellosa clay at a) 3.75 and 
b) 9 metres depth. 
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8.2 Valen 

Valen is a test field in the southern part of the city of Gothenburg 
which has been used by Chalmers University in a number of studies of 
the geotechnical properties of organic clay. The field is located on 
the north side of the small stream "Stora an" just above the point 
where it discharges its waters into the inner part of the Askim bay 
called Valen. In different projects in this field the preconsolidation 
pressure has been studied using full scale load tests (Sallfors 1975), 
the effect of various parameters in the field vane test has been 
investigated (Torstensson 1977) and full scale plate load tests have 
been performed to investigate the bearing capacity . 

The soft soils at the site have a thickness of about 11 metres. The 
conditions in the area are fairly uniform, but some properties such as 
undrained shear strength and preconsolidation pressure vary strongly 
with depth. It is therefore difficult to correlate some of the 
investigations that have been carried out in different parts of the 
field. This is especially valid for the field vane tests which were 
comprehensive at two levels, but for which a continuous profile is 
missing. In this case they have mainly been replaced by results from 
fall-cone tests, which according to local experience give very similar 
results in this type of soil (Hansbo 1957, Sallfors 1975). A typical 
soil profile for the site is shown in FIG. 14. 

The dry crust in the area is about 1 metre thick, but the effects of 
closeness to the ground surface and some root threads extend for 
another metre. The dry crust is followed by green-grey gyttja-bearing 
c l ay with an organic content of 5-6%. This layer extends to a depth of 
about 5.5 metres . From this level the content of shells rapidly 
increases and in l arge parts of the area there is a thin band 
classified as s hell-soil . The lower layers of soft soil consist of 
silty clay. 

The natural water content in the organic clay between 2.5 and 5.5 
metres depth is about equal to the liquid limit and varies between 110 
and 130%. The bulk density in the layer is about 1.4 t/m3 • In the 
layers lower down, the water content decreases and the density 
increases to become about 60 %and 1.7 t/m3 respectively in the silty 
clay. 

The pore pressure profile at the site is complex. The ground water 
level in the dry crust seems to vary seasonally from close to the 
ground surface to t he bottom of the crust. In the deeper layers the 
pore water pressure is generally higher and corresponds more to a 
hydrostatic head cl ose to the ground surface. Some measurements 
indicate a connection between the pore pressure in the band of shell 
soil and the water level in the stream, while measurements in other 
parts of the field do not show such effects . 
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The results from oedometer tests and the large scale field loading 
tests show that the soil is overconsolidated at the top because of dry 
crust effects. The overconsolidation ratio has a minimum of about 1.2 
at a depth of 3 . 5 m and then increases further down. Exact values of 
the overconsolidation ratio further down, however, cannot be given 
because of the complex pore pressure distribution. 

In the organic clay the preconsolidation pressure has been estimated 
by series of CRS-tests with different rates of strain and by large 
field loading tests. The results formed part of the basis for the 
method of interpretation of the preconsolidation pressure from this 
type of test suggested by Sallfors in 1975, which has been used in 

Sweden since then. 

The undrained shear strength has been determined in fall-cone tests, 
series of large scale plate loading tests in the field and series of 
triaxial compression tests with different rates of deformation in the 
laboratory. The profile of undrained shear strength mi rrors the 
preconsolidation profile and there is an almost perfect fit between 
the uncorrected strength values from the fall cone test and the Hansbo 
relation ~ = o'c·0.45-wL. The sensitivity of the organic clay is 8 to 

9. 

Specimens of this organic clay have previously been examined in the 
scanning electron microscope (Larsson 1977), FIG. 15. 

The micrographs show that in this soil there is an abundance of 
undecomposed organic fibrous material which clearly can be expected to 
affect the properties. 

The initial permeability is around l·l0- 9 m/s and the minimum 
coefficient of consolidation is about 1-10- 8 m2 /s or about half of the 
normal values for inorganic clays. 

8.3 Section 6/900 
6/900 was a section in a planned location of the new "Saro road", i.e . 
road 158 between the citi es of Gothenburg and Kungsbacka via Saro . The 
site is located in the valley of the stream "Stockaan" near the 
village Kyrkobyn. The new road was finally located away from this 
place and this new test s ite is still a cultivated area. Comprehensive 
sampling and field vane tests were made at the site for the present 
investigation and in a later investigation the pore water pressures 

were measured. 
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The ground in the valley is very flat and is intersected by the stream 

"Stockaan". The bottom of the stream lies about 2 m below the 

surrounding ground. The soft soil layers at the site are about 12 

metres thick. 

The upper part of the soil profile consists of a dry crust about half 
a metre thick, followed by another metre of stiff to medium stiff 
organic clay with root threads. Below this follows green-grey clayey 
gyttja with infusions of coarser plant remnants and shells down to a 
depth of 7.5 metres. In the depth interval between 5 and 7.5 m thin 
seams with more organic material can be observed. In the next metre of 
depth there is a gradual transition to a clay very rich in shells. The 
soft soil in the rest of the profile down to firm bottom consists of 
interchanging layers of silty clay rich in shells and clayey shell 
soils. FIG 16. 

The organic content in the clayey gyttja is between 10 and 11%. The 
natural water content is slightly lower than the liquid limit, which 
vary between 150 to 175% and 180 to 205% respectively. The natural 
water content in the lower layers is only between 30 to 50%. The 
density in the clayey gyttja is 1.20 to 1.25 t/m3 and varies between 
1.5 and 2.0 t/m3 in the lower layers . 

The pore water pressures in the soil below 3-4 metres depth correspond 
to a water head 0.5 m below the ground surface, while the free ground 
water level in the uppermost soil varies seasonally from close to the 
ground surface to about 1.0 m below. 

The undrained shear strength in the clayey gyttja has been determined 
in series of triaxial compression and extension tests, direct simple 
shear tests and fall cone tests in the laboratory and by field vane 
tests in the field. The sensitivity according to results from fall 
cone tests varies between 5 and 8. 

The consolidation parameters have been determined in series of CRS
tests with different rates of deformation, in series of standard 
incremental tests and in tests with other loading procedures (Larsson 
& Sallfors 1985) . 0verconsoli dation effects in and just be low the dry 
crust extend to about 2.5 m depth. Further down, the overconsolidat ion 
ratio in the clayey gyttja is almost constant at 1.2. The horizontal 
stress has not been measured directly but the horizontal 
preconsolidation pressures have been estimated from CRS-tests on 
horizontally oriented specimens and from drained triaxial tests with 
increasing horizontal stresses . The results indicate a coefficient of 
earth pressure at rest for normally consolidated conditions Kone 
around 0.57, which for the actual overconsolidation ratio in situ of 
1.2 would give a K

0 
of around 0.65 (see e .g . Larsson 1977). 
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The initial permeability in the vertical direction is 2-5·10- 10 m/s. 
Between 2 and 4 metres depth the horizontal permeability is about 2 
times higher and between 5-7 metres depth, where thin seams of more 
organic material can be observed, the horizontal permeability is about 
7 times the vertical. The coefficient of consolidation at vertical 
water flow has a minimum of 2-4·10- 9 m2 /s, which is 5 to 10 times 
lower than corresponding values in soft inorganic clays. 

The consolidation parameters evaluated from the oedometer tests are 
shown in FIG 17. The parameters are average values from all the CRS 
tests run at the standard rate of deformation and slower. 
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Fig. 17. 	Consolidation parameters evaluated from CRS-oedometer tests 
at section 6/900. 

Freeze-dried samples were broken and the fracture surfaces were 
examined in the electron microscope. In order to obtain a good image 
of the surfaces in a scanning electron microscope, the surfaces of the 
specimens should be fairly smooth and plane. This was easily achieved 
when the specimens were broken to give horizontal fracture surfaces 
but was much more difficult for vertical fractures (see e.g. FIG. 27). 
For clays, there are special peeling techniques to obtain smooth 
surfaces , (Wong and Tovey 1975), but these cannot be applied to 
fibrous materials and to cut the surfaces would destroy the natural 
structure. The preferred horizontal orientation of the fibres in the 
soil was therefore often more obvious for the naked eye at preparation 
of the specimens than was later illustrated in the micrographs. 

The micrographs were taken in series starting with a low magnification 
and then successively magnifying the central part of the area in order 
to show the texture of the soil both in detail and as a mass. Two such 
series using a specimen from a depth of 4 mare shown in Fig. 18. One 
series from a horizontal and one series from a vertical fracture 
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a) 	 b) 

Fig.18. 	Electron micrographs of specimens from 4 m depth in section 
6/900; a) horizontal fracture surface b) vertical fracture 
surface. 
The scales are sho1,J11 at the bottom of the micrographs where 
the real distances between the white markers are given in µm. 

57 



surface are shown. The abundance of undecomposed fibrous organic 
material in the soil is evident from the pictures and in this case 
also the preferred horizontal direction can be seen by comparison of 
the two fracture surfaces. That both the fibres and their orientation 
can be expected to affect the soil properties is fairly obvious. 

8.4 Section 7/600 

7/600 is another section along the planned "Saro-road". It is located 
in the same valley close to the stream "Stockaan" about 700 metres 
further upstream from section 6/900. Topography, stratification and 
the properties of the soil are similar to those at the previous site, 
but the organic content in the clayey gyttja is somewhat lower (9-10%) 
and so are the natural water content and the liquid limit, FIG. 19. 

The same type of investigations as at the previous site have also been 
made here. The natural water content and the liquid limit in the 
clayey gyttja vary between 135 to 155% and 155 to 170% respectively . 
The density is 1.30-1.35 t/m3 and the sensitivity is between 7 and 9. 

Pore pressure measurements and observations of the free ground water 
level give the same pore pressure distribution as at section 6/900. 
The overconsolidation effects in and just below the dry crust extend 
to 4 m depth and below this level the overconsolidation ratio remains 
constant 1.2 for the clayey gyttja. The coefficient of earth pressure 
at rest in the normally consolidated state, Kone' is estimated to be 
around 0.55. 

