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PREFACE 

Due t_o the many landslides, e. g. along railway lines and in river valleys, the 

slope stability problems have been studied extensively in Sweden. The first more 

systematic investigations were made by the Gothenburg Port Authority in the 

beginning of tbis century and by the Geotechnical Commission of the Swedish 

State Railways in 1914-1922. After the large slides at Surte in 1950 and at Gata 

in 1957 in the Gata River Valley the Swedish Geotechnical Institute has been 

jnvestigating factors affecting the slope stability. An important factor in this 

connection has been the occurrence of quick clays. 

Investigations have shown that both salt and organic materials are of great 

importance for the slope stability. They also indicate that the problems are 

very comple>;. The present report should therefore be regarded as a first 

attempt to study the factors affecting the long term stability of slopes. 

The report deals with the salt content of clays and its importance for the 

formation of quick clays. Extensive field and laboratory studies have been 

made to investigate e. g. the validity of the salt leaching theory. The possibility 

to determine the slip surface in connection with salt investigations has been 

developed further. In this connection the diffusion and the ageing processes 

were studied. The paper chromatography method has been used in the study of 

the different chemical components in clay and has been further developed for 

this purpose. 

The research work was planned and directed by Mr. R. Soderblom who also has 

prepared the present report. Part of the laboratory investigations was made by 

Mrs. I. Almstedt and Mr. Shanti Parekh. 

The work was carried out at the Research and Consulting Department A of the 

Institute (Head: Mr. G. Lindskog} in co-operation with Professor A. Olander of 

the Physico-Chemical Department of the University of Stockholm. It has been 

supported by grants from the Swedish Natural Science Research Council and 

from the Swedish Building Research Council. 

The report has been edited by Mr. N. Flodin and Mr. 0. Holmquist. 

A report on the factors of organic nature which influence the formation of 

quick clays is under preparation and will later be published in this publica­

tion series. 

Stockholm, August 1969 

SWEDISH GEOTECHNICAL INSTITUTE 





SUMMAR¥ 

This report deals mainly with the importance of salt in Swedish clays. 

Especially the relationship between salt and sensitivity has been investigated. 

Methods have been developed by which the salt content in Swedish clays can be 

determined rapidly. A special instrument, "the salt sounding tool", has been 

used in the field to determine the approximate salt content in a clay. Rapid 

chromatographic methods have been d<'veloped and used to study the ionic 

composition of the pore water in clays. 

The salt conditions in clays fron1 different parts of Sweden are discussed. It 

has not been possible to correlat,, the sellsitivity of Swedish clays with the 

total salt content. There exists, however, a correlation between the ionic 

composition of the pore water of a clay and the sensitivity. Quick clays have 

an ionic composition which is not in accordance with the simple Donnan effect 

condition due to the presence of organic n1aterial in the clay. 

The investigation also sl:ows that the strength p1·operties of extracted samples 

of quick clay change with time. 

A method has been developed to detect slip surfaces in slides from salt 

soundings. The report also includes a study of the diffusion processes in 

clays as well as a laboratory investigation of the leaching processes. 

1. INTRODUCTION 

Occasionally large landslides occur in Sweden causing 

great damage and sometimes loss of life. They have 

taken place in several parts of the country, especially 

in the Gota River Valley. A great slide there at lntagan 

in 1648 caused the death of 85 persons. In recent years 

large slides occurred at Surte in 1950 (Jakobson, 1952) 

and at Gota in 1957 (Odenstad, 1958). Not far from 

Gota River a slide occurred at Skottorp in 1946 (Oden­

stad, 1951), in the eastern part of the country at Svarta 

in 1939 (Jakobson, 1952) and further to the north at 

Kramfors in 1959 (Jerbo & Sandegren, 1962). 

These large slides often begin as rather small slides 

close to the river, which then are spreading over large 

areas. This spreading is linked to the occurrence of 

quick clay, which lowers its stability drastically when 

mechanically disturbed and in extreme cases may turn 

from a solid body into a liquid. The initial slide may 

be started by such effects as pile-driving, dredging, 

erosion or changes of the ground water table. The 

general land elevation also affects the stability of clay 

slopes. 

In the studies on quick clays 1nany authors have stressed 

the importance of the salt content in marine clays and 

the transfonnation of "normal" clays into quick clays 

by a natural reduction of their salinity by leaching 

processes. Some of them maintain that a great re­

duction of the salinity of a marine clay sediment is 

necessary for its transformation into a quick clay, for 

instance from 3. 5 % to 0. 1 % or less, while others are 

of the opinion that the original salinity may be much 

smaller, so that a reduction from, say, 0. 3 % to O. 1 % 
is sufficient. Still other authors have found that 

although clays with high salinity never seem to be quick, 

clays with low salinity sometimes are quick, sometimes 

not. 

Similarly different opinions are found in the literature 

regarding the kinetics of the reactions in the ground 
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that influence the formation of quick clays. Some 

authors state that the change of the salt content in the 

ground is a rather rapid process, while others have 

found that geological lengths of time are required for 

significant changes. 

It is therefore evident that further studies on the salt 

content in Swedish clays and its importance for their 

stability are necessary. 

After the slide at Surte the Swedish Government 

organized an extensive investigation of the geotechnical 

and geological conditions in the Gota River Valley, 

which was carried out during the years 1952-60, 

mainly by the Swedish Geotechnical Institute and the 

Geological Survey of Sweden. The reports are, how­

ever, published only in Swedish (Tullstrom, 1961, 

sou 1962:48). 

The observations on the slide at Gota in 1957 indicated 

that additional basic research on the physico-chemical 

properties of the clay sediments in the valley were 

necessary for an understanding of the changes which 

take place in course of tilne. Therefore studies of the 

factors which may transform clays with normal sensi­

tivity into quick clays were initiated at the Swedish 

Geotechnical Institute. 

This report deals with factors of an inorganic nature 

which have been found to be of importance for the 

quick clay formation. A following paper will report 

on factors of organic nature. The two papers can be 

regarded as a continuation of two earlier papers 

"Aspects on some problems of geotechnical chemistry" 

by the present author (Soderblom, 1959, 1960). 

2. GENERAL CONSIDERATIONS 

2.1 Definitions 

The following terms are used in this paper. 

H -value is a value of the relative strength determined
1

by means of the Swedish fall-cone test on con1pletely 

remoulded clay (Swedish State Railways Geotechnical 

Commission, 1922, Caldenius & Lundstrom, 1956, 

and Hansbo, 1957). 

H -value is a relative strength value determined by the
3

same test on undisturbed clay. 

A clay into which the depth of penetration of the 
60 g- 60° cone is 10 mm was given by the Commis­
sion an H-number equal to 10. The Commission 
assumed that there is proportionality between the 
resistance offered by different clays and the amount 
of external work done by the cone weights when 
causing a constant depth of penetration. According to 
this assumption the H-number of a clay is obta.ined 
in the following manner. The clay is tested with the 
60° cone. Its weight is then varied until a depth of 
penetration of 10 mm is obtained. This weight in 
grams divided by 6 g is the H-number of the clay. 

Usually one does not vary the weight of the cone. In­

stead the penetration depth of suitable standard cones 

is measured and the H-value is taken from calibration 

tables. The most recent values are given in App. 1. 

Transformation of the H-values into shear strength l) 

has· been made by several authors, e. g. Skaven-Haug 

1) The author has followed the units used by the Inter­
national Geotechnical Society and not the SI-syste"'z, 
thus the unit t/m2 being used instead of newton/m . 

(1931), Hansbo (1957) and Swedish Geotechnical Society 

(1963, cf. App. 2). The values proposed by them differ 

considerably and this transformation must be consider­

ed as very approxilnate. For this reason the H-values 

proper are used in this report. 

Sensitivity is in this work defined as H /H .
3 1

Terzaghi (1944) defined the sensitivity as the quotient 

St qu/qur of the unconfined compressive strength of 

undisturbed soil qu and the unconfined compressive 

strength of the remoulded soil qur at the sarne water 

content. It is not possible to carry out unconfined 

compression tests on remoulded quick clays since they 

are almost liquid. Therefore the sensitivity of quick 

clays is often determined by the cone method. This 

method has recently also been used outside Scandinavia 

in studies on quick clay, e. g. Penner (1965) and Kerr 

& Liebling (1965). 

Skempton & Northey (1952) classified clays by their 

sensitivity as follows: 

Table 1 Classification of clays by their sensitivity according to 
Skempton and Northey, 1952 

Sensitivity Classified as 

St 

1 Insensitive clays 
1-2 Clays of low s e,nsitivity 
2-4 Clays of medium sensitivity 
4-8 Sensitive clays 
8-16 Extra sensitive clays 

>16 Quick clays 
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Rosenqvist (1953) modified this classification for the 

more sensitive clays: 

Table 2 Classification of more sensitive clays 
according to Rosenqvist, 1953 

Sensitivity Classified as 

St 

8-16 Slightly quick clays 
16-32 Medium quick clays 
32-64 Very quick clays 

>64 Extra quick clays 

Quick clay was originally defined as a clay whose con­

sistency changed by re1noulding fron1 solid to viscous 

liquid. The English term "quick clay" was probably 

first used by Reusch (1901). 1) 

In the literature on quick clays there is a great con­

fusion about the definitions. lvlost authors do not 

distinguish between "sensitive clay" and "quick clay". 

Son1e authors, e.g. Odenstad (1951), supplc-ml'nt thv 

quick clay definition with a maxirnun1 value of the 

remoulded strength value (H < 1 or <3), but in this
1 

paper the sensitivity ratio (H /H ) alone 1s used c.S a
3 1

criterion of a quick clay. The old Swedish definition 

of a quick clay (H /H 1 > 50} is more rigorous than that
3

used in Tables 1 and 2. 

Swedish clays have normally a sensitivity between 10 

and 20. Clays with sensitivity ratios between 1 and 4 

are very rare in Sweden. However, many clays in the 

south-western region of the country have sensitivity 

ratios higher than 16 (cf. App. 3 and 4). With the 

definitions in Tables 1 and 2 most clays in Sweden should 

be regarded as slightly quick or quick, both the leached 

and unleached ones, whether they have been deposited 

in fresh, brackish or salt water. The definitions of 

quick clay in these tables are thus not suitable for 

Swedish conditions. 