The initial permeability in the clayey gyttja is 2-6·10- 10 m/s and t he 
minimum values of the coefficient of consolidation, cv , are also here 
5-10 times lower than corresponding normal values for soft inorganic 
clays. At this s ite thin seams of more organic material were observed 
in the soil between 2 and 4 metres below the ground surface. In this 
zone the horizontal permeability was found to be 2-3 times higher than 
the vertical. For the rest of t he layer with clayey gyttja the 
corresponding relation was 1-2 times. The evaluated consolidation 
parameters from CRS-tests are shown in FIG. 20. 

Freeze-dried samples have been investigated in the same way as the 
previous site in the microscope, FIG . 21. The same abundance of 
undecomposed fibrous material is found even if the preferred 
orientaion is not as obvious. In this case the magnifications have 
been brought further to also show the finer s ilt and clay particles 
that in the lower magnifications are more or less concealed by the 
larger organic particles. 
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Fig. 19. Soil profile at section 7/600. 
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Fig. 20. 	Consolidation parameters evaluated from CRS-oedometer tests 
at section 7/600 . 

Fig. 21. 	Electron micrographs of specimens from 5 m depth at section 
7/600; a) horizontal fracture surface, b) vertical fracture 
surface. 
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8. 5Kungsbacka 

This new test site is located in a green open area in the city of 
Kungsbacka. The area is situated at t he south side of t he small r iver 
"Sodera" where this is crossed by the main railway along the Swedish 
west coast. On the other side of the site is the heavily used road 
"Gymnasiegatan" and the site was chosen from the results of a 
preliminary investigation for a tunnel for this road under the 
railway. The tunnel has not been built and the level crossing still 
remains, regulated by gates and signals. 

The soil conditions resemble those in section 7/600 but in Kungsbacka 
a one metre thick fill has been acting on the soil for a long time and 
the ground water level is lower. These conditions have created hi gher 
preconsolidation pressures and undrained shear strengths than those 
usually found in this type of soil. 

The layers of soft soils at the site are more than 20 metres thick. On 
top of the fill with gravel and stones there is a thin layer of top 
soil and a lawn. Under the fill lies the old dry crust, which is also 
about a metre thick. The following layer of main interest consists of 
green-grey clayey gyttja with infusions of shells . It is about 4.5 
metres thick and extends to a depth of 6.5 m. Below this level there 
is a gradual transi tion to inorganic clay and from a depth of 8.5 m 
below the ground surface the soil is classified as grey clay with 
shells . FIG . 22. 

The natural water content and the liquid limit in the clayey gytt j a 
vary between 120 to 150% and 140 to 165% respectively. The organic 
content is 9-10%. At 8 . 5 metres depth the natural water content and 
the liquid limit have decreased to 90% and 80% respectively. The bulk 
density is around 1,30 t /m3 in the clayey gyttja and increases to 1. 5 
- 1. 6 t/m 3 in the cl ay further down. 

The pore pressure was measured at 4 and 7 metres be low the ground 
surface in June 1989 and the f ree ground water level in the crust was 
studied in an open hole down to 2 metres. The free ground water l evel 
was then found to be locat ed abou t 1.9 m below the ground s urface. The 
pore pressure profile was not hydrostatic, but the pore pressures 
measured at 4 and 7 metres depth showed water heads at the lower bound 
of the fill and at the ground surface respectively. The ground water 
conditions in the upper l ayers were probably affected by the dry 
conditions during that summer , but it is difficult to estimate "normal 
conditions". This is partly because of a possible effect of an 
existing t unnel for pedestrians in the vicinity and partly because it 
can be assumed that the soft soil layers still undergo consolidation 
for the applied fill and that excess pore pressures still exist. 
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Kungsbacka 
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Fig. 22. Soil profile at the test site in Kungsbacka. 



The same type of testing as in the other new test fields was 
performed. The tests showed that the clayey gyttja is slightly 
overconsolidated and that it has a considerably higher strength than 
the underlying almost normally consolidated inorganic clay. The 
sensitivity in the clayey gyttja is between 13 and 15 according to the 
fal l cone tests. The coefficient of earth pressure at rest in the 
normally consolidated state Kone estimated from oedometer tests and 
triaxial tests is around 0.57 . 

The vertical permeability of the clayey gyttja is 3-7·10- 10 m/s. The 
9minimum coefficient of consolidation cv amounts to about 5 ·10- m2 /s, 

which is about 4 times lower than normal corresponding values in soft 
inorganic soils . The horizontal permeability was found to be 1.4-2 

times the vertical. 

The consolidation parameters evaluated from the CRS-tests on the 

clayey gyttja are shown in FIG . 23. 

cr~.kPo <1_,kPa 1-\.kPa M 

200 ~oo o~_~?---<10 o 

.1 

Fig. 23. 	ConsoLidation parameters evaiuated from CRS-oedometer tests 
for the soiL at the test site in Kungsbacka. 

Scanning electron micrographs were taken on verti cal and horizontal 
fracture surfaces in freeze-dried specimens. The micrographs show an 
abundance of undecomposed fibrous organic material with a preferred 
horizontal orientation . In the larger magnifications also some of the 
silt and clay particl es become visible. The inorganic material still 
constitutes most of the solid material in the soil , but it i s quite 
obvious that the organic matter may be assumed to have a strong effect 
on the properties, FIG. 24 . 
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Fig. 24. 	Electron micrographs of specimens from 5 m depth in the test 
site in Kungsbacka; a) vertical fracture surface, b) 
horizontal fracture surface. 
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8.6 Kristianstad 

The new test site in the city of Kristianstad in southern Sweden is 
located at the "Hammarsjo field" in the southern part of the city. It 
is near the point where the small river "Helgean" discharges its 
waters into a lake, "Hammarsjon". Comprehensive investigations were 
carried out in this area when the new motorway on E66 bypassing 
Kristianstad was planned. Because of the very compressible soils and 
the very low undrained shear strengths the road was constructed with 
vertical drains and very wide pressure berms had to be laid out to 
ensure stability. This site was selected because it has a fairly 
homogeneous layer with high organic content and a thickness of about 4 
metres . The organic content is above the limit for classification of 
the soil as "mineral organic". This organic soil is also interesting 
because it is a dy-bearing gyttja. Because it is brown-black and 
contains a large proportion of highly decomposed dy matter, it has 
sometimes been mistaken for amorphous peat. 

The area is very flat. The test site is located outside the zone 
affected by the pressure berms at the border between the "road area" 
with vegetation consisting of grass and small bushes and the 
cultivated area outside. The soil profile consists of about half a 
metre of topsoil and dry crust on top of 4 m of brown-black dy-bearing 
gyttja. Between 4.5 and 5.5 metres depth there is a rather abrupt 
transition to grey clay. The exact depth of this transition varies 
somewhat in plane. The soft clay continues to more than 8 metres 
depth. Below this level there are no available results from 

investigations, FIG. 25. 

The natural water content and the liquid limit in the gyttja varies 
between 200 to 400% and 260 to 410% respectively . The organic content 
varies between 27 and 38%. In the clay further down, the water content 
and the liquid limit are about 70 and 60% respectively. The bulk 
density is between 1.08 and 1.18 t/m3 in the gyttja and in the clay it 
is between 1.55 and 1.70 t/m3 • 

The pore pressure was measured at 3 m depth and the ground water level 
was observed in a 1.5 m deep open hole in July 1989. The free ground 
water level during this extremely dry period was located 1.4 m bel ow 
t he ground level . The pore pressure measurement showed that the pore 
pressure profile was not hydrostatic but the water head at 7 m depth 
was 0.7 m below the ground surface . Normal ground water conditions in 
this low lying area relatively close to a l arge lake may be assumed to 
be approximately hydrostatic for a ground water level around 0.5 m 
below the ground surface. 
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Fig. 25. Soil profile at the test site in Kristianstad. 



The same testing programme as for the other new test fields was 
performed for the gyttja, even if the very low effective in situ 
stresses and shear strengths created special problems in the 
laboratory tests. The results, however, were in good agreement, both 
with each other and in comparison with the field tests and the in situ 
conditions. 

The results from the oedometer tests and the triaxial tests show that 
the gyttja in its upper part is normally consolidated for the extreme 
conditions in July 1989 and that the entire layer of gyttja may be 
assumed to have an overconsolidation ratio of 1.3 in more normal 
conditions. 

The permeability of the soil is 1-3-10- 9 m/s and the minimum 

coefficient of consolidation cv is about 5-10- 9 or about a fourth of 

the corresponding normal value for soft inorganic clays. The 

horizontal permeability is about 1.5 times the vertical. 

The coefficient of earth pressure at rest in the normally consolidated 
state estimated by oedometer tests had an average of 0.52. The scatter 
was larger than usual because of the small values of the compared 
preconsolidation pressures in the vertical and horizontal directions. 
The sensitivity in the gyttja varies between 6 and 9. 

The consolidation parameters for the gyttja determined in the CRS 
tests are shown in Fig. 26. 
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Fig. 26. 	Consolidation parameters evaluated from CRS-oedometer tests 
at the test site in Kristianstad. 
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Specimens of the soil have been freeze-dried to be examined in the 
microscope. On normal drying this type of soil shrinks to fractions of 
its original volume and forms small, hard lumps. At freeze-drying the 
shrinkage is very moderate if any. When the samples are broken to give 
clear fracture surfaces for examination the vertical fracture surfaces 
become very uneven because of a preferred horizontal orientation of 
the fibres in the soil, FIG. 27. 

Fig. 27. Photograph of a freeze-dried sample broken to give a vertical 
fracture surface. The original diameter of the sample was 50 
mm. 

The uneven fracture surfaces make it difficult to study the texture of 
the soil in the vertical plane. This i s illustrated in the micrographs 
in FIG. 28, where hardly a single plane area can be found to study in 
the vertical fracture surface. In the horizontal plane, on the other 
hand, the soil splits on fairly smooth surfaces where the 
characteristics of the texture can be studied. In this dy-bearing 
gyttja there is also an abundance of organic material and fibres, but 
the organic material in general can be seen to be more decayed and the 
fibres more naked than in the previously shown gyttjas. The 
magnifications are rather low, but in the largest magnifications the 
presence of silt particles can also be seen, FIG. 28. 
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a) 

Fig. 28. 	Electron micrographs of specimens from 3 m depth at the t est 
site in Kristianstad; a and b) hori zontal fracture surfaces, 
c) vertical fracture surface. 
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b) c) 
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Fig. 29. Electron micrographs of an amorphous peat. 

For comparison, a correspondi ng series of micrographs from an 
amorphous peat is s hown in FIG. 29. 

The amorphous peat was sampled f rom 2 metres depth a long road 50 
between the cities of Motala and Askersund. It has a density of 1.02 
t/m 3 and a natural water content of 760% . I n the pictures it can be 
seen that the soil consists of some coarser and more i ntact fragments 
of wood surrounded by a decomposed amor phous mass of organic origin . 
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9. 	 SHORT PRESENTATION OF SOILS 
IN RELATED INVESTIGATIONS 
USED AS SUPPLEMENTS 

9.1 Organic soils in Finland 

During the year s 1979- 1982 the Geotechnical laboratory at the 
Techni cal Research Centre of Finland conducted investigations on t he 
influence of organic content on the shear strength of fine grained 
soil . The main purpose of the i nvestigation was to improve the 
knowledge of the appl icability of the usual correction methods for 
strengt h values ob t ained in field vane tests. 

Five different sites with organic clays and clayey organic soils were 
selected. The soil layers that were studied had organic conten ts 
varying from less than two to 13- 15%. Al l of them had been deposi ted 
in brackish water during the Littorina stage of the Baltic Sea. 

Comprehensive series of field vane tests and triaxial compression test 
with different rates of deformation were performed in addition to 
direct shear tests , routine tests, oedometer tests and anal yses for 
geological description of t he soils. The organic contents have been 
determined in accurate analyses. The results have been presented by 
Slunga (1983) and a more detailed report was given by the Geotechni cal 
laboratory of the Technical Research Centre of Finland in 1982. 

The soils in the Finnish investigation may be assumed to be very 
similar to the soils i n the present Swedish investigation. The layers 
studied in detail had the following properties; TABLE 3. 

These soils were also similar to the investigated Swedish soil s in 
that they had preconsolidation pressures mainly in the range 10 to 40 
kPa and undrained shear strengths in the range 4 to 16 kPa. 

One of t he major conclusi ons f r om the investigation was that the 
undrained s hear strength in these soils coul d be estimated by field 
vane tests corrected by the normal l y used methods, among them 
Helenelund's (1977) method . This method is very similar to the method 
now used in Sweden (Larsson et al, 1984). 
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Table 3. Properties of the soils studied in the Finnish investigation 
1979-1982. (From Slunga 1983) 

Site 	 Organic 
content 

% 

Raastala <2 
depth 5.25 m 

Raastala 5-6 
depth 2.75 m 

Seinajoki 3-4 

Siuntio 8- 9 

Vanhankau- 7-8 
punginlahti 

Lokalahti 	 13-15 

Water 
content 

% 

120 

140 

61-76 

155 

130 

234 

Liquid 
limit 

% 

73 

109 

64-76 

153 

130 

246 

Plasticity Classifica
index tion 

% 

40 clay 

70 organi c clay 

40 organic clay 

103 	 clayey 
organic soil 

100 	 clayey 
organic soil 

162 	 clayey 
organic soil 

The test results gave detailed information on the rate effects on the 
evaluated undrained shear strengths . Also rate effects on the stress
strai n behaviour in shear tests and the influence of the organic 
content on the shear strains at fai lure can be studied from the 
results, FIG 30. 
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9.2 Sulphide soils in Sweden 

The investigations by Schwab (1976) mainly concerned t he bearing 
capacity, shear strength and deformation behaviour of soft organic 
sulphide soils. Three different sites with "svartmocka" along the Gulf 
of Bothnia were selected. When more careful determinations of the 
organic contents were made, it turned out that in only one of the 
sites should the soil be classified as organic, (organic silty 
sulphide clay) . Also in this site the organic content was less than 
half of what had previously been estimated from loss on ignition. 

At the three sites sampling, field vane tests, screw plate tests and 
large scale plate loading tests were carried out. In the laboratory 
routine tests and undrained triaxial and direct simple shear tests 
were performed. 

At two of the sites also test embankments were built to failure; one 
in Schwab's project and one conducted by SGI on commission by the 
Swedish Road Administration (Holtz & Holm, 1973) . 

The three sites were located at Kramfors, Umea and Kalix. 

• Kramfors 

The test site was located at Dynas, about 8 km north of the city of 
Kramfors near the coast of the Gulf of Bothnia. The si t e is very level 
with an elevation of 6 metres above sea level. The area emerged from 
the sea because of the land heave about 800 years ago. The current 
rate of land heave is about 8 mm/year. 

The soil in the profile consist of 12 metres of soft fine grained 
soils on top of 2 metres of silt on bedrock, FIG . 31. 

The dry crust is about 1 m thick. Below thi s there is dark grey silty 
clay with black bands richer in sulphides down to a depth of 5 . 5 
metres. Between 5.5 and 7 metres depth there i s a layer of black 
sulphide clay and below this the soil becomes varved with 
interchanging silt and clay seams. From 10 metres depth the soil 
mainly consists of s ilt with t hin clay layers. 

76 



WATER 	CONTENT VEIi flC /\L S JII[ SS GRAIN SIZE 
'X, kPa OJ STRIBUTION 'I,

I 	 ,. ,. ·1 r•-----.---r- -.-----r-	 r - · i - ·r- -- r- r·· ..-r - · · · , 

ORY CRUST 20 lG 60 80 	 lO 50 80 100 120 1l0 150 .'.0 lO bO 80 
- 1 - I 

DARK 

• 2 GREY 	 I -I J \bb 3~ :i,t. 7:fl. 
SILTY I I 


3- CLAY 1,69 1/, 6 3.1 2:11. 

WITH 
 r \59 192 2~ 2_75" BANOS OF 


5 
IRON 1,59 153 3,5 2,75
-· 
SULPHIDE 
BLACK

5 	 t55 21 l,1 2,71. · SULPHIDE 

LAY 


7 STRATI · 1.59 St. 3,7 2.75 

FIEO SOIL 


8 · 	 WITH VE t95 75 3,0 

THIN 

LA YERS 3) 

OF. CLAY 


10 ANO 185 29 7.{, 


9 	 1.87 31, 

SILT 

11 	 \83 JI, 1.9 

12 - SILT 	 1,98 12 0{3 

~w, 	•W 

1- w,. 	 .w 
' 

Fig. 	 31. Soil profile in the test site at Kramfors. {From SchLJab 1976) 

The natural water content i s about 50% in the silty clay and increases 
to about 75% in the s ulphide clay. In the varved clay and s i lt soil it 
gradually decreases with depth. In this soil profil e the l i quid l imi t 
as determined both by fall cone and by the Casagrande apparatus is 
about 10% lower than the water content . The plasticity index in the 
silty clay is onl y about 20% and the l iquidity index as high as 1.5. 
The sensitivity is al so very high in this soil but it is more moderate 
in the sul phide clay where the plasticity index is higher. The bulk 
density varies from about 1 .7 t/m3 in the silty clay to 1.55 in the 
sulphide clay and 1.9 in t he varved soil further down. 

The l9ss on ignition f or the soil between 2 and 7 metres depth had 
averages around 2 . 8% with values up to 4% i n t he s ulphide clay. This 
closely corresponds to the empirical reduction that s hould be applied 
to such values in fine grained soil with t he clay contents found 
(Larsson et al 1985). The soil may therefore be assumed to be 
inorganic. 

The free ground water level in the dry crust was observed at a depth 
of 0.8 metres . The pore pressure profile was not hydrostatic but an 
artesian water head of 6 metres above the ground surface was observed 
in the silty layer just above the bedrock . 
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The undrained shear strength as determined by routine tests was in the 
order of 15 kPa. The soil is reported to be slightly overconsolidated 
down to a depth of 5 to 6 metres but no data are given. 

The results from the determinations of the shear strengths in Kramfors 
are shown in FIG. 32. 
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Fig. 32. 	Undrained shear strength in the soil profile at Kram/ors as 
determined by various test methods. (Data from SchbJab 1976) 

The comparisons betweeen the large scale field tests and the small 
scale field and laboratory tests are somewhat uncertain. The large 
plate load tests at 2.5 metres depth showed a relatively low shear 
strength but Schwab stresses the difficulty in excavating and 
performing these tests in such a way that this highly sensitive 
{quick} silty clay remains undisturbed. 

The stability calculations for the test embankment yielded safety 
factors t hat deviated strongly depending on whether the most critical 
or t he very roughly assumed failure surface was considered and whether 
end effects were accounted for or not . 

The screw-plate tests, whi ch are intermediate in size, yielded results 
that were close to the direct simple shear test results and somewhat 
higher than the cor rected field vane and fall cone test results. From 
the correl ations at this site, the correction factor to be appl ied to 
the field vane test may be assumed to be be tween 0.8 and 1.2, as 
compared to about 0.95 that would normal l y be used in soils with 
corresponding liquid limits. 
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• Umea 

The test site is located at Rodang about 3 km northwest of the city of 
Umea near the Gulf of Bothnia. The area is level and the elevation is 
about 9.5 m above sea level. The current rate of land heave in t his 
area is about 9 mm/year and the test area emerged from the sea around 
1000 years ago. 

The sediments at the site are about 14 metres thi ck. The desi ccated 
dry crust is about 1.5 m thick and the soil below consists of black 
silt with t hin layers of fine sand . Below 10-11 metres dep t h the 
sediments become coarser and there is a sand layer on top of the 
bedrock, FIG. 33. 
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Fig. 33. Soil profile at the test site at Umed. (From Schwab 1976). 