An important property of a quick clay which has not 

been considered earlier in the geotechnical literature 

is the amount of work required to remould the clay and 

transform it into the liquid state. Rosenqvist (1946) 

stated that Norwegian quick clays are very sensitive 

with respect to mechanical disturbances and that only 

small amounts of work is required to transform quick 

clays into a liquid. The same is also true for many 

Swedish quick clays, but often a large amount of work 

is required to remould them. The quick clays at Utby 

have a very high sensitivity ratio (H /H 1 up to 450)
3

but they require a great amount of work to be complete­

ly remoulded. Sometimes this remoulding will require 

i) The Swedish term "kvicklera" was probably first 
used in literature by Tornsten (1767). 

about 10 minutes of manual stirring. These clays thus 

behave quite different than the "rapid" quick clays 

mentioned above. The Utby quick clays may initially 

be classified as non--quick, but after several minutes 

of intense remoulding the H -values drop substantially.
1

It is evident that quick clays of this type, here called 

"slo\.v 11 quick clays, are not so dangerous in connection 

with slides as quick clays of the "rapid" quick type. 

Although the behaviour of quick clays of the two types 

are of importance for the understanding of the slide 

mechanism, no reference to them has been found in 

the literature, nor seems anybody have published any 

method to determine the mechanical work required to 

break down a clay. This important question is, how­

ever, outside the scope of this report. 

Because the earlier definitions of clays is unsuitable 

to Swedish conditions the author suggests the nomencla­

ture given in Table 3. 

The semi-quick clays arc to be regarded as a kind of 

transition clays being more or less affected by quick 

clay forming processes. 

2. 2 Theories on the Formation of Quick Clays 

Several theories on the formation of quick clays have 

been proposed. Some authors have published detailed 

abstracts of these theories, e. g. Keinonen (1963) and 

Kerr & Lieb ling ( 1965 ), and they will not be repeated 

here. Oniy a short summary of the leaching theory 

will be given, since it is essential for an understand­

ing of the present work. 

The leaching theory was originally introduced by 

Ros enqvis t ( 1946). In a review of the Norwegian quick 

clay research Rosenqvist (1966) describes the quick 

clay process as follows: 

"Quick clays will form where clay minerals are rapidly 

added to salt water at such high concentration that even 

the finest fractions will flocculate and precipitate to­

gether with the coarser particles. The clay gel forming 

in saline water will be stable at comparatively high 

water contents, due to the thick water films surrounding 

each grain. Subsequent to the formation of the clay de­

posits the salinity in the clay gels is strongly reduced, 

as the ions of the salt are in the process of diffusing 

out into the ground water through sand and gravel layers. 

This may happen not only in those cases where clay de­

posits are lifted above sea level, but even in off-shore, 

subaquatic sediments, since the fresh ground water 

under and in clay deposits remains unmixed with sea 

water comparatively far from the shore. Provided Le 

clay deposits remain unaffected by movement, the thick 

3 



Table 3 Proposed classification of Swedish chys by their sensitivity 

Sensitivity Main groups Dividing according to remoulding work 

H/H 1 
Small remoulding 
work 

Great remoulding 
work 

< 20 Normal clays 
20-50 Semi-quick clays 

>50 Quick clays R,pid quick clays Slow quick clays 

water films will continue to exist in an unstable con­

dition around the clay particles even after the salts have 

diffused out, and the clays will retain a considerable 

strength in the undisturbed state. On remoulding, this 

unstable skeleton of hydrolised clay particles will be 

destroyed and the surface water will be liberated. Thus 

the clays will turn to liquid". 

Rosenqvist mentioned also that ren,oulded saline day 

after consolidation and subsequent leaching by dialysis 

attained a state of higher sensitivity. The "less" 

sensitive clays were supposed to differ from the highly 

sensitive clays due to the following reasons: 

"(!) They are deposited in water of low salinity. 

(2) They may be deposited from suspensions so 

diluted that the clay minerals are unable to flocculate, 

but sedirn.ent individually, thus producing a denser 

packing. 

(3) The salt content has not diffused out of the floc­

culated clays. 

(4) Quick clays can be transformed into clays of low 

sensitivity by a squeezing out of water caused by the 

consolidating effect of overlying soil masses". 

Rosenqvist (1955) modified his original theory as 

follows. for the first time that in itself the salt 

or the leaching of salt was not the fundamental cause 

of sensitivity, but that we had to consider changes in 

the charge of the clay particle as measured relative 

to the fluid phase, as expressed by the Zeta potential. 

It was pointed out that provided clay minerals are 

sedimented under conditions of low mutual repulsion, 

i. e. a low double layer charge, the consolidated sedi­

ment will have a higher water content than if the sa1ne 

minerals are sedimented under conditions of a higher 

double layer charge. It was stressed that the degree 

of flocculation depends upon. the charge of the minerals, 

and may still remain after subsequent chemical changes 

of the environment, even though this would lead to 

changes in the double layer repulsion. Thus it was 

shown that th: addition of phosphate ions to the clay 

would give results comparable to those obtained by 

the leaching of salt. " 

In 1946 Rosenqvist showed "that a clay consolidated at 

a high salinity and subsequently leached by dialysis, 

exhibited a high sensitivity, and it was proved that 

even addition of suitable ions such as phosphate ions 

would produce the same result, and the same mecha­

nical properties". 

2. 3 Scope of Investigation 

One purpose of the present investigation was a study 

of the applicability of the leaching theory to Swedish 

clays. Therefore determination of the salt content in 

the pore water of clays was of interest. 

A clay with high sensitivity does not necessarily have 

a low unren,oulded shear strength. Quick clays are 

not gvncrally considered to be more dangerous with 

respect to slope stability than "normal" clays (cf. 

Tullstriim, 1961), but once a slide has started its 

consequences may be disastrous if the clay has a high 

sensitivity. Therefore it is important to recognize 

areas with quick clays and to prevent local slides in 

them. It was therefore considered necessary to devel­

op a method for rapid determination of the salinity of 

clays. An ins trumcnt has been developed suitable to 

localize leached zones in large areas and thereby 

possibly determine the occurrence of the quick clays. 

The test results from the Gata River investigation 

1nentioned in the introduction have served as a back­

ground material for the theories presented in this 

paper. That investigation was, however, incomplete 

from a chemical point of view. For example the con­

centration of sodium and potassium ions in the pore 

water was considered, but not the concentration of 

calcium and magnesium ions. It was therefore 

necessary to supplement previous investigations. 

In the present paper the following items are described; 

1) Methods developed at the Swedish Geotechnical 

Institute for rapid estimation of salt in clays. 

2) Studies of the salt content in clays. 

3) Attempted localization of quick clay deposits in 

situ by salt soundings. 

4) Localization of slip-surfaces by salt soundings. 

5) Diffusion processes in clays. 

Because of the large extent of this investigation it has 
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not yet been possible to investigate thoroughly every 

factor discussed in this paper. For instance the 

microbial action in soils has not been dealt with. The 

investigation of the salinity conditions is limited to the 

pore water. The adsorbed double layer has not been 

studied due to disturbances fro1n some easily destroyed 

constituents in the clay. 

In this paper the inorganic factors are studied. In a 

following report the organic factors will be treated. 

2. 4 Test Sites and Materials 

The investigations deal with various parts of Sweden 

(cf. Fig. 1) and have been carried out both on places 

with marine and with non-n,arine clays. The most 

in,portant investigations reported in this paper have. 

however, been carried out in the Gata River Valley. 

The places are enun,erated in Table 4. The location 

of the places is seen in Figs. 1, 2 and 3. 

< 
I KRAMFORS 

I 
) 

TIMRJ..y 

I 

' \ 
r/ 
\ 
I 

/ 

0 100 km 

Fig. 1 Map of Sweden showing places investigated 

The sites Utby, Lodose and Ellesbo were studied in 

some detail. Both salt clays, leached quick clays and 

leached non-quick clays were found at Utby (Sec App. 3). 

In many profiles here the change between clays of 

different sensitivity is very sharp. 

Therefore this place was suitable for a study of the 

factors influencing the sensitivity. The geotechnical 

data of the clay profile investigated at Ellesbo are 

given in App. 4 and those from Lodose are collected 

in Table 12. A varved quick clay which probably has 

been sedimentcd in fresh water was found at Rosshyttan 

(Fig. 1). 

r l 
.d)LERUM e 

ALINGStlSelf 
~ 

0 10 20 km 

Fig. 2 Map showing places investigated in the Gota River Valley 

The main constituent of Swedish clays is illite. 

Tentative attempts were made to use American illite 

as a reference material. Experiments were made 

with grunditc from Gooselake, Illinois, and with 

Morris illite, also from Illinois. These two materials 

could, however, not be dispersed by normal dispersing 

agents, e. g. Na P 07'without special pretreatment. The4 2 
sensitivity properties of these clays thus were found to 

differ so much from those of Swedish clays so they 

could not be used as reference materials. 

Pure kaolinites can be dispersed like normal Swedish 

clays as shown e.g. by Soderblom (1960). Some com­

n1ercial kaolinites tested were, however, unaffected 

by normal dispersing agents and some others could 

also be dispersed by sodium hydroxide. According to 

van Olphen (1965) these clays are probably contaminat­

ed by such acids, whose anions act as dispersing 

agents. 

Therefore four types of kaolin used at the pottery 
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Clays deposited in sea water - marine clays - will be
factory of Gustafsberg-s Fabriker, Sweden, were 

discussed extensively in this report as well as diffe­
examined. A kaolin denoted "46" was found to be most 

rent treatments of sea-water-affected sediments. It
suitable. This material could be dispersed by normal 

has turned out that the ratio divalent to monovalent ions
clay dispersing agents. It was hardly affected by 

has so great importance that it is not permissible tosodium hydroxide. The material had al!nost repro­

regard the sea water only as ac simple NaCl solution.
ducible properties. 

Table 4 Test sites and indication of investigations made 

Material investigated Examinations made 
Sedimen- Sampling 

Location Quick Normal tation Salt and lab. 

Site (cf. Figs. 1 and 2) clay clay Peat Water milieu sounding tests Remarks 

Gata River 
Valley 

Intagan About 5 km SSW 
Trollhattan X Marine X X 

Salt soundings in 
slide scar from 
1648 

Vesten About 8 km SSW 
Trollhattan X X 

Utby About 11 km SSW 
Trollhattan X X X X 

Strand- Near Lilla Edet X X X X 

backen 

Gata About 4 km SSE 
Lilla Edet X X X X 

Ladase About 12 km S 
Lilla Edet X X 

Alvangen About 30 km NNE 
Gateborg X X 

Ellesbo About 14 km N 
Gateborg X X X X X 

Surte About 13 km N 
Gateborg X X X X 

Tingstad Near the center 
of Gateborg X 

Results from the 
Gata River in-
vestiga tions 

Other sites 

Kramfors About 400 km N 
Stockholm CMarine Slide in 1962 

Rosshyttan About 150 km NW 
Stockholm 
(On the railroad 
line Sala-Krylbo) 

X X X X Non-marine X 

Distance accord-
ing to the State 
Railway 147+500 
V12 

Kungsangen In Uppsala X Marine X X 

Morsta About 32 km NNE 
Stockholm X X Non-1narine X 

Enkaping About 80 km WNW 
Stockholm X 

Marine and 
non-marine X X 

Ska-Edeby About 18 km W 
Stockholm X X X 

On an island in 
Lake Malaren 

Svarta 100 km SW 
Stockholm Slide in 1939 

Porla 5 km NNE Laxa 
(half way Stock-
holm-Gateborg) X X 

Ochre from the 
"Old Spring of 
Porla" Berzelius 

Skattorp About 40 km ENE 
Trollhattan Marine Slide in 1946 

6 
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Fig. 3 Map of Utby showing places investigated 

According to Sverdrup et al. ( 1942.) the ionic composi­ the amounts of different ions given in Table 5. For the 

tion of the sea water is very constant in the oceans. present experiments the recipe for artificial sea water 

It is oniy the total salt concentration that varies. given in Table 6 was used (Lyman & Fleming, 1940), 

According to these authors 1 litre sea water contains but with the three smallest constituents omitted. 

Table 5 Main composition of sea water (after Sverdrup et al.) Table 6 Recipe of artificial sea water (after Lyman & Fleming) 

Ion Amount g/1 Ion _Amount Salt Amount Salt Amount 

2.+Cl 18.980 Mg 1.2.72. NaCl 23.476 NaHC0 o. 19232+Br 0. 065 Ca 0.400 MgC12 4.981 KBr 0.096 
2+so2- 2.649 Sr 0,013 Na so 3.917 H B0 0.0264 

-L 
2 4 3 3 

HC0 o. 140 K' 0. 380 1. 102 SrC1 0.0243 2+F 0.001 Na 10.556 KCl 0.664 NaF 0.003 

H B0 0.026
3 3 

3. DETERMINATION OF SALT CONTENT AND COMPOSITION IN SWEDISH CLAYS 

3.1 General 

The standard method used in many geotechnical labora­

tories for the determination of the salt content of a clay 

is as follows. 

20 g of dried and pulverized clay is leached with 
80 g distilled water for one day. The slurry is 
then centrifuged and 50 cm3 of the water is re­
moved for analysis. The amount of salts are 
thereafter determined by evaporation and weighing, 
by conductivity, or by chemical or spectrometrical 
analysis. 

Some authors, e.g. Benade (1928), have reported that 

the conductivity of soil and clay extracts is influenced 

by the leaching time and other factors. They also say 

that organic material has an influence on the results 

and that the disturbance depends on the nature of the 

clay. Also Hammer (1949) has found that several 

factors will influence the results when dried clay 

powder is leached, e. g. solvent, time of leaching, 

temperature, filtering methods etc. 

The evaporation and weighing method gives only an 

estin1ate of the total amount of salts, as also does the 

conductivity method. However, the ionic composition 

in the pore water is of great importance for the geo­

technical properties, as discussed in Chapter 5. 

Few laboratories seem to have studied the ionic compo­

sition in the pore water in clays. For the clays in the 



Gata River Valley only one systematic investigation 

has been reported (Tullstrom, 1961). Talme et al. 

( 1966) and Talme ( 1968) have investigated the ionic com­

position at a few places in Sweden. They have used 

flame spectrophotometrical methods for the cations 

a_nd gravimetric, titrimetric and similar methods for 

the anions. 

3. 2 Development of a Method for Determination of 

Salt Content 

3. 21 Experiments with Leaching Methods 

Experiments were first made with the standard 

leaching method mentioned above. The salt content in 

a clay profile from Enkoping (cf. Jakobson, 1954) as 

determined by this method is shown in Fig. 4. There 

is a maximum salt content at the depth of 12 m, which 

seems somewhat strange considering the diffusion in a 

naturai undisturbed clay profile (cf. Chapter 7). Prob­

ably the analyses are affected by such disturbances as 

those observed by Hammer (1949) mentioned above. A 

series of experiments were therefore performed tc, 

investigate if such phenomena really occur in Swedish 

clays. 

For this purpose a clay from Ska. Edeby was examined. 

Suspensions of several concentrations of this clay were 

Sall con/en/ g/ / 
0 10 2030 

0 
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Fig. 4 Result of salt determination by means of the leaching 
and conductivity method (from Soderblom, 1957) 

allowed to stand for one day. In some cases the sus -

pensions were boiled for one hour. After this treat­

ment the clay suspensions were centrifuged. The salt 

content in the clear solutions was determined by means 

of evaporation and weighing. The results are shown 

in Table 7. It is seen that they are affected by the 

concentration of the suspensions, The results are 

somewhat irregular, possibly due to disturbances from 

Table 7 Studies on the leaching method for salt determination 

Natural water 
content 

Depth w 
m % 

70 

2 79.'5 

2.5 63 

3 58 

3. 5 56 

1 70 

2 79. 5 

2.5 63 

3 58 

3.5 56 

3. 5 

1 70 

2 79. 5 

2. 5 63 

3 58 

3. 5 56 

3. 5 

Salt content in 
squeezed pore water 
by evaporation 

gL'.l 

2.95 

3. 11 

2.89 

2.78 

2.89 

2.95 

3. 11 

2.89 

2.78 

2.89 

2.95 

3. 11 

2.89 

2.78 

2.95 

x) After squeezing of pore water. 

Salt content according to 
the leaching method, gl1 
Unboiled Boiled 
suseension suseension Remarks 

13.6 17. 2 2 grams of clay in 100 

5. 1 ml water. 10 ml 

14. 3 12. 7 evaporated 

17.2 18. 9 

22.3 

3. 1 4.2 2 grams of clay in 40 ml 

4.5 6.5 water. 10 ml evaporated 

5. 9 

5.0 6.2 

4.9 6.0 

5. 3 x) 

10. 7 5 grams of clay in 40 ml 

21.7 water. 10 ml evaporated 

14. 9 

9. 7 

14.7 

10.4 x) 
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the clay minerals. These methods do not seem to be i 9 cm for remoulded clay and one with a diameter of
suitable for Swedish clays. New methods were there­ 5 cm for undisturbed samples. The design is shown
fore c1_eveloped. in Fig. 5. A piston is used instead of air to squeeze 

out the pore water from the clay. The load on the 

piston is applied by a hydraulic jack.
3. 22 Experiments with Pore Water 

Very often the water squeezed from postglacial Swedish
It was found suitable first to study the salt content of clays contains a considerable an1ount of soluble organic
the pore water. substances. They can be destroyed either by hydrogen 

peroxide or by ignition before the inorganic salts are
To obtain pore water from clay in a sufficient amount studied. 
a filter press of the type used in the drilling mud 

industry as described by Rogers (1948) was first used. The results of a series of experiments on the sa1ne clay
Compressed air was employed to squeeze out the pore, core from Enkbping as in Fig. 4 are shown in Fig. 6. 
water. From a sample with a thickness of 5 cm and a It should be noted that the salt maximum at 12 m seen 
dia1neter of 5 cm about 25 ml of pore water was in Fig. 4 could not be detected in the squeezed water 
obtained which is common for an undisturbed Swedish (Fig. 6). These results indicate that for Swedish clays 
clay with normal water content. The salt content can the leaching method is not reliable for the determina­
then be determined by c,vapora tion, by conductivity tion of the salt content in the pore water. 
tests or by chemical methods. 

In Fig. 6 is also shown the electrical resistance of the 
clay. The resistance vs. depth curves are sn-iooth 

without any maximum at the depth of 12 nc. 

Dakshinamurti (1960) has shown that conductivity 

of a kaolin paste varies aln1ost linearly with the clay 
content and is in a paste with constant kaolin content 

directly proportional to the concentration of the 

electrolyte added. Dakshinamurti found critical 

concentration at which the adsorbed double layer in-

fluenced the conductivity. sa1ne observations 

have been n1ade by hin1 for two Swedish ciays. Similar 
results have also been by Letey & Klute 

(1960). 
Oil jack 

Penner (1964) has found an approxi1nately linear car-

relation bet\veen Kin a clay and ;{ in its pore 

water. These results indicate that conductivity of 

Piston the clay can be used 2-s a measure of the salt content 

of the pore water.I
Rubber
gasket 

The conductivity of many hydrogels is nearly the sameI
Metal as the conductivity of the intermicellar liquid. This is
cylinder 

not generally the case for clays because the clay 

I 
particles impede the ion mobility. A clay sample has 

2-s a rule a lower conductivity th2-n the squeezed pore 

water. The reduction in mobility has been expressed 

stone by the transmission factor ;( 
1 

/ X where X iscay aq cay1Pore water the conductivity of the clay system and the value 
in aqueous solution of the salts (cf. Gast East, 1964). 
These authors, however, define the transmission

Fig. 5 Pore water press factor as A 1 / A . where A means the ionic con-e ay aq- aq
ductivity at infinite dilution. This is in analogy with

For the systematic investigation two modified pore the behaviour in diffusion in clays where D /D is
cay1 aqwater presses were developed, one with a diameter o:f called the diffusion transmission factor (Porter et al., 

9 
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Fig. 6 Geotechnical data from a clay profile at Enkoping including results of 

salinity determinations on pore water (from Soderblom, 1957) 

1960), cf. Chapter 7. According to Gast & East (1964) 

the total reduction in mobility is of the same order of 

magnitude for both the conductivity and the diffusion 

transmission factors,indicating that the underlying 

mechanisn1s for the t\vo processes are essentially 

si1nilar. Sometimes they found higher values for the 

conductivity transmission factor than for the diffusion 

transmission factor and this has been explained as 

being due to electro- osmosis. 