The natural water content in the black silt is 60-70% and t he liquid 
limit as determined by the fall cone method and by the Casagrande 
method is somewhat lower. The sensitivity of the soil as determined by 
fall cone tests is 13 to 26 and the bulk density i s around 1.6 t /m3 • 
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The clay content in the soil i s only 3 to 5%. The ignition l oss varies 
between 2 and 4% with an average of 3.3% . After correction this would 
correspond to an organic content of just over 2%. The organic content 
was also determined by a more accurate wet combustion method and was 
then found to be about 2% for the whole profile. The soil in the 
profile is thus on the border to becoming the prefix "organic" to the 
main classification which is "silt". 

The free ground water level was found to vary between 0.5 and 1.5 m 
below the ground l evel. The pore pressure profile was not hydrostatic 
but t he pore pr essure in the bottom sand layer was found to be 
slightly artesian. 

According to the oedometer tests, the soil has an overconsolidation of 
about 1 .7 for the entire profile below the dry crust. It has never 
been subjected to any load other than its own weight, natural 
variations in ground water levels and snow loads. 

The undrained shear strengths obtained in the routine fal l cone tests 
and the f ield vane tests were fai rly uniform around 22 kPa. The shear 
strength values obtained from both types of tests, however, were 
considerably higher than what is normal for soils with corresponding 
preconsolidation pressures and consistency limits. 

The results from the triaxial tests and the direct simple shear tests 
were considerably lower, as were the results from the screw-plate 
tests and the l arge scale plate loading tests, FIG. 34. 

The results from Umea thus showed that in thi s soil the usual 
correction factors for the r esults from fiel d vane and the fall cone 
tests were not sufficient, but the strength values had to be further 
reduced. 

Results f r om triaxial test wi th varying rates of deformation also 
showed that the evaluated undrained shear strength was about 85% of 
the original value if the standard rate of deformation of 0 . 6%/hour 
was lowered by 1 to 2 decades . 
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Fig. 34. 	Undrained shear strength in the soil profile at Umed as 
determined by a) field tests and routine tests and b) field 
and laboratory tests. 

• Kalix 

The test site is located north of the Kalix River about 6 km northwest 
of the community of Kalix . The area slopes slightly towards the south 
and the river. The area l ies close to the northern end of the Gulf of 
Bothnia and emerged from t he sea about 300 years ago. The rate of land 
heave in this area is 9 mm/year and the elevation of the ground 
s urface in the test site is between 2.5 and 3 . 0 m above sea level . 

The soil consists of about 18 metres of black organic silty clay on 
top of fine sand and till. The depth to bedrock is 24 metres . 

The soil i nvestigations carri ed out by Schwab (1976) are concentrated 
to the upper 6-8 metres of the deposit. The investigations made by 
Holtz and Holm (1973) about 50 metres away extend to 13 metres depth 
but are not as extensive, FIG . 35. 
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Fig. 35. 	Soil profile at the test site at Kalix. (From Schz.Jab 1976 
and Holtz and Holm 1973) 

The dry crust is about 1.5 m thick and the ground water level varies 
between 0.5 and 1.5 metres below the ground surface. The pore 
pressures further down are mainly hydrostatic for a ground water l evel 
0.9 metres below the ground surface. 

The natural water content in the clay is about 160% down to 4 metres 
depth and then decreases with depth and is about 100% at 12 metres . 
The liquid limit as determined by the fall cone method is about 20% 
l ower in the upper part of the profile and then gradually approaches 
the water content and becomes equal to i t at about 12 metres depth . 
The liqui d limi t as determined by the Casagrande apparatus is somewhat 
higher than the natural water content for all of the investigated 
parts of the pro f ile . The bulk density gradually increases f rom 1.3 
t/m3 just below the crust to 1.4 t/m3 at 12 metres depth and the 
sensi tivity as determined by fall cone tests is between 10 and 25 . 

The clay content in the soil is 20% or slightly more, which means that 
the soil is close to the border of being classified as a clayey silt 
instead of a s ilty clay. The loss on ignition for the soil in the 
upper part of the profile was 11-12% (9- 10% according to Hol tz and 
Holm 1973}. After correction for the clay content this would normally 
indicate an organic content of about 9%. Determinations with more 
accurate wet combustion methods on samples from the same s i te by Pusch 
(1973} showed an organic content of 4.1%. This is only half of the 
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previously estimated value and changes the accurate classification 
from a clayey gyttja to an organic clay. Also other investigations on 
"svartmocka" in this area have shown that the organic content is 
general ly much l ower than was previously believed (Jerbo 1970 , 
Nystrand 1970 and 1980). 

The undrained shear strength determined by fall cone and field vane 
tests has a minimum of about 8 kPa at 2-3 metres depth and then 
increases with depth by about 1 kPa/m. 

The soil is slightly overconsolidated, although it has only been 
subjected to the stresses from its own load, natural variations in 
ground water level and snow loads. The overconsolidation ratio slowly 
decreases with depth in the investigated upper part and is about 1.6 
at 7 metres depth. 

The results from the other shear s trength tests showed a fairly good 
agreement between corrected field vane tests and direct simple shear 
tests. When compared to the larger field tests, the screw plate tests 
gave higher strengths, while two of the large plate load tests gave 
strengths compatible with the corrected field vane tests and the 
direct simple shear tests. The third plate load test performed at a 
depth of 3.5 m gave somewhat lower strength values, but Schwab reports 
problems with tilting of the plate at an early stage of this test, 
FIG . 36. 
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Fig. 36. 	Undrained shear strength in the soil profile at Kalix as 
determined by different methods. {Data from Sehl.Jab 1976 and 

Holtz and Holm 1973) 
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The results from stability analyses of the test embankment built to 

failure (Holtz and Hol m 1973) indicate that the shear strength is only 
slightly higher than the corrected vane shear strength. The combined 
resul ts from Kali x indicate that the normally used correction factor 
for field vane tests can be used in this type of soil and that also 
the results from direct simple shear tests are directly applicable in 
stability calculations. 

• Gideabacka 

Gideabacka is a place situated close to the Gulf of Bothnia about 20 
km northeast of the city of Ornskoldsvik. In 1987 a landslide occurred 
here along the river "Gidea alv" involving about 200 000 m3 of soil. 
The Institute was then commissioned by the community to investigate 
the slide area and adjacent parts of the river bank (Hermansson 1990). 

The soil in the area typically consists of about 2 metres of fine sand 
with some organic matter on top of about 10 metres of mainly black 
organic silt or clayey organic silt. In a layer between 8 and 10 
metres depth the clay content is slightly higher than 20%, which 
changes the classification to a silty organic clay. The liquid limit 
is just above the water content, which varies between 50 and 60% in 
the silt and 60 and 70% in the clay. In some layers the sulphide 
content is lower and the soil there is grey or has the typical green
grey colour of gyttja-bearing soil. The organic content of the soil is 
about 4% in the or ganic silt and 5 to 6% in the silty clay. The 
sulphide content is about 2%. An average profile is shown in FIG. 37. 

The bulk density in the soil is around 1.6 t/m3 • It i s slightly lower 
in the c l ay and slightly higher in the silt further down. The 
sensitivity varies between 10 and 30 . 

In the field investi gation field vane tests, pore pressure 
measurements, piezocone soundings and sampling were carried out . In 
the laboratory routine tests, oedometer tests and direct simple shear 
tests were performed . 

The pore water pressures in the soil roughly correspond to the 
hydros tatic pressure at a ground water level 1 metre below the ground 
surface, except for the coarser bottom layers where the pore pressures 
are about 20 kPa lower and seem to be more closely connected to the 

water l evel in the river. 

The undrained shear str ength values obtained in the field vane tests 
were high as were the results from the fall cone tests in the more 
clayey layers where measurements were also made with this type of 
test . 
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GIDEABACKA 
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In the oedometer tests, the preconsolidation pressures were evaluated 
with confidence only in the more clayey layers, but weaker indications 
obtained in the silt samples support the trend in FIG. 37. In the 
usual check of the results against Hansbo's relation, the strength 
values from the field vane tests and the fall cone tests were found to 
be at least twice as high as is normal with regard to the liquid 
limits and the preconsolidation pressures. 

The results of undrained direct simple shear tests gave considerably 
lower shear strengths than the corrected field vane tests. So did also 
the results from the piezocone tests empirically evaluated as 
~fu ~ (qT-av )/17. In order to be compatible with the results from the 

0 
direct simple shear tests, the results f rom the field vane tests and 
the fall cone test had to be corrected by a factor of 0.5. 

Comprehensive stability analyses later showed that shear strengths of 
the same order as those obtained in the direct simple shear tests 
should be used in the calculations. 

• Lulea 

A couple of samples of "svartmocka" from Lulea were examined in a 
special laboratory investigation at SGI. 

The soil was a black silty clay with a clay content of about 27%, a 
natur~l water content of 85% and a liquid limit of 76%. The bulk 
density of the soil was about 1.6 t/m 3 • 

Fall cone tests and oedometer tests were made and the undrained shear 
strength values were almost twi ce the normal values for soils with 
corresponding liquid limits and preconsolidation pressures. 

The loss on ignition was about 6% of the dry weight, which after 
normal corr ection with respect to the clay content would correspond to 
an organic content of 4%. More accurate determinations showed the 
organic content to be only about 1.5%. 

Specimens of the soil were freeze-dried and fracture surfaces were 
studied in the microscope, FIG. 38. 
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Fig. 38. Electron micrographs of "svartmocka" from Lulea. 
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No visible fibres or other organic substances were observed. Neither 
was there any significant difference to other very silty clays or any 
preferred orientation of the particles. Some diatoms coul d be seen, as 
well as some almost spherical aggregates, such as the one in the 
foreground in FIG. 39. 

Fig. 39. 	Micrograph showing "svartmocka" from Luleci with a large 
.spherical aggregate in the foreground. 