According to Cremer.s & Laudelout (1965) the conduc­

tivity transmission factor is <1 when the conductivity 

is high, mainly depending on tortuosity effects in the 

gel, but at low conductivity, they have found values >1 

(cf. also Table 12) presumably due to conductivity 

effects in the double layers. When both effects balance 

each other, the conductivity of the clay mass is equal 

to the conductivity of the squeezed pore water. This 

case they called isoconductivity. 

3. 23 The Conductivity Method and its Application 

to Geotechnical St.,dies 

In the previous chapter lt ."'-""" said that the conductivity 

method could be used to estimate the pore water salt 

content in a clay. For the theory of conductivity the 

reader is referred to textbooks in electrochen1istry. 

1-Iere only a fev;: principles '-Yill be rr1entioned v,:hich are 

necessary for an understanding of the present investi­

gations. 

A hon1ogeneous conductor with the length Land the 

cross sectional areal\. has the electric resistance 

R p 

where p is the resistivity of the substance. The con­

ductivity Ji. is defined as 1/p. The unit of the resistivi-
1 - 1 

typis ohm• cn1 and that of the conductivity Kohm CJn 

For an absolute determination of p the homogeneous 

substance must be enclosed in a vessel with exactly 

defined length and cross section. Investigations of this 

kind are difficult to perforn1 and have only been n1ade 

on some solutions and n1etals. 

The comn1on procedure to determine p or nof a liquid 

is to use a relative 1nethod using resistivity vessels or 

dip electrodes of different kinds. One type is shown in 

Fig. 7 (dip electrode). The penetration electrode and 

the salt soundina tool described below are both 

instrun1ents of this type. 

When such a device is filled with or dipped into a liquid 

its electric resistance will be proportional to the re-

10 



Table 8 Calibration 6f the penetration electrode in KCl-solutions To Wheatstone 
bridge 

Temp R p 1/k
oC ohm ohm-cm cm 

1/50 N (1.491 g KCl/1) 

PW 9510 23. 5 260 372. 5 1. 43 

Penetration 23.5 152 372. 5 2.45 
electrode 

1/10 N (7.456 g KCl/1) 

PW 9510 25 54 77.6 1. 44 

Pene·tration 25 31 77. 6 2.50 
electrode 

,=~u,-,, Platinum sheets 
Fig. 7 Principle sketch of a dip electrode (Philips PW 9510) Glass cover 

sistivity of the liquid. Thus 

R = k · p = k/ x 

In this _equation k is called the cell constant. The in­

verted value 1/k is sometimes called multiplication 

factor. The same equation is valid for the penetration 

electrode and the salt sounding tool. Usually devices 

of this .kind are calibrated by means of KCl- solutions 

with known It. 

The conductivity X of a completely dissociated electro­

lyte is roughly proportional to the concentration if this 

is not too high. 

As discussed in Chapter 4 the pore water of Swedish 
. . 1 NT + C 2 + d M 2 + ·c1ays contains main y 1 a , a an g as cations 

2
and so and Cl as anions. Pore waters from diffe-4 
rent clays show great variations in ionic composition. 

In the typical salt clays all the ions mentioned above 

are present with Cl as the dominating anion. Some­
2times Na+ and so - are the dominating ions but not4 

2+ 2+ 2- .Cl-. In other clays Ca , Mg and SO sometimes
4 

dominate. In some weathered clays K+ also occurs in 

considerable quantities. In Chapter 4 it will be shown 

that the ionic composition in a clay profile may vary 

with depth. Because the ionic conductivities of the ions 

mentioned are somewhat different the salt content in 

the pore water of a clay cannot be deterniined with 

analytical accuracy by means of conductivity measure­

ments: Several authors, who have systematically 

examined different clays and other soils are, however, 

of the opinion that the accuracy of the conductivity 

method is sufficient for most practical purposes (cf. 

Rosenqvist, 1955). 

3. 2 4 The Penetration Electrode 

In order to determine the electrical resistance direct-

ly in clay samples the penetration electrode shown in 

Fig. 8 was designed by Soderblom (1957). This tool is 

a modification of Philips PW 9510 altered so that it is 

possible to insert the electrodes directly into a clay 

·sample. The resistance between the two platinum 

electrodes (1. 0 x 1. 0 cm at a mutual distance 1. 0 cm) 

is measured with a commercial Wheatstone bridge. 

With this tool the conductivity can be determined at 

short intervals along the full length of an extracted 

clay core. It is thus possible to obtain an almost con­

tinuous registration of the conductivity conditions. 

The tool was calibrated in KCl- and NaCl-solutions. The 

multiplication factor was_ first determined in O. 02 N 

and O. 1 NKCl-solutions. For comparison the dip 

electrode Philips PW 9510 was u.sed. The results are 

shown in Table 8. The penetration electrode has a 

Platinum sheefS 

~Insulated part 

Cable 

Soldering 

Fig. 8 Laboratory penetration electrode 

multiplication factor of about 2. 5 cm but the factor 

varies somewhat from tool to tool. 

The electrodes in this tool can of course not be covered 

with platinum black because this cover would be rubbed 

off when the tool is inserted into the clay. Therefore 

polarization will disturb the measurements, but in a 

clay material no precision determinations can be made 

anyhow. For this reason the penetration electrode 

should only be used in clays (or other gels) where a 

]j 
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Fig. 9 Calibration curve for the penetration electrode showing change of 

conductivity ){ in a kaoline mass by adding various amounts of NaCl 

relation is approxi111ately linear \vith sorne scatter. 

tinun1 black cannot be used. 

c01nn1ercial dip cell with electrodes covered with pla­

Additional results will be given in a later paper (Soder­

blorn, 1970) '1.Vhere the influence of different salts on 

In order to study the influence of different an1ounts of the clay properties will be reported. 

salt on the conductivity oi a clay the experi-

ments were made. Water was carefully added to 1 kg The change of the salt content in the pore water was 

of dried "kaolin 46" until the H -value of the clay n1ass studied by an experin,ent si1nilar to that described 
1 

was equal to 10. The electrical conductivity of the clay above by squeezing out pore \\'atcr fron1. a sr:n.all part 

rnass \\·as then detern1ined with the penetration elec­ of the clay mass after each addition o:f salt. The salt 

trode. Thereafter 1 g of NaCl was added apd the 1nass content was detern,inecl frorn evaporation and by the 

thoroughly hornogenized. The conductivity \\·c1.s then conductivity. i~n 11 expected 11 cornposition of the pore 

,vater ,vas also calculated assun1ing no interaction be­determined again. The experiment was repeated and 

2, 3, 5, 7, 10, 15 and 20 g of salt tween NaCl and the clay particles. The result is seencarried out with 1, 

per kg clay rr1ass. The/( -values \VC·re plotted against in Table 9 and in Fig. 10. 

the amount of added NaCl as shown in Fig. 9. The 

Table 9 Measurements on a Kaolin mass used for calibration of the penetration electrode (cf. Figs 9 and 10) 

Amount of Determination of salt content in s ueezed ore water "Expected" 

NaCl added B, condue tivi t di electrode salt Conduc-

to 1 kg clay 
mass 

£1'.'.l 

By evaporation 

gl1 

R 

ohm 

3 
i(" 10 

- 1 - 1
ohm cm 

Salt content 

g[l 

content 

g[l 

tivity 
transm. 
factor x) Remarks 

0 0.34 1800 o. 38 o. 21 0 0.24 The water contains 

Na+, 2+
Ca 

2+
Mg 

- 2-
Cl and SO - ions

4 

2.41 198 3.46 2. 05 2.4 0.55 Besides Na+ the 
water contains 
considerable 

2+ 
amounts of Mg 

2 3. 78 128 5. 35 3.20 5,6 0.60 

3 7. 97 63 10.9 7. 0 8.4 0.34 

5 8. 55 58 11. 8 7.6 14. 1 0.65 

10 27. 55 20. 5 33.4 20. 4 28.2 0.34 

15 36.44 16. 3 42.0 30 42.2 o. 40 

20 50.00 12.9 53. 1 39 56. 3 0.40 

x) See p. 9 
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Fig. 10 Calibration curve for the penetration electrode showing the value of 
conductivity ;( in a kaoline mass vs. pore water salt content determined 
by evaporation and weighing: 
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Fig. l1 Relationship between 1( in sample and total salt content in pore water 
squeezed out from different clays in the Gota River Valley 

The salt content in the squeezed pore \vater \vas lov,.rer lo\vc-r concentrations the trans1nission factors are 

than the 11 expected 0 value, indicating adsorption of salt. higher. The values mentioned are of the same order 

The salt content in the pore waters estimated from the of magnitude as is often found in Swedish clays. The 

conductivity shows lower than those detei·mined curve seen1s to be useful as a rough calibration curve 

by evaporation. for the penetration electrode. 

The smoothed out curve (Fig. iO) gives ,·alues of the In Fig. i 1 the pore water salt content for clay samples 

conductivity transmission factor of 0. 32-0. 36. At from Utby, Strandbacken and Loddse are plotted 
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against their conductivHy. They are mostly deviating 

from the kaolin calibration curve from Fig. 10 and 

are in fact better represented by a straight line. These 

results show to which restricted extent the penetration 

electrode can be used to estimate the pore water salt 

content in clay. If more accurate values are required 

it is necessary to analyse the pore water itself. But 

the limited accuracy obtained by the penetration elec­

trode (and the salt sounding tool) may be sufficient for 

several purposes. 

3. 2 5 The Salt Sounding Tool 

The results with the penetration electrode suggested 

that it was possible to develop a tool which could be 

used to estimate directly the pore water salt content 

of clays in situ. With such a tool it would also be 

possible to study diffusion processes in nature. 

Experiments with a tool suitable for determining the 

electrical conductivity in the ground have been under­

taken by Rosenqvist (1956) who developed the so-ca:led 

corrosion sounding tool. This instrument has a magne­

sium tip and, insulated from this, a ring-shaped elec­

trode of steel. The resistance is measured between 

these ty,o parts. Since the magnesium electrode al­

ways has an oxide c0ver the resistance measurements 

may'be uncertain.. It has a multiplication factor of 

about 4 cm, but this factor is said to vary.somewhat 

from soil to soil. 