X- ray diffraction showed that this aggregate contained large amounts 
of sulphur and iron. Similar spherical aggregates of presumed origin 
from organic matter or induced by organic activity in post-glacial 
clay have been shown by Pusch (1973) . They have also been found in a 
number of other sulphide-bearing clays . 
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10 . STUDIES OF THE RESULTS OF 
OEDOMETER TESTS 

10.1 Rate effects in CRS-oedometer tests and comparisons 

with standard incremental tests 

The stress- strain relations ob t ained in oedometer tests are dependent 
on how the tests are perfor med . In the incremental test the resul t s 
depend on t he number of i ncrements that are used and the duration in 
time for t he different load steps. In tests with constant rate of 
deformation the obtained stress- str ain curves a r e dependent on the 
rate of deformation. I n 1975 Sallfors showed t hat, when using the 
suggested method, the pr econsoli dation pressure evaluated from CRS
tests was practically independent of t he testing rate, provi ded that 
this was kept below a criti cal rate. 

In the present investigation CRS- tests wi t h different rates of strain 
as well as series of standard i ncremental t ests were performed at each 
level in the investigated layers in the new test f i elds . Some of the 
results from these tests were combined with Sallfors ' data from 1975 
and supplementary tes t s on Backebol clay by Lar sson and Sallfors 
(1985) . This invest igation showed t hat, provi ded that the rate of 
deformation in CRS- tests was kept at or below the standar d rate, 
4 - 10- 5 mm/s, all t he evaluated parameters o'c• ML , o ' L· M', ki and ~k 
are insensi tive to the rate of def ormation when the suggested 
evaluation method is used. It was also s hown t hat in organic soils the 
standard rate of deformation is very close t o the critical rate and it 
is t herefor e prudent to use a somewhat l ower rate of deformation for 
these soi ls . Furthermore, it was shown that the results from CRS-tests 
evaluated in this way are practi cally identical to the r esults from 
standard i ncremental tests with doubled load increments and 24 hour 
durati on for each l oad step , FIGS. 40 and 41. The applicability fo r 
bot h t ypes of resul ts i n sett lement cal culations has l ater been 
treated by Lar sson (1986) . 

Onl y some of t he results were avai l able and were used by Larsson and 
Sallfors i n 1985 . The rest of the resul ts later confirmed the 
concl usions , however . 

Some of the test results are shown i n Appendices A and B. There is 
some scatter in the results, but it must be remembered that in these 
very soft materials a scatter of !10% onl y amount s to z l - 3 kPa . The 
very small scatter in Fig . 40 is due to using t he average of several 
tes t s . 
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EFFECTIVE VERTICAL PRESSURE. kPa 
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10.2 Rate effects on the compressibility of the soil; 

Coefficient of secondary consolidation 

As found in the oedometer tes ts and i n fiel d observations , the stress
strain relation in a soil is highly t ime- or strain rate dependent and 
this fact cannot be overlooked in a settl ement predicti on . This rate 
dependency is usually expressed by the coefficient of secondary 
consolidation as = 6£ / 6log t . It is normal ly evaluated from the later 
parts of the time-compression curves in incremental tests, when al l 
excess pore pressures and the hydrodynamic time-lag of the 
consolidation process may be assumed to have ceased to exist . 

It has previously been found that the coefficient of s econdary 
consolidation is very small for vertical stresses wel l below the 
preconsolidation pressure, increases rapidly as the preconsol idation 
pressure is approached, has a maximum at t he preconsolidation pressure 
and then decreases for higher stresses. It has also been found that 
the description above is somewhat simpl ified and that the coeff icient 
of secondary consolidation is rather a function of the relative 
compression or the void rati o, e.g. Larsson (1986), FIG. 42. 
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The same description of the variation of the coefficient of secondary 
consolidation can basically be used also for organic soils. 

The evaluated coefficients of secondary consolidation in the present 
investigation are shown together with the stress-strain curves in 
Appendix B. They deviate somewhat from the description above in that 
the maximum values occur at stresses somewhat higher than the 
preconsolidation pressures. It is difficult to evaluate if this is a 
characteristic of the soil or an effect of errors in the test. No 
measurements of ring friction were made, but previous experience has 
shown that the ring friction in incremental tests increases 
significantly at the end of each load step when the rate of 
deformation becomes small. This effect, coupled with the low 
preconsolidation pressures, may at least partly explain the deviation 
in the investigated organic soils. 

The maximum coefficient of secondary consolidation as(max) and the 
coefficient of decrease in as with compression, ~a= -~as/~£ (or some 
other description of this variation) are evaluat~d and used as input 
parameters in modern settlement calculations, Larsson (1986). Both 
parameters are mainly functions of the initial void ratio but are, for 
the sake of simplicity, usually related to the natural water content, 
FIG. 43. 

This simplification involves large errors when the soil contains 
significant amounts of matter with specific densities that are 
different from about 2.7 t/m3 , which is the normal specific density 
for the mineral particles. The water content in organic soils is a 
function of both organic content and void ratio and is very sensitive 
to both parameters. To estimate the void ratio in organic soils, 
however, involves problems even if the organic content is known as it 
then becomes a matter of definition. The organic matter often has a 
specific density of about 1.4 t/m3 but it does not consist of solid 
particles. When the deformation characteristics are considered, it is 
probably more rel evant to use some kind of a dry particle density 
assuming only the open pores between the particles to be active in the 
time- deformat i on process in a shorter time perspective. The 
inhomogeneous particles with enclosed pores will probably also change 
their volume more than the ins tant elastic compression at a stress 
change, but that may be regarded as more of a geological time process. 
The dry particle density may roughly be assumed to be in the same 
order as dry wood or about 0 . 7 t/m 3 • 
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The results in FIG. 43 have been recalculated with the assumptions 
that the mineral component has a specific density of 2.7 t/m 3 and that 
the organic component has a particl e density of 0 . 7 t/m3 • The results 
plotted in FIG. 44 show a fairly common trend for both organic and 
inorganic soils and indicate that with these assumptions the 
maximum coefficient of secondary consolidation can be written 
ex ( ) = 1.35·e-1, % / logt.
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Fig. 44. 	Relation betLJeen maximum coefficient of secondary 
consolidation and estimated active void ratio. 

For peats, the maximum coefficient of secondary consolidation has been 
found to be related more to the degree of humification than to the 
water content, FIG. 45 . One explanation for this could be that the 
undecomposed peats, which usually have the highest water contents, 
also contain much more matter with enclosed inactive pores. When the 
organic matter becomes decomposed, the volume of the enclosed pores 
decreases at the same time as the water content decreases. The change 
in void ratio in terms of active voids is then not at all as dramatic 
as the changes in water content indicate and may even be the opposite . 
All empirical experience of the compressibility of peat poi nts in the 
same direction, i.e. that soils with a high degree of decomposition 
are much more compressible than less decomposed soils with 
corresponding water contents, e.g . Carlsten(1988). 
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Fig. 45. 	naximum coefficient of secondary consolidation versus degree 

of humification in peat. 

10.3 Permeability and relation between vertical and horizontal 


permeability 


The permeability in the fine grained and organic soils is generally 
low. Various reasons for this are possible. The permeability of a soil 
is related to its void ratio but in spite of t he high water contents 
in the or ganic soils, the active void ratio is not so high because of 
the low density and large volume of the organic particles. The shape 
of the organic particles is a l so often such that the water is forced 
to make rather long detours to pass around them and the flow paths 
become longer. Another possibility sugges t ed by Hansbo (1960) and 
Pusch (1973 ) is that unfixed organic colloids may clog the pores. The 
general trend of a permeability decreasing with relative compression 
(or void 	ratio) according to 

is found 	to be applicable also to organi c soils . 

The relation between the horizontal and the vertical permeabili ty of 
the soil is found to be dependent on the organic content and the 
degree of decomposition of the material. Undecomposed organic material 
normal l y has a preferred horizontal orien t ati on which brings a higher 
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permeability in the horizontal direction. This effect decreases when 
the amount of decomposed material in the soil increases and the 
orientation becomes less pronounced. 

In homogeneous i norganic clays there is usually no s ignificant 
difference bet ween vertical and horizontal permeability. In the three 
clayey gyttjas from Kungsbacka and sections 6/900 and 7/600 where a 
pronounced orientation was observed, the horizontal permeabili t y was 
typically two times the vertical. In the even more organic gyttja from 
Kristianstad which also contained a larger proportion of decomposed 
organic matter, this relation had decreased to 1.5, TABLE 4. 

To further illustrate thi s, a number of results from an investigation 
on the permeability in various kinds of peat, (Inganas 1978), are 
included. The r esults scatter, but a clear trend can be observed of a 
high relation between the horizontal and the vertical permeability in 
undecomposed peats, decreasing with further humification to about 
unity in completely decomposed materi al. 

Table 4. 	Permeability and relation between horizontal and vertical 

permeability in soils with di//erent kinds and amounts of 

organic matter. 


Sites with w =:, w Organic k k / k 

clay and N L content V H V 


m/s·10-10 
gyttja % % 

Backebol 85 < 1 9 1 

Mellosa 110 3- 4 6 
Val en 115 5-6 - 10 
Kungsbacka 150 9- 10 3-7 1. 7 

Vallda 7/600 155 9-10 2-6 2.0 

Vallda 6/900 180 10-11 2 - 5 2.0 

Kristianstad 350 27-38 10-30 1. 5 


Peat w Degree of k k / k 
N 	 V H Vhumificationsites 	 10% 	 m/s·10

Skeda Udde 601 9-10 1 1 

Kolbyttemon 612 9 20 2 

Rosenkalla 972 8 100 6 

Stavsatter 1051 5- 6 1400 2 

Boras 1365 5 140 10 

Jordbro 1420 5 360 14 
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10.4 Coefficient of consolidation 

The coefficient of consolidation is a measure of how long it will take 
for the soil to consolidate for an appl ied load. The coeffici ent of 
consolidation is not a separate soil property, but the product of the 
compression modulus and the permeability. Normally, it is the 
coefficient of consolidation at vertical compression and vertical 
water flow c that is of interest. 