The Norwegian sounding tool has been modified as 

shown:·-in Fig. 12. The modified device is here called 

the salt sounding tool. Its body is of steel. The ring­

shaped brass electrodes are insulated from the main 

part by glass fibre reinforced polyester plastic. The 

tool can be extended by the same tubes as are used for 

the Swedish Standard Piston Sampler. The tool is 

driven into the soil with standard equipment. 

When making deeper holes a washing aggregate is 

placed between two extension tubes, about 1 m above 

the sounding tool. Water is pumped through by means 

of a highpressure pump. With this equipment it is 

possible to make soundings in the clay to depths more 

than 50 m below the ground surface. Readings with 

the salt sounding tool are made for every 10 cm. The 

measured resistances or the corresponding it-values 

are plotted in a diagram as a function of the depth be­

low ground ·surface. 

The salt sounding tool has been calibrated in the same 

way as the penetration electrode. The accuracies of 

the two instruments are about the same. 

Electrical cable 

/ Cast polyester 
plastic 

Glass fibre 
Electrodes reinforced plastic 

Fig. 12 Salt sounding tool for direct measurements of 
conductivity in soil 

A modified device was later developed by Messrs. 

Orrje & Co., Goteborg, where a salt sounding tool has 

been combined with a vane borer. With this, instru­

ment it is possible to measure the sensitivity and the 

conductivity of a clay at the same time. 

3. 2 6 Chromatography 

The dominating ions in sea water and in the pore water 

of clays deposited in salt water are Na+, K+, Ca +, 

M g 
2 + , C1- and so 2 - Therefore it was necessary to4 

make determinations of mixtures containing these ions. 

A suitable rapid method was one-dimensional paper 

chromatography. 

To estimate the composition of pore waters a method 

given by Long, Quayle & Stedman (1951) was employed. 

2
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The solvent used in this method is ethanol (95%) -

ammonia (d = 0.81) - water (80 :4: 16 ). The pore water 

can be analysed untreated. About 3 to 5 mn1 3 liquid 

are pipetted onto Whatn1i_il1 paper. Sodium chloride is 

mostly used as a standard substance. 

The chro1natogran1s are developed descending on a half­

sheet of a Whatn1an I paper (23x57 en,) in a standard 

equipment for paper chromatography (Linskens. 1959). 

In n1ost cases, ho'-vever, it is sufficient to make sn1all, 

rapid chron1atogran1s \Vhich arc developed ascending in 

the llDcsaga 11 equip1ncnt for thin-layer chrornatography 

(cf. Stahl. 1965). Instead of the plate used in thin­

layer chromatography a glass frarne covered with 

Whatn,an I paper was used. The papers had the dirn.en­

sions only 10x20 crn~ _A_ftcr clcvclopn1ent, \Vhich takes 

about 140 rninutes, the chron1atogran1s \Vere dried for 

5 minutes at 110°C and thereafter sprayed with bron10-

phenolblue solution (cf. Linskens, 1959), In the solvent 

systen, used the ions will show the given by 

Long, Quayle Stedrnan in Table 10. 

Table 10 RF-values of different ions (after Long et al.) 

RF-v;ilue 

S;ilt Cations ,Anions 

NaCl 0.26 0. 43 

NaBr 0.25 0.48 

Na.A(.· 0.26 0. 52 

0.20 0.09 

KAc 0. 19 0. 52 

0 o. 52 

0 o. 52 

Systematic investigations on pore \Vaters have sho\vn 

that this method is suitable to distinguish between pore 

·waters \.vith sodium as the don1inant cation and pore 

. 1 C a z+ d M 2+ as h e d .\Vaters \.v1t1 an g t .om1nant cations. 

This difference in pore ·water composition is of great 

importance in a study of the relation between salinity 

and sensitivity (cf. Chapter 5). The method is well 

suited for field work. 

The cations can be investigated in n1ore detail by ;i 

method given by Seiler, Sorkin & Erlenmeyer (1952). 

The solvent is ethanol (95%) - 2 N acetic acid in water 

(80:20). The chromatograms are developed in the 

standard equipment for paper chromatography. With 

this method it is necessc1ry to convert the salts into 

acetates before the analysis. This can best be made 

in an ion exchanger IRA 410 in its acetate form. 

The chroma tograms can be developed either with 

bron1ophenolblue or still better with a 0. 5 % solution 

of violuric acid. In the first method all cations appear 

as blue spots on a yellow background. In the second 

n1ethod characteristic colour reactions for alcali and 

;ilcaline earth ions will appear as given in Table 11 

(Seiler et al., 1951 ). 

Table 11 RF-values and colouring of alcali and alealine earth 

ions with violuric acid (after Seiler et al.) 

Ion value Colour 

.j. 

K 0.45 violet 

Na 0.56 violet- reddish 
2+ 

Ca 0.68 orange 

lvfg 2 + 0. 76 yellow-pink 

0. 76 red-violet 

It may also be mentioned that Zn is coloured red and 

iron blue by this treatn1ent. 

According to Seiler al. (1951) itis possible to 

estimate the quantitative con1position of a salt solution 

containing a mixture of alcali and alcaline earth ions 

with ;in accuracy of 10- 15%. 

The violuric acid reactio:1 can also be used on the 

chron1atogra1ns first described. They c1re sprayed 

with 95% ethanol and kept for half an hour in the steam 

of cone. acetic c1cid. Thereafter the chromatogram is 

dried at 105°C for 5 minutes and sprayed with a 0. 5% 

solution of violuric acid. The typical colourings of 

alcali and alcaline earth n,etals a re then obtained. 

In this work mainly qualitative exa1ninc1tions of the 

pore waters have been made. In Table 12 approximate 

values of the concentrations of the ions in pore \vaters 

fro1n Lodose are given. They are crude estimates 

from the sn,all chromatogran,s mentioned above. 

Becc1use of the irregul;ir form of the spots it is hardly 

possible to estimate absolute ion concentrations direct­

ly from them. It seern.s safer first to estirnate rela­

tive norn1alities, e. g. the salt in a water may have 
2

40% xa·", 10%-} (ca + + Mg2+), 35% Cl- and 15% 

.L SO Z-
2 Fron1 the total salt content obtained by eva-4 
poration it is then possible to estimate the absolute 

norinalities of the ions. 

3. 3 Discussion 

As stated in (2. 3) the main purpose of the present in­

vestig;ition was to develop methods for a study of the 

influence of electrolytes on the geotechnical properties 

and especially a field study of the leaching theory.Kerr 
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Table 12 Data from the section investigated at Li:idi:ise in the Gota River Valley 

Salt Salt Salt Salt Ionic con1.position, 
cont. cont. cont. cont. meo/1 5) 
in in in in .Natural Liquid Conduc-

R in pore pore pore R in 3 pore water 1in1.it tivity
''· · 10Hole pore water water water sam­ water content transm.2

Depth water 1) 2) 3) ple ohrri; l 4) Ca + Cl SO2 - w wL factor 
m ohm g/1 g/1 g/1 ohn1 cm g/1 1\1Q2+ 4 % % 

810 0.93 o. 52 o. 65 0. 50 532 0.80 1. 2 4 o. 4 0. 4, 33. 6 <0. 33 >102 88 65 0.85 

4 790 0.96 o. 54 0. 70 o. 43 460 0. 92 l. 3 3. 3 0. 4 0.4 27,0 <0.35 >82.0 91 59 0.96 
7 1200 0.63 0. 35 o. 49 o. 26 540 0.79 1.2 2. 2 0.2 44. 1 0,45 99. 0 87 57.2 1. 25 

10 1650 0.50 o. 25 0. 34 o. 30 980 0.43 0.6 2.6 0.3 40.0 1.02 39. 2 50 37. 6 0,95 

Hole 2 

138 5. 5 3. 3 4.61 4.42 180 2.2 2, 8 40 10 35 15 90.6 10.0 9.6 67 67 0.40 

51 14. 9 9.0 9. 77 9.27 78. 5 5. 1 9. O 63 18 63 18 51. 1 10. 8 4.7 72.4 73.6 o. 34 

l 0 74 lo. 2 6.6 6.43 6.23 108 3.7 5.6 48 51 2 61.5 3.08 20.0 84 64.5 o. 36 

15 130 5.82 3.6 3. 76 3. 65 160 2.5 3.7 30 1. 2 30 1.2 73.5 t.45 50. 7 8-t 65. 0 0.43 

20 175 4.33 2. 5 2. 57 2. 54 300 1.33 2.3 20 20 2 49.0 3.57 13.7 33.5 37 o. 31 

Hole 3 

178 4.27 2.6 3. 36 2. 79 260 1. 54 2 19 21 86 15.4 5. 6 56 60.6 0.36 

2 9 26. 2 18 20.02 17.87 48 8.35 17.5 147 37 166 18 110 12. 0 9.2 68.5 71 0.32 

10 36 21.0 14.5 15.45 14.27 56.2 7.13 14.6 85 37 110 12 120 13. 2 9. 1 72.4 76 0.34 

15 64. 3 11. 8 7.8 7.55 7.20 86 4.68 7.6 49 12 60 81.5 4.66 17.5 81.9 72 0.39 

20 54 14. 0 9.2 9.67 8.81 170 2.35 3.1 53 22 68 7 141 3. 57 39.6 77.7 64.8 0. 17 

23 170 4. 5 2.7 2.80 2.63 268 1.49 2 20 2 20 20 61.5 4.39 14. 0 44 40 o. 33 

Hole 4 

80 9. 5 6. 1 6.61 5.85 140 2. 85 6 40 10 45 5 79.4 8.25 9.6 58.6 57 0.30 

27.2 16-1 11. 1 67. 7 69. 1 0.407 24. 8 30.5 21. 5 24.01 21.31 33 12. 1 127 55 18 141 12. 3 

10 22. 8 33.2 23. 5 26. 08 23. 02 30. 5 13. 1 29.6 138 59 177 20 141 13. 8 1o. 0 60. 3 64.4 0.36 

15 23. 5 32.4 23. 5 25.67 22. 94 31.212.8 28.8 137 58 185 10 120 19. 7 6. 1 52.2 59.8 0.40 

20 30 25. 3 17. 9 18. 78 16. 85 32. 5 12. 3 27.6 104 43 141 6 149 19. 7 7. 5 72. 8 84.5 0.49 

25 30. 5 25.0 l 7. 3 18.16 16.40 38.8 10.4 23.0 98 42 140 163 12. 3 13. 2 56 58 0.42 

Hole 

3 55.8 13.6 9.0 9.15 8.57 121 3. 3 4. 8 59 15 71 3 141 16. 6 s. 5 61. 4 67.5 0.24 

5 31. 5 24.0 17.6 17.88 16.55 47,9 8.4 17. 6 113 28 136 5 117 19. 7 5, 9 70.6 82. 0 0.35 

10 21.5 35.2 26. 0 2 7. 8 1 2 5. 7 0 30.813.0 29.6 154 66 211 9 141 15.4 9. 2 57. 8 62.7 0.37 

15 20.0 37. 9 28.0 31.29 29. 01 26 15. 4 35.4 176 76 242 10 189 18. 2 10. 6 66. 1 76.0 0,41 

20 2 1. 0 36 26 2 9. 3 3 2 7. 6 3 38.710.3 22.6 165 71 212 24 189 19.7 9. 6 67 77. 5 0.29 

25 20.0 37. 9 28.0 31.56 29.65 36.810.9 24. 0 1'89 81 216 54 141 19. 7 7. 2 72.5 84 0.29 

1) Calculated from the conductivity of pore \.vater 

2) 11 evaporation residue of the pore water 

3) !J ignited evaporation residue of the pore water 

4) " conductivity of the clay 

5) The samples in Hole 1 contain organic anions and Hco; 

& Liebling (1965) mean that it is necessary to reduce varying an1ounts of ions from the adsorbed double 

the salt content in the pore water of a clay from e.g. layers are extracted. 

abont 3. 5% to about 0. 1% to obtain a quick clay. If their 

opinion is correct there must be large differences in A pore water salt content of about 0. 4% in quick clays 

salt content between quick clays and non-quick clays. as found by son1e authors gives a X -value of about 
3 1

Quite crude methods see1n to be sufficient to detect 4 · 10- ohm -!cm for the clay if NaCl is the dominat­

such large differences. ing electrolyte. This salt content, at which a quick 

clay system flocculates, is about the same as that in 

One might expect the sensitivity to vary inversely to the "salt clay" at Kungsangen (cf. Fig. 21). In order 

the salt content. To test such a relationship one cannot to understand the disturbances by leaching n1ethods 

use e. g. the method where dry clay powder is leached, son1e chromatographic studies were made of the 

as that method is uncertain and 1nay give false peaks in leachates, Such a chron1atogram from a clay sample 

the salt content curve. As seen in (3. 21) the salt con­ from Hole 620 Utby 13 m is shown in Fig. 13. If 

tent found by this 1nethod is dependent on the concen­ compared with the chromatogram from the pore water 

tration of the suspension, treatment, etc. The method· of an adjacent clay (Fig. 32) it is seen whereas sodium 

usually gives a higher total pore water salt content than chloride is present in both cases, there are only traces 

a direct analysis of the squeezed pore water, because of calcimn and n1agnesium in the leachate but much 
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Fig. 13 Small-paper chromatogram of a lcachale from a 
pulverized dry elay from Utby lfole G20, 13 rn 

rnore in_the pore \\'ater. Sulfate ions are present both 

in the leachate and in the pore \Vater. Organic rnatler 

is also present in the ycllo\v lcachatc. Thus th(· \\·att·r 

obtained by the leaching rncthod had another cornposi­

tion than the squeezed pore v:ater. It 111ay thert:~fore bv 

concluded that the leachate is inadequate- for studit,•S of 

the pore water salt content. 

Accurate values of the total salt content of the pore 

\vatcr cannot be obtained fron'i. its conducti\·ity because 

the co:nposition of the salt content is varying. But bP­

causc the ionic conductivities of the S1...'.veral ions a re 

not too much at variance, the rnethod rnay yield rcstilts 

accurate enough for geotechnical purposes (cf. Rosen­

qvist, 1955). As seen from Tabk 12 the salt content 

derived from the pore \vater conductivity agrees rca 

sonably \Vell \vith the content obtained by evaporation. 

The conductivity in the ground often dctern1ined by 

the "four probes method" developed by F. Wenner 

(1915). In this method four steel probes are inserted 

into the ground \vith equal spacing along a straight 

A potential is applied between the two outer probes. 

By measuring the potential difference between the tv.ro 

inner probes average resistivity of the soil \vithin 

a depth of the san1e order of 1nagnitude as the distance 

between the electrodes can be calculated. If this dis­

tance is varied some authors believe it to be possible 

to determine the resistivity variations with depth. 

These values arc, ho\vever, at best mean values of the 

conditions betv;een the probes. In the present investi­

gation the local variations of the resistivity in a profile 

\Vere of interest and therefore \1/enner,, s method \vas 

not adequate. 

Rosenqvist (1955) has found that the ratios of the sev-

eral ions in the clays investigated differ from those in 

sea \vater. The sulfate to chloride ratio '\vas lov.:er in an 

in situ unleached clay than in sea water, but in a quick 

clay this ratio ·was rnuch higher than in sea v.:ater. 

.t\lso the percentage of magnesium in the leachate \Vater 

salt ,._vas higher in quick clays than in sea \Vater, prob­

ably due to partial leaching in nature. Penner (1964, 

1965) has found relatively more divalent cations in the 

pore water of a "norn1al" clay (St« 50) than in that of 

a quick clay. Talme et al. (1966) and Talme (1968) 

have found sin1ilar differences. 

4. STUDIES OF SALT CONTENT IN CLAYS 

4. 1 General 

The knowledge: of the distribution of salt clays in 

Sweden and of leaching processes in them is very lirnit-

ed. Only iev.r investiga,,tions been carried out. 

i\lustly cl<::ty river slopes hav1.: been studied, as a part 

oi the Gi:ita River Valley invc,stigation (cf. Chapter 1). 

A systc1natic itn'(:stigation of the salt conditions in 

Sv.re<lish clay soils is of in1portance since 1nost geotech­

nical properties re depl'ndent on the salt conditions of 

the clay . ..:-\lso the rate of corrosion in the clay is in 

n1an·y cases dependent on the salt content. 

.r\rrhenius ( 195~1) has published n1aps sho\ving the salt 

content in ground \Yater springs at several places in 

Sv.:eden. }Ii__' reports low salt contents in the 

spring \Vaters •.As a rule they have n1uc..h lo\ver salt 

content than the, pore v:atcr in the surrounding clays. 

1\n inves:tiga tion of the salt content in the ground has 

been rnade Australia by Lightfoot, Smith & Malcolm 

(1964). 

4. 2 Clay Examinations with the Salt Sounding Tool 

\Vhcn salt soundings have been n1ade in S\veden curves 

01 the type shown in Fig. 14 are usually obtained. The 

clays have as a rule a leached zone near the ground 

surface. The salt content gradually increases \vith 

depth and reaches a maxirnun1 value in the 1niddle of 

the profile. At greater depths the salt content slowly 

decreases again. In the bottom layers the salt content 

is usually very small. 

The salt sounding curves hitherto obtained by th0 ore­

sent author (and also salt content curves of the pore 
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Fig. 1-l Typical salt sounding curve (Utby Hole 6 02) 

water by che1nical analysis, cf. Tullstrom, 1961) arc 

usually s1nooth in undisturbed clav profiles. It scen,s 

reasonable to assurne that diffusion i;::; a major cause of 

this fact. ~.i\s a rule only srnall 11 ripples 11 are observed 

such as those shO\vn in Fig. 14 (cf. Chapter 7). 

As 1nentioned in Chapter 4. 1 n1ost n,casure1nents of 

salt distribution have been 1nade in slopes in the Gata 

River Valley. The salt distribution in them is notable. 

The saltest clay is generally found near the river. The 

salt content decreases gradually with increasing di­

stance from the river bank. A typical series of salt 

determinations in such a slope at Lodi:ise, where the 

ground surface is gently sloping ( 1 vertical to 55 hori­

sontal) towards the river, are shown in Fig, 15 and 

Table 12. Six soundings are shown at different distanc­

es from the river, the nearest 2 m and the most 

distant 212 m from the bank. Sampling was made with 

the standard piston sampler (Swedish Geotechnical 

Institute, 1961) at the points examined, with the 

exception of the point at 180 m from the river. Samples 

were studied at about every 5 m down to 25 m. Their 

geotechnical properties were investigated in the labora­

tory and their pore water squeezed out and examined. 

The results are given in Table 12. The Lodose section 

is shown in Fig. 16 in which the curves are connecting 

points with equal conductivity. The salt content is 

shown in Fig, 17. The saltest clay is found in the 

middle part of the deepest profile quite near the river 

and the salinity is there almost the same as in sea 

water ( ""'3%). 

The conductivity determined with the penetration elec­

trode in an extracted core from Tingstad, Goteborg, 

and corresponding results from spectrophotometric 

salt content determinations are shown in Fig. 18. The 

clay core was about 90 m long. It is seen that ·below 

the depth of about 20 m the salt concentration of the 

j{· 101 ohm' cm' 
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Fig. 15 Salt sounding curves from a section at Lodose, 

showing salt distribution (Figures on the curves 

indicate distance from the Gota River in metres) 

pore water is 3. 5%, i. e. about the same as that of the 

sea water in the oceans. (The present sea water off 

Goteborg has a salt content of about 2.. 3%. ) Similar 

relations fron, Olskroksmotet, Goteborg, are shown 
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Fig. 16 Schematic view of section examined at Lodose showing variation in 
conductivity 
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Fig. 17 Curves showing variation of pore water salt content with depth and 
distance from the Gota River in the profile at Lodose 

in Fig. 19. Also in this case the pore water has a exceed 0. 8% in the 30 m deep profile. The same gene­

salt content which is about the same as that in ocean ral distribution as that at Lodose was also noticed here, 

·water. i. e. the salt content decreased with increasing distance 

from the river. 