V 

M 
C = 

V g 

where 	 M = modulus of compression (oedometer modulus) 
k vertical permeability

V 
g specific gravity 
Q density of water 

w 

Neither the modulus nor the permeability is a constant but varies with 
compression, as does the cv-value. It is relatively high for stresses 
up to the preconsolidation pressure and then drops to a low value as 
the modulus drops. In organic soils it usually stays at very low 
values at further compression as the decrease in permeability at the 
large deformations in these soils more or less compensates for the 
gradual increase in modulus. The cv-value of most importance for both 
settlement calculations and estimation of gain in undrained shear 
strength, as well as estimation of rel evant time aspects on the time 
dependent undrained shear str ength, is the cv-value after the 
preconsolidation pressure has been exceeded. Due to the low 
permeability and the low compres sion modulus, this value is often 5 -10 
times lower in organic clay and gyttja than is normal for s oft 
inorganic clays, TABLE 5. 

Table 5 . 	 Coefficients of consolidation and of secondary consolidation 
in clays and gyttjas with varying organic contents. 

Soil Organic 
content 

Coeff. of 
consolidation 

Coeff . of 
consolidation 

o' > o'c Cl s 

cv(min) m2 /s %I log t 

Typical soft clay 
Bii.ckebol clay 
Lilla Mellosa 

0 
<1 

3-4 

"' 20·10-9 

10·10-9 
94·10

"' 2 
2.5 
3.0 

Secti on 7/600 
Kungsbacka 
Section 6/900 
Kristianstad 

9-10 
9- 10 

10-11 
27-38 

2-5·10-9 

5·10-9 

2-4'10-9 

5·10-9 

2 . 9 
3 .2 
3 . 5 
4.1 
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The rate of consolidation, however, is not only dependent on the 
coefficient of consolidation but also on the coefficient of secondary 
consolidation. At the early and intermediate stages of a consolidation 
process, when the excess pore pressure is dissipated at a rate 
governed by the coefficient of consolidation, new excess pore 
pressures are created at a rate governed by the coefficient of 
secondary consolidation (e.g. Larsson 1986). The latter coefficient is 
often about 2 times higher in organic clays and gyttjas than in soft 
clays and the consolidation process as expressed by pore pressure 
dissipation may therefore be more than 10 times slower if the 
geometries are similar. The gain in shear strength mainly follows the 
rate of compression rather than the rate of pore pressure dissipation 
{Bjerrum 1967 and 1972, Larsson 1986), and is therefore not directly 
hampered by the slower pore pressure dissipation because of the 
secondary effects. The undrained shear strength at load application, 
however, may depend on them. At load application the pore pressure in 
the soil increases. For a certain time after load application, the 
pore pressures continue to rise because of the further development of 
excess pore pressures with time. At the critical time the generation 
of excess pore pressures becomes compensated by the pore pressure 
dissipation because of consolidation. The normally used testing rates 
for determination of undrained shear strength in soft soils have 
empirically been found to be applicable to inorganic soils, but for 
organic clays and gyttjas slower rates or appropriate correction 
factors for rate effects should be used (e.g. Berre 1981 and Slunga 
1983). 

10.5 Coefficient of earth pressure at rest, K0 

The relation between the effective horizontal and vertical stresses is 
called the coefficient of earth pressure and this r elation in the 
natural ground before any external interference has been made is the 
coefficient of earth pressure at rest K0 • 

The value of K0 has a minimum when the soil is normally consolidated . 
If the soil is unl oaded, e.g. by erosion, it becomes overconsolidated 
and increases as the hori zontal stresses do not decrease in theK0 

same proportion as the vertical stress. 
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For clay, the value of K0 at varying overconsolidation ratios is 
normally expressed as 

K0 = K0 nc 

where coefficient of earth pressure at OCR 
coefficient of earth pressure in normally 
consolidated state (OCR=l) 

OCR overconsolidation ratio (a' /a' )
C V 

n exponent~ 0,5 a 0.6 

For organic clays and gyttjas, this relation should be used with 
caution as there are only a few actual measurements to support its 
validity in these kinds of soil. 

Overconsolidation is often created by processes other than preloading, 
e.g. secondary consolidation, fluctuating ground water levels etc. How 
this affects the coefficient of earth pressure is not clarified . In 
fact, an intense discussion on the subject is going on at present. In 
practice no separation is usually made for the causes of 
overconsolidation, especially since they are normally not clarified or 
well understood. 

In this project no measurements of the horizontal stress in situ have 
been made. The horizontal and vertical preconsolidation pressures have 
been measured in oedomete r tests and in some cases in triaxial t ests. 
The relation between them has then been used as an indication of the 
coefficient at rest in the normally consolidated state Kone• Fig. 46. 

In inorganic clays the coe fficient of earth pressure at rest has been 
found to vary strongly with the consistency limits of the soil. In the 
organic soils the estimated values of Kone were found to be between 
0.5 and 0.6, with only a small tendency to decrease with increasing 
organic content . These soils all had organic contents of 4% or more 
and signifi cant amounts of horizontally ori ented fibres. 
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relation between preconsolidation pressures in the horizontal 
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11 . 	 STUDIES OF THE RESULTS OF 
SHEAR STRENGTH TESTS 

11.1 Rate effects 

The rate effects i n undrained triaxial tests on organic clay and 
cl ayey gyttja have been studied in detail by Sl unga (1983). From large 
tes t series of ac t ive compression tests on each of the mater ials in 
t he Finnish investigati on , it was deduced t hat t he r a te dependency 
could be described by an equation given by Hansbo {1975) 

1:tf 

-i:ref 

where 1:tf undrained shear strength at time to failure tf 

-i:ref reference shear strength 

tf time to failure 

81 , 82 and 83 are constants 

This equation implies t hat the rate effect s even out at very slow 
rates and t he ultimate undrained shear strength a t extremely low rates 
of deformation approaches 

where 	 absolute minimum of undrained shear strength 
when all rate effects have evened out. 

Sl unga 	 used the results from standard field vane t es t s as refer ence 
strengths and t hen obtained the results shown i n TABLE 6 . 

The results entail that , in compari son to standard tri axial tests run 
wi th a deformation rate of 0 . 6 %/hour , a tenfol d decrease in testing 
rate brings a decrease i n evaluated undrai ned shear strength of 10%, 
and t he mini mum undrained shear str ength is 85% of the value estimated 
from t he standard test . The results are very uniform and the scatter is 
small . Only one material (Raastala 2 . 75 m) gives somewhat higher 
reductions . The reason f or this may be that fewer tests were run on 
this material , which had an undrained shear strength of only 5-6 kPa, 
and some scatter must therefore be expected . 
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Table 6. 	 Constants for the time dependency of the undrained shear 
strength in triaxial co11rpression /or soils ~ith different 
organic contents. (From Slunga 1983) 

Site 	 Organic B1 Bz B3 

content,% 


Raastala 5.25 m < 2 1.12 0.11 2.5·10-4 

Raastala 2.75 m 5-6 1.16 0.16 1.1·10-4 

Seinajoki 3-4 1.11 0.11 1.9·10-4 

Siuntio 8-9 1.21 0.21 10 ·10-4 

Vanhankaupunginlahti 7-8 1.17 0.17 5 ·10-4 

Lokalahti 13-15 1.11 0.10 1 . 10-4 

The rate effects have also been investigated for the Val en organic 
clay (organic content 5-6%) at Chalmers University. Series of 
undrained triaxial compression tests were run at the standard rate 0 .6 
%/hour, ten times faster and a hundred times slower. Also these 
results indicate that the rate effects even out and that the decrease 
in shear strength is about 10% for a tenfold decrease from the 
standard rate and that the minimum undrained shear strength is about 
85% of the value estimated from standard tests, FIG. 47. 

VALEN 

Standard rote 
... ~ of deformation 
" 0,5 
~ ...

0.0 --1----- -------1..,__ ______ _ 
0,006 0,06 0.6 6 

RATE OF DEFORMATION.%/ hour 
I log sca le) 

Fig. 47. 	 Undrained shear strength as a function of rate of deformation 
in Valen organic clay. Averages of 5 test series. 
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Also for the organi c clay at Lilla Melltisa a test series with 
different rates of deformation was run . As only one series was run, 
the resul ts scatter somewhat, but they generall y confirm the previous 
findi ngs, FIG. 48. 

'ref 

1,0 +------ -----,-<...."'- .--

• 
Standard rate.; 
of deformation,..t 0,5 

't-

0,0--t------,----t---------,--
0,006 0,06 0,5 5 

RATE OF DEFORMATION. % hour 
( log scale) 

Fig. 48. 	Undrained shear strength as a function of rate of deformation 

in Lilla nellosa organic clay. 

For the other materials in the investigation both compression and 
extension tests were run both at the standard rate and 10 times 
s l ower . The scatter makes it impossible to give exact numbers for the 
various soils, but in general the slow tests gave about 10% lower 
strength values. 

Results similar to those for the organic clays were also obtained for 
the "svartmocka" from Umea by Schwab (1976). 

11.2Stress-paths and mode of failure in triaxial tests 

In undrained triaxial tests in inorganic clays, the general 
development of pore pressures and effective stresses is such that 
within an "elastic" stress space the pore pressure development is 
adjusted to keep the mean effective stress constant. The border lines 
of this "elastic" stress space, the so called "yiel d surface", are 
made up of the preconsolidation pressures in vertical and horizontal 
directions and the failure lines for active or passive failures 
(Scofield and Wroth 1978, Larsson 1977 , Tavenas and Leroue il 1977 and 
1979, Larsson and Sallfors 1981), FIG. 49 . 
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Fig. 49. Stress paths in undrained triaxiaL tests. 