Salt sounding curves from the Enkoping River are given 

in Fig. 6. The soil conditions at this place are shown A salt souna1ng curve from Kungsangen, Uppsala, near 

in Fig. 20. The pore water salt oontent does not Fyrisan (Kallstenius, 1958) and results from salt con-
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Fig. 18 Gcotechnical data from a clay profile at Tingstad, Goteborg, including 

results of salinity determinations on pore water (from Tullstrom, 1961) 

tent determinations by evaporation 01 squeezed pore and the bottom of the profile. Rain water of course 

water are given in Fig. 21. The total salt content in will leach the salts from the upper parts of the profile 

the soil profile does not exceed 0. 3%. (the "dry crust") and then salts will move by diffusion 

upwards from the more saline parts of the profile. 

From these last two profiles it seems that the salt This process can explain the shape of the upper part 

sounding curves in central Sweden are of the same of the curves. 

general type as those in the Gota River Valley in spite 

of the different geological conditions during their de­ The clays are usually deposited on a bottom layer of 

position, e. g. differences in salinity. coarse material with high permeability which was laid 

down during the glacial period. Through this bottom 

layer there is a flow of ground water of low salinity. 

4. 3 Discussion of Test Results This water will leach salt from the overlying clay 

layer. As a result the salt content curves have the 

Curves of the type shown in Fig. 14 seem to be typical· shape as shown in Fig. 14. 

in Sweden. Their shapes can be explained if one 

assumes that leaching has occurred from both the top Theoretical calculations based on the normal diffusion 
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laws do not contradict the hypothesis that the salts in salinity of the Baltic Sea has varied. About 10,000 

the clays are residues from the marine milieu in which years ago it was an inland basin with fresh water, t]:,.e 

they were originally deposited (Chapter 7). so-called Baltic Ice Lake. When the ice gradually 

melted a pas sage was formed in central Sweden and the 

The salt content in .the clay pore water from Tingstad Baltic Sea received salt water, the so-called Yoldia 

and Olskroksmotet is about the same as in ocean water. Sea (about 9,500 to 8,500 years ago). 

These clays are believed to have been sedimented in 

rather undiluted sea water and after that remained During this time the sedimentation conditions in central 

1nainly unchanged. Sweden and in the Gota River Valley seem not to have 

been very different. 

In central Sweden the clays were deposited under very 

varying salt conditions. During Holocene time the Later this passage was closed when the land raised 
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Fig. 19 Geotechnical data from a clay profile at Olskroksmotet, Goteborg, 
including results of salinity determinations on pore water 
(from Tullstrom, 1961) 
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Fig. 20 Result of investigations of a clay profile at Enkoping (from Soderblom, 1957) 

and the Baltic again became a fresh water lake, the 

so-called Ancylus Lake. 

About 7,000 years ago the still existing passages were 

formed south of Sweden and the Baltic Sea becarne 

even more salt than now, the Litorina Sea. During 

this time Lake Malaren was still part of the Baltic Sea 

and hence carried salt water. The present lowland 

around Malaren was below the sea level. The Litorina 
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Fig. 21 Result of salt investigations of a clay profile from 

Kungsangen, Uppsala (from Kallstenius, 1958) 

Sea is believed to have had a salt content of about 1. 6%. 

During these periods clays were deposited in central 

Sweden. These clays are called Yoldia Clay, Ancylus 

Clay and Litorina Clay, respectively. 

The salt sounding curves from Enki:iping and Kungs­

angen give no indications that these clays have. been 

deposited under varying salinity conditions. The con­

ductivity curves show a leached zone at the ground 

surface, a higher salinity in the middle of the clay 

layer and a leached zone close to the bottom. This 

indicates that diffusion or equalizing in other ways has 

taken place since deposition. 

The salt in the Enkoping clay may be a residue from 

the Litorina Sea. The salinity of the pore water is 

about 0. 8%, i. e. only half of the assumed salinity of 

the Litorina Sea water. The salinity of the clay at 

Kungsangen located in the same part of Sweden is 0. 3%. 

These values approach the present salt content in the 

Baltic Sea (0. 6% east of Stockholm) . 

Clays with a salt content approaching that in the ocean 

(3. 5%) are scarce in Sweden. They have hitherto been 

found only at some places in the vicinity of Goteborg. 

Clays with lower salt content (0. 3 to 2. 5%) are found 

at several places. 

At first it was unexpected to find the saltest clay close 

to the river and that the salinity decreased with in­

creasing distance therefrom. If pure diffusion has 
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occurred fron1 top and botton1- of the clay, the saltest 

clays will be found approxin,ately in the 1niddle of the 

deepest part of the profile, as "\Vas the case in the pro­

files investigated at Lbdbse. The rnaxi1nurn salt con­

tent "\Vas located son1e\vhat nearer to the ground sur­

face than to the bottonL This distribution suggests a 

slower diffusion to the surface than to the botton1 but 

can also be explained if a convection occurs .fron1 the 

botton1 to\vards the surface in addition to the diffe.sion. 

It rnust be noted that in the profile at LC)dbse the salt 

sounding gave no exact picture oi the salt distribution 

in the clay, because of variations in the conductivity 

transmission factor. 

It is not probable that the diffusion coefficient is con­

stant throughout the whole slope . ..:-\s seen in Table 12 

the conductivity transrnission factor varies consider­

ably in different parts of the: slope. Tht__• diffusion 

transmission factor is of the sa1ne ord(·r of 1nagnitudc 

as the conductivity transrnissio~1 factor, b,:c·<.-n1se the 

sa1ne faCtors \vhich affect the diffusion also aifect th0 

conductivity (cf. Chapter 7). Thus it is probable that 

the diffusion constant varies with both the depth and 

the distance fron1 the river. 

The ionic distribution ii: the profile (Table 12) is of 

interest. In the rnost leached part,. av.tay fron1 the 

river, no chlorine was found in the chron1.atogra1ns. 

Sodiun1 was the don1-ina ting ea tio!1. Vlhcn the salt 

content of the clay :increased tov:ards the river, the 

ionic con1posJtion of the pore \vater gradually ap­

pro2.ched that of sea 1xater. This is in accordance 

v1ith the theory o:" partial leaching advanced by Rosen­

q vis t ( 195 5). 

Hutc'.ninson ( 1961) has found sirnilar salt distributions 

at th(: ~;:unser:. Valley in Nor\Vi:ty and used this distri­

bution to localizl· slip surf<:tces. He b,_:-~lieved that the 

distribution is caused by a rnore intl·:1se leaching in 

the parts of a clay cie-posit lying high above the river 

lc;vel than in the lo\ve-r parts close to the river. ~,-\ 

sin1iLar distribution seerns also to occur in the Cauca 

Vailey, Colombia (Borrc,ro, 1956), 

5. ATTEMPTS TO LOCALIZE QUICK CLAYS BY SALT EX..A.MINATIONS 

5. l General 

It is of great geott·chni1._·al interest whethv!· it is possi 

ble to localize quick clays by n-H.:ans o( salt souccHngs or 

not. In a slope there rnay exist zonc·s ui quick 1._·]a~; which 

can affect the extent of a sli.dv considerably. _,:\ s1:1all 

initial slide due to c. g. erosion that has start(~d close 

to the river rnay then develop into a largL: slide. 

As mentioned in Chapter 3. 1 Rosenqvist (1955) has 

found a correlation bet\.vccn salinity and Sl::'·nsitivity i!1 

Nor\.vegian clay deposits. This \\·as expected frorn the 

salt leaching theory. Penner (1965) found in the: Ottav.:a­

Hull area no such correlation ::)et\veen salinity and sen­

sitivity. The conductivity of clays with lov; sensitivity 

varied here within the \vhole conductivity range found 

in nature but the conductivity of quick clays v:as ahvays 

helow a certain limiting value. If sensit:,·ity is plotted 

versus conductivity an L-shaped point distribution \Vas 

obtained, cf. the conditions in the Gbta Rl\·er Valley, 

Fig. 31. 

The map in Fig. 22 shows that quick clays are comrnon 

in the area ·where the salt \vater channel covered central 

Sweden during the Yoldia period. The points represent' 

80 cases of quick clay found in about 1500 consecuti,·e 

works carrieci out at the Consulting Department of the 

Sw(0 ciish Ct'otechnical InstitLtt.· (1-..:1.:tit1!y .frorn the ye~"!.rs 

1960-1%5). 

\Vha.t is s;:iid at;o\·c could su½gest that the salinity of the 

w<-tter \\'here the clay \vas dc-posit~_·d n1ight have some-

thing to do v::ith the :'orn1at.'..on of the quick clays. Hov.:­

eve r. about half of the quick l__~ lays reported a re varved 

quick clays. which have b(:'t:·n S(·din1C'nted in rather 

fresh \\'i-:dcr. Electron niic:togY"aphs ir~dicate that the 

structurl__~ of clays is not influenced by the salt conten: 

o" the pore w,iter (Pusch, 1968), Experi1nents have 

also shown that most Swedish clays can be transformed 

into quick clays by a trt.:a.. tn1(..·nt v.:ith dispersing 2.gents, 

e. g. sodiurn di phosphate (SOderblon1, 1970). Both the 

electron Ynicrographs and th(::> experirnents v;ith dis 

persing agc-!1ts indicate that n1ost Sv.redish clays have a 

structure vvhich is sufficiently loose to allov; the trans­

forrr.ing of a clay v:ith lov: sensitivity into a quick clay. 

/1. thorough exa.1nination ol ti;..e salt leaching theory is 

difficult and requires rnuch field \vo::-:k~ It \vill be 

necessary to ascertain the salt conditions under which 

the clay sedin1entcd; for this purpose it seems neces 

sary to rnake diator:n analyses. In addition the present 

salt content in the pore \vater must be detern1ined. 

Such an investigation has been attempted by e. g. 

l(einonen (1963). In £our cases in Finland he found 
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Fig. 23 Sensitivity and Na-content curves from Strandbacken, Gota River, 
showing a marked correlation between salinity and sensitivity 
(from Tullstrom, 1961) 

24 



quick clays which have been sedi1nented in almost 

fresh Ancylus water with the present salt content of the 

pore water only little deviating from that prevailing 

during the sedilnentation. 

5. 2 Studies with the Salt Sounding Tool 

Salt soundings and vane borings have been made con­

currently in the Gcitii River Valley. The salt soundings 

have been supplcrncnted by sa1npling. The sa1nplcs 

have been exa1nin-ed geotcchnically and chemically. The 

co1nbine<M vane borer and salt sounding tool (cL Chapter 

3.25) developed by Messrs. Orrje & Co. has also been 

used. 