When the effective stress path reaches one of the limiting 
preconsolidation pressures the pore pressure development changes so 
that the preconsolidation pressure is not exceeded. Instead, the 
stress path follows this line to the intersection with the failure 
criteria where failure occurs . In soils with high overconsolidation 
ratios the failure criteria is reached before the preconsolidation 
pressure. The stress path then follows this line up towards the 
intersection with the preconsolidation pressure and actual failure 
occurs some distance before the intersection is reached. The "elastic" 
response of the soil within the yield surface can be observed by 
plotting the stress paths in a q-p' space, Fig . 50, where the vertical 
stress paths show t hat the mean effective stress is constant. 

This general description is valid at standard rates of testing . Al l 
stress- strain curves in soils are time dependent and so are both the 
stress paths and the yield surfaces. At higher testing rates the yield 
surfaces expand and the pore pressure response becomes somewhat lower . 
Correspondingl y, at lower rates the yield surfaces decrease somewhat . 
Because of secondary effects the pore pressure development is larger 
and the stress paths are no longer quite vertical in the q-p' space. A 
lower limit for the yield surface at 80 per cent of the 
preconsolidation pressure in any direction is often used (Larsson 
1977) . 
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Fig. 50. Undrained stress paths in a q-p' stress space. 

This general behaviour also fits the results from the mainly non
fibrous organic clay at Lilla Mellosa, FIG. 51. 

In the more fibrous soils at Valen, sections 7/ 600 and 6/900, 
Kungsbacka and Kristianstad the mode of failure was different. Instead 
of developing failure surfaces inclined (45-~' / 2) 0 towards the 
direction of the major stress, as inorganic soils do, these samples 
split up vertically in compression tests and were cut off horizontally 
in extension tests. The pore pressure response in the elastic range 
and along the limiting preconsolidation lines was similar to the usual 
pattern described above, but failure did not occur until the effective 
horizontal s tres s es approached zero in compression tests or the 
effective vertical s tress was close to zero in extension tests . 

The strains at failure i n these soils were fairly large. As the volume 
is constant during undrained t ests, this implies that the specimens 
were considerably elongated in the dirction of the minor stress. As 
explained by Janbu (1979}, this elongation (or tensi le strain} may 
bring cracks in the major stress direction, which can occur even if 
the minor stress is a compressive stress. 

This behaviour in the more organic soils , which also makes the usual 
interpretation in terms of effective parameters c' and~· accordi ng to 
the Mohr Coulomb criterion less meaningful, can be ascribed to the 
influence of the abundance of fibres in these materials Friction 
angles ranging from 60° to 90° only indicate that the effective 
stresses in the minor stress direct i ons are very small or zero, FIG. 
52. 
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Fig. 51. Stress paths in undrained triaxial tests on organic clay from 
Lilla lfel.U:isa. 
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11.3 Stress-strain curves and failure strains 

The deformation behaviour in shear is strongly influenced by the 
organic content of the soil. The influence of the organic content on 
the fai l ure strains i n unconfined compression tests was s hown by Pusch 
(1973) and the influence on the failure strains in triaxial 
compression tests was shown in the report by the Geotechnical 
Laboratory at the Technical Research Centre of Finland (1982). This 
influence is also accounted for in empirical correlations for the 
modulus of elasticity and the shear modulus which give low moduli for 
high-plastic and organic soils e.g. Larsson 1986 

E 

where 	 modulus of elasticity 
undrained shear strength 
safety factor against undrained shear failure 
plasticity index (increasing with increasing organic 
content 

In the present investigation both triaxial compression and extension 
tests have been performed, FIG. 53. 

As for tests on inorganic clays, there is no greater difference 
between the failure strains in the two types of tests. Moreover , in 
the slow tests, which are considered most rel evant, the stress strain 
curves are fairly elastic-plastic without pronounced peaks or sudden 
drops in shear strength after failure, e .g. FIG. 54 . 

There is thus no reason for using a strain compatibility technique for 
evaluating the s hear strength in a uniform soil of this type . For 
large shear surfaces passing through both this kind of soil and more 
brittle soils this could be jus tified, however . 

The axial deformations at failure in the tri axial tests are plotted in 
FIGS. 55 and 56 as functions of the organic content and of the l iquid 
limit . The results from both the Finnish and the Swedish 
investigations are included. As can be seen, the failure deformation 
in both active and passive tests increases fairly linearly with the 
organi c content from about 1.5% for inorganic soil to about 10% at an 
organi c content of about 13%. Thereafter , the failure strains do not 
seem to be much affected by higher organic contents, but stay high 
between 10 and 13%. It should be observed that all the organic matter 
in the investigated soils was of the gyttja type. 
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Fig. SJ. Results from undrained triaxial compression and extension 
tests on clayey gyttja from 2 - 5 m depth at section 7/600. 
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Research Centre o/ Finland 1982) 
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Fig. 56. 	 Axial deformation at failure in undrained triaxial tests as a 
function of liquid limit. 

A more uniform relation is obtained if the failure str ains are plotted 
versus t he liquid limits . A linear regressi on then gives 

£f 2 . 64 + 0.0273 WL 

where 	 fai lure strain in per cent 

liquid limit in per cent 


The best fitting curve is slightly cur ved , however, and gi ves zero 
failure deformation at zero liquid l i mit and a maximum failure strain 

of about 14%. 
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11.4 Effective strength parameters in direct simple shear tests 


Direct simple shear tests are performed with the intention of 
simulating s hear along horizontal planes. With the preferred 
horizontal ori entation of the fibres, it should be possibl e to perform 
and evaluate these tests on organic soils in the same way as on 
inorganic soils. Similar testing methods are also often used for peat 
e . g. Landva 1980. 

In the direct simple shear test the sample is first consolidated for 
either the in situ vertical stress or for a desired loading history 
before it is sheared. The horizontal shear force is then applied and, 
as there is no forced shear surface in the test, the usual result is 
an angular rotation of the sample . In drained tests in 
overconsol idated soils the height of the sampl e remains almost 
constant or there may even be a small expansion. In these cases a 
maximum shear stress is reached and failure can be clearly defined. In 
more normally consolidated soils the sample starts to consolidate and 
becomes further compressed when the horizontal stresses are applied, 
the soil then gradually hardening with the deformations. Both vertical 
and horizontal deformations become very large in so f t soil s and for 
practical reasons the tests are stopped at an angular rotation of the 
sample of 0.15% radians (horizontal displacement of the upper part ~ 

15% of the sample height). If no failure stress is reached before this 
deformation, failure is evaluated as the shear stress at this stage. 

In soft clays, has been found that the drained shear strength 
evaluated in this way becomes about equal to the undrained shear 
strength for vertical stresses over 0.5 · o' c, (e.g. Larsson 1977). For 
lower stresses where actual failure occurs the drained shear strength 
becomes lower than the undrained strength . 

In design it is the lowest available shear strength at any time for 
the applied loading case that shoul d be used in the calculations. 
Therefore, in soft low permeable soils the drained shear strength is 
normally of interest only when the stresses are well below the 
preconsol idation pr essure. In t he low stress range the drained shear 
strength in inorganic Swedish clays can empirically be expressed by 
the parameter s c ' ~ 0.03 o ' c and 0 ' ~ 30°, (Larsson et al 1984). In 
calcula tions , the resulting s hear strengths from these parameters and 
the effective stresses are compared to the undrained shear strengths 
in the corresponding parts of the soil mass and the lower value is 
used as design shear strength; combined analysis (Larsson 1983 and 
1984). 

From the drained tests also the angle of friction at critical density 
may be evalua t ed. This is the friction angle that can be mobilized 
when the soil is sheared at constant volume 0' 

CV 
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This angle is evaluated at either real constant volume or, more often, 
by correcting the mobilized friction angle at a certain deformation 
for the volume changes that occur simultaneously. The evaluation of 
0'cv from direct simple shear tests is not quite correct 
theoretically, but for low values of this angle of 30° or less the 
difference is relatively small (Rowe 1969). 

The drained and undrained direct simple shear tests on the organic 
clays and gyttjas gave the same type of results as for inorganic 
clays, FIG. 57. 
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Fig. 57. 	Results from drained direct simple shear tests on clayey 
gyttja from 5 m depth at section 7/600. 

The only significant dif ference was that the undrained shear strengt h 
in relation to the preconsolidation pressure was higher in organic 
clays and gyttjas and that this relation to a significant degree 
decreases wi th increasing preconsolidation pressures. 

The results in terms of effective strength parameters and friction 
angles at constant volume are shown in TABLE 7. 
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Table 7. 	Effective strength parameters at l01,J stress levels and 
friction angles at constant volume evaluated from direct 
simple shear tests on soils with different organic contents. 

Soil Organic c' 0' 121 'cv 
cont ent 

% kPa Degrees Degrees 

1Inorganic soft 0 0,03 0 C 30 30 
clay 
Lilla Mellosa 3-4 	 32 
Section 7/600 9-10 0.03 o' C 30 31 
Kungsbacka 9-10 0.03 o' C 30 30 
Section 6/900 10-11 0.05 o ' C 30 28 
Kristianstad 27 - 38 0.05 o' C 30 30 -32 

As can be seen from the table, there is no significant difference 
between the effective strength parameters in direct simple shear tests 
in organic clays and gyttjas as compared to inorganic soft clay, 
except possibly a slightly higher c' component in gyttjas. 

11.5 Sensitivity 

The sensitivity St of organic clay and gyttja is relatively low in 
comparison to normal values for inorganic soft clays in Sweden. The 
sensitivities as determined by fall cone tests mainly varied between 5 
and 14 for the investigated organic clays and gyttjas from Finland and 
Sweden. According to the Swedish classification system (Karlsson & 
Hansbo 1984) the soils are 

Low sensitive when S < 8 
t 

Medium sensitive when 8 i S ~ 30 
t 

and 	 High sensitive when S > 30 
t 

When the sensitivity is 2 50 and the remoulded shear strength is less 
than 0.37 kPa the soil is denoted as "quick". A prerequisite for a 
soil to be quick is that the natural water content is higher than the 
liquid limit and the liquidity index 

> 1 
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The soi ls in these investigations with significant organic contents 
are classified as l ow or medium sensitive and most of them have 
liquidity indices less than 1 . 

One of the "svartmockas" was quick, but it also had a liquidity index 
of around 1.5. When the sensitivities are plotted versus t he liquidity 
indices t he usual trend with increasing sensitivity at increasing 
liquidity i ndex is found with the usual rather large scatter, FIG. 58. 
The values for the "svartmockas" seem to be fairly normal and the 
values for organi c clay and gyttja are somewhat on the low side in 
comparison to inorganic clays. 
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Fig. 58. 	Sensitivity as a function of liquidity index for organic 
clay, gyttja and "svartmocka". 
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11 .6 Normalized undrained shear strength versus organic content 

and liquid limit 

The undrained shear strength of a soil is largely a function of its 
stress history. For normally consolidated soils and only slightly 
overconsolidated soils, that is within the stress r ange where the 
undrained shear str ength is the design strength, the undrained shear 
strength in a particular soil can often be expressed as a direct 
function of the preconsolidation pressure, e.g. Larsson 1980 and 
Jamiolkowski et al 1985. 

In sof t soils, this may be a too coarse description if a very wide 
range of effective stresses is considered as the structures of the 
soils may become seriously altered at the large volume changes that 
occur in them. For normal soil profiles and stress ranges this is 
usually a minor problem. 

In organic soil and gyttjas, however, this problem is accentuated. The 
stress l evels in situ are normally very low because of the geological 
hi story and the low densities. They are even so low that testing at in 
s itu stresses with standard apparatuses may become impractical and 
construction on these soils often brings changes in effective stress 
levels of many times the original preconsol idation pressure. Another 
problem is also introduced in that the nature of the shear strength 
may change. At increasing stresses more and more of the l oad may be 
expected to be carried by the inorganic material in the soil and at 
the same time the limited strength in the fibres may be expected to 
pl ay a smaller role in the shear s trength. A significant decrease in 
normalized undrained shear strength with increasing preconsolidation 
pressures has been found for organic soils by Bergdahl et al (1987) . 
In the present investigation was found that in the testing range 
20-100 kPa a doubling of the preconsolidation pressure decreased the 
normalised undrained shear strength by about 10% in direct simple 
shear tests . This fact was used in the evaluat ion of shear strengths 
at in situ conditions for soils with extremely low preconsolidation 
stresses. 

The results from t he undrained tri axial tests and the direct simple 
shear t ests have been normal i zed against the preconsolidation 
pressures and are plott ed versus the organic content and the liquid 
limit in FIGS. 59 and 60. 

It must be observed that the normalized values are valid for the in 
situ preconsol idation pressures which vary between 15 and 40 kPa and 
become lower at increasing preconsolidation pressures . 
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In the first plot with normalized shear strength versus organic 
content it can be seen that the normalized active shear strength 
(triaxial compression) has a rapid transition from about 0.33 o'c to 
about 0.5 o'c when the organic content increases from about 2 to 6%. 
The value 0.33 corresponds to Mohr-Coulomb failure at~·~ 30° and 0.5 
corresponds to failure when the effective horizontal stress is zero. 

Also the normalized passive shear strength (triaxial extension) and 
the strength in direct simple shear increase with organic content but 
somewhat more gradually. The anisotropic preconsolidation stresses 
(Kone~ 0.5-0.6) would normally entail significantly higher strengths 
in direct simple shear than in triaxial extension, but in the organic 
soils these two strengths seem to be about equal. This may be 
attributed to the preferred horizontal orientation of the fibres. 

In FIG. 60, where the normalized shear strengths are plotted versus 
the liquid limit, can be seen that in general the normalized strengths 
in the organic soils are higher than in the inorganic clays. At a 
limited organic content, however, the normalized shear strengths in 
triaxial extension and direct simple shear may be lower than the 
corresponding stengths in inorganic clays at compatible liquid limits. 
This may be attributed to those cases where the organic content is 
high enough to influence the plasticity of the soil, but where the 
fibre content is too low to affect the shear strength. That the liquid 
limit (or the plasticity index) is less suited as a basis for 
normalized undrained shear strength in soils with organic matter is 
also obvious from the results from the organic silt and silty clay 
with liquid limits of 60 and 80%. In these soils the normalized 
strengths are much higher t han may be predicted from their liquid 
limits. 

There is a considerable scat ter in the results. This can be expected 
as neither the organic content nor the l iquid l imit can fully describe 
the nature of the soil. The scatter i s also influenced by the fact 
that very small values of both shear strengths and preconsolidation 
pressures, which in relative numbers have unusually large scatter, are 
compared and thereby the scatter in these parameters is magnified . 

The normalized active shear strength from the Finnish investigation 
was generally somewhat lower. The reason for this is not known . In 
both cases the s hear strengths were evaluated at s imilarly s low rates. 
Possible differences may exist in the testing procedures and the 
evaluation of t he preconsolidation pressures. 
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11 .7 Normalized shear strength values from field vane tests and 

fall cone tests 

According to Swedish experience , t he field vane tes t s and the fal l 
cone tests normally gi ve compatibl e resul ts. In f act, the evaluation 
of t he f al l cone test is cal ibrated agains t the field vane test , 
(Hansbo 1957). Differences in t he results are mainly associated wi th 
inhomogeneous soils, poor quality of the samples and excessive stress 
rel i ef in samples from greater depths (>10 a 15 m}. 

The uncorrected results generall y fol low Hansbo's rel ation 
Lvane ~ o ' c·0.45 wL. This relation has been found to be valid for 
liquid limits up to about 200%. It is often used to obtain a rough 
esti mate of t he preconsol idation pressure from the rou t ine tests and 
alternatively to obtain an esti mate of normal shear strength values on 
the basis of the preconsolidation pressure and the liquid limit. At a 
liquid limit around 200% the relation Lvane/o'c tends to curve towards 
a maximum value of about 0.8 - 0.9, but the empirical experience for 
higher liquid limits is very limited, (Larsson et al 1984). 

The Hansbo relation is also used to estimate the applicability of the 
normal correction factors to the results from field vane tests and 
fall cone t ests . If the shear strength values obtained from the tests 
are significantly higher than this relation yields, there is a great 
risk that the strength values wi ll have to be reduced more than the 
case in applicati on of the general correction factor . I f the shear 
strength values f rom the tests are considerably lower than those 
obtained by the Hansbo relation, it is probable that supplementary or 
more qualified tests will give hi gher shear strengths. 

The relations obtained for organic clays and gyttjas in the present 
investigation and the Finnish tests are plotted in FIG . 61 together 
with results from tests on "svartmocka" . 

Fr om this f i gure it can be seen that the results from t he present 
i nvestigation in organic clay and gyttja closely follow t he Hansbo 
relation up to liquid limits around 200%. The rel ation of L/o' c ~ 0 . 85 
at a liquid l imit around 350% may also be considered normal . Two 
results from the Finnish i nvestigation were on t he low side and 
especi a lly so in t he case of the relation for t he Lokalahti site with 
an organic content of 13-15% and a liquid limit of around 246%. 

The results from tests in "svartmocka" in most cases were high or very 
hi gh, indicating that the corrected strength values probably have to 
be further reduced before they can be used for design calculat ions. 
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Fig. 61. 	 Normalized shear strength values obtained in field vane tests 
(or fall cone tests) in organic clay, gyttja and 
"svartmocka ". 

11.8 Correction factors for evaluation of undrained shear strength 

from field vane tests and fall cone tests 

Results from both field vane tests and fall cone tests have to be 
corrected in order to obtain relevant undrained shear strengths. 
Interna tionally, this correction is often based on t he plasticity 
index of the soil, but in Sweden the liquid limit is used. The general 
correction recommended by the Swedish Geotechnical I nstitute is 

'tfu µ · 't 

where 	 't undrained shear s t rength
fu 

µ correction factor 
't str ength value obtained in field vane or fall cone test 

The correcti on fac t orµ is calculated f r om 

1.2 2. µ 2. 0.5 
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The empirical background for this correction and associated rules for 
estimation of its applicability are described in detail by Larsson et 
a l (1984). 

The results from the Finnish investigation and some of the results in 
the present investigation were included in the empirical data base for 
the recommended correction. 

In FIG. 62 the deduced correction factors to be applied to the results 
from the field vane tests in the different test fields are plotted. 
The correction factors have been calculated from comparisons with full 
scale failures in the field or from comparisons with the average of 
active and passive triaxial test and direct simple shear tests and in 
one case only direct simple shear tests depending on the reference 
data that were available. 
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Fig. 62. 	Deduced correction factors to be applied to the shear 
strength values obtained by field vane tests in the various 
test fields. 

The deduced correction factors closely conform with the general 
correction factors except for a f e w cases . 

122 



For the organic soil at Lokalahti the shear strength values do not 
have to be reduced as much as the general correction specifies. This 
is in accordance with what could be expected from the low value of 
~/o'c in comparison to Hansbos relation . 

For the "svartmockas" from Umea and Gideabacka, the shear strength 
val ues had to be reduced more and much more respectively than the 
general correction factors specify. Also this is in accordance with 
the check versus Hansbo's relation, which indicated a great risk that 
this would be the case. 

The procedure r ecommended by SGI in 1984 for correction and estimation 
of the relevance for shear strength values from field vane tests thus 
seems to give satisfactory results in all the investigated soils. It 
has to be stressed, however, that the relevance of the results from 
the particular type of soil at the site has to be checked before the 
corrected strengths are used in design calculations. 
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APPENDIX A 


Evaluated preconsolidation pressures from CRS- and incremental 
oedometer tests as a function of rate of deformation . 
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APPENDIX B 


Correlations between stress- strain relations obtained in CRS- and 
incremental oedometer tests together with evaluated coefficients of 
secondary consolidation from the incremental tests . 

The stress strain relations from CRS- tests have been adjusted for 
rate effects as described in Section 7.2.4. 
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