As n1entioncd in Chapter 4 the conductivity curves 

usually have the general sn1ooth shape sho\vn in Fig. 

14, whether the profile contains quick clay or not. In 

contrast, the sensitivity - depth relation is often 

highly irregular. One \vould expect corresponding 

jurnps to be found in the conductivity curves, but they 

are generally not found. 

Rosenqvist (1955) has presented data for two clays 

frorn TPyen and from Studenterlund0n in Oslo. In 

these cases the total salt contc11t \vas inversely corrt:­

lated to the sensitivity of the clays. Sornetimcs one 

can find similar conditions also in the clays in the 

G0ta River Valley. Fig. 23 shows a profile fron1 

Str.andbacken, Lilla Edet. The sensitivity of the: upper 

part of the clay layer was high while the sensitivity 
.j, 

was low towards the bottom where the Na' -content 

increased. A fc\v hundred metres irorn this place the 

Na+ end sensitivity curves, hov.-ever, have quite 

different appearances as sho\vn in Fig. 24. 

Sorne typical rneasurements fron1 Utby on the G0ta River 
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20 
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Sensitivity H3/H1 meq Na+/! poil/2 waler 

Fig. 24 Sensitivity and Na-content curves from Strandbacken, 
Gota River, sho,ving no visible correlation between 
salinity and sensitivity (from Tullstrom, 1961) 
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Fig. 25 Sensiliv{ty and salt sounding curves from Hole 658, Utby 

are shovn1 :n Figs. ?.5 through 27. The conductivity 

curvt.>s are srnooth \vhile the sensitivity cur\·es have 

distinct peaks. It should be noticed that the clays in 

Figs. 25 and 26 have the highest sensitivity a.t the 

levels '.vhc:te the n-1ec1sured conductivity reaches a 

1naxirnum. .:\nothcr type of curve i.s shown in Fig~ 28 

(Hole 99 at Utby). The clay is of normal sensitivity 

(cf. App. 3) down to the depth of 14 m in spite of the 

clay b<~ing leached in the \vhole profile. i\.t 15 rn quick 

clay \Vas found, but at the depths of 16 and 17 a1 the 

sensitivity v:as norn1al again . .:\s seen in Table 13 the 

total salt content of the pore v . .:atcr \Vas about the same 

ior both the quick and non-quick clay. 

Sorne results obtained v:ith the con1bined tool of 1v1essrs 

Orrje & Co Ltd are shown in Figs. 29 and 30. These 

measurements \Vere made at Intagan in the G0ta RiVer 

Valley. The results agree \vith those obtained from 

other investigations. The resistance curves are smooth 

\vithout disco11tinuities. The sensitivity curves, on the 

other hand, are rnore or less i.rregular. 

In most cases it \vas not possible to find a correlation 

bet'.veen conductivity and sensitivity. If any general 

conclusion can be dra\vn .from these results, it must be 

that the conductivity method turned out to be quite un­

suitable for loc2.lizing quick clays. The passing over 

from no:rmal sensitive clay to quick clay in an un­

disturbed profile \vas never associated \vith a deviation 

or jurnp in the conductivity curve. Instead, the con-
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Table 13 Data from clays from Utby and Strandbacken 

Determination of salt content in eore water 

Site 
Hole 
Depth 

m 

By conductivity 

1
InSamele ) 

3
R ){ . 10

- 1 - 1
ohm ohm cm 

Salt 
cont. 
g/1 

In squerzed pore
2water

3
R X. • 10

- 1 - 1
ohm ohm cm 

Salt 
cont. 
g/1 

By evaporation of 
sgueezed eore water 

Dried 105°C After 
ignition 

g/1 g/1 

Conduc-
tivity 
transm. 
factor 

Natural 
water 
content 

w 
% 

Type 
of 
clay 

Utby 99 

9 550 0.8 1. 2 83 8.2 5. 1 7.78 0.09 52 Normal 

17 280 1. 4 2.0 80 8.6 5.4 10.70 9. 39 0. 16 53 Quick 

Utby 620 

4 280 1. 43 2.0 96 7. 1 4.5 8.37 7. 56 0.20 77 

15 155 2. 58 3. 7 78 8.8 5. 6 7.55 7.02 0.28 62 Normal 

19 310 1. 3 1.8 145 4. 7 2.8 5.23 4.85 0.28 47 

Utby 658 

5 1100 o. 36 0.7 370 1. 85 1. 05 1. 90 1. 22 0. 19 71 Quick 

8 620 0.65 0.8 515 1. 53 0.8 1. 28 0. 58 0.42 73 

14 390 1. 03 1. 4 215 3. 18 1. 8 3. 71 0.32 65 

17 380 1. 05 1.5 205 3. 34 1. 9 3. 11 0. 31 59 

19 420 0.9 !. 2 255 2.78 1. 6 2.70 2.38 o. 32 61 

Utby 680 

4 960 0.4 0.7 209 3.27 1. 9 4. 57 0. 12 58 Normal 

5 680 0,6 0.8 210 3.26 1. 9 4. 15 3. 59 0. 18 58 

14 350 1. 14 1. 6 140 4.9 2.9 5.26 4.76 0.23 57 Quick 

Strand-
backen 

15 50 8 16.8 36 19 13 18.9 16. 9 0.43 Normal 

20 37 1o. 7 23. 8 27 25.4 19. 0 25.4 23. 5 0.46 

1) Penetration electrode 
2) Dip electrode 

ductivi ty curves have the a ppea ranc e they theor etically 
Immediately after extraction 

should have in a profile where diffusion has occurred After lransporlation lo laboratory 

during a very long period. This is not rernarkable Sensitivity H:/H1 

from a physico-chen1ical point of view. The irregular 0 100 200 300 400 
0..-----.----.,------.----,---, 

shape of the sensitivity curves n1ust be developed by a 

process \vhose main cause is some other reaction than 

sirnple salt diffusion. 

5 
In Fig. 31 the conductivity of samples from six boreholes E 

in the Gota River Valley is plotted against the sen­
.!; 

"' LJ 

sitivity. The salt content of clays with low sensitivity C, 

~ 
can vary between wide limits but the salt content of "' 

'CJ 10 
C:quick clays is always low. This relation is similar ::, 
0 
l:;,to that reported by Penner (1965). 
:I: 
-2 Conductivity ' 'y 

.Q"' 
:S I 
Cl. 15 
OJ5. 3 The Ionic Composition in some Clay Profiles Cl 

The ionic composition of a profile from Utby, Hole 620 

has been studied chromatographically as described in 

Chapter 3. 

0 8 12 16 

The salt content of the clay was high, except close to )( · 10'ohm' cm'' 

the ground surface where the clay had been leached. 

A chromatogram of the pore water salts at a depth of Fig. 26 Sensitivity and salt sounding curved from Hole 680, Utby 
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--- Immediately after extraction 
- -- After transportation lo laboratory 

Sensitivity H3/H1 
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0.-------,-------,---, 
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Cl 
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Fig. 29 Relationship between electrical resistance and sensitivity obtained by 
the combined vane borer and salt sounding tool 

Fig. 27 Sensitivity and salt sounding curved from Hole 620, Uthv 

--- Immediately after extraction 
- - - After transportation to laboratory 

Sensitivity H3 /H, 
0 100

0 .--------, 

Conductivity 

E 5 
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Fig. 30 Relationship between electrical resistance and sensitivity obtained by 
the combined vane borer and salt sounding tool 

Fig. 28 Sensitivity and salt sounding curves from Hole 99, Utby 
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Fig. 31 Relationship between conductivity and sensitivity for 
clay samples from the Gota River Valley 

14 m below the ground surface is shown in Fig. 32. 

The chromatogram indicate~ that the anions are mainly 

chloride, but some sulfate can also be detected. The 

cations are mainly sodium and calcium + magnesium. 

A chromatogram of acetates is seen in Fig. 33. This 

pore water has approximately the same ionic composi­

tion as sea water. 

A chromatogram from the quick clay part of this pro­

file at a depth of 4 m is shown in Fig. 34. This indi­

cates that calcium and magnesium are almost lacking, 

whereas sodium is the dominating cation, Sulfate is 

now the dominating anion. The ionic composition of the 

pore water of the quick clay thus differs from that of 

the salt clay. 

In Hole 680 at Utby the clay is non-quick from the 

ground surface to a depth of 7 m. Below this depth the 

sensitivity increases rapidly to very high values, 

H /H /~:; 400. The conductivity is increasing from the
3

ground surface in the low sensitive part but the con­

ductivity curve shows no jumps at the transition be­

tween the non-quick and quick clays (Fig. 26). A 

chromatogram from the low sensitive part (4 m) (Fig. 

35) does not indicate any sodium; the dominating 

cations are calcium and magnesium. The dominating 

anion seems to be sulfate. No chloride could be detect­

ed. The chromatogram from the quick clay part(S-17 m) 

was almost identical with that in Fig. 34 from Hole 620. 

The composition of the pore water thus differed from 

that of the quick clay. 

blue blue 
_ 2+ a 2+ 

t------o,---~ Mg f,1 2+8 tr~~/low0..., Go 
f)ye/low \f) 8 

KC/ NaCl 620 11.m 

Fig. 32 Small-paper chromatogram of pore water of a clay 

from Utby Hole 620, 14 m. Standards KCl, MgSO
4

and NaCl 

08000 
(2) 0 0 0 

8 0 8 0 0 

620 11.m 

Fig. 33 Paper chromatogram according to Seiler et al. of 
pore water of a clay from Utby Hole 620, 14 m. 
Standards NaAc and MgAc

2 
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~yellow 

620 t;m NaCl 620 t;m 680 t;m NaCl 680 tm 

Fig. 34 Small-paper chromatogram of pore water of a clay Fig. 35 Small-paper chromatogram of pore water of a clay
from Utby Hole 620, 4 m from Utby Hole 680, 4 m 

blue 

CJyellow ~::::'Q
8 LJ 0

eaft!) 

99 9m NaCl 99 9m 658 '4m NaCl 658 /,; m 

Fig. 36 Small-paper chromatogram of pore water of a clay Fig. 37 Small-paper chromatogram of pore water of a clay
from Utby Hole 99, 9 m from utby Hole 658, 14 m 

r::--ica 2 +1------~H>---1.J,-blue ______,C2_.,..._,Mg 2 .. _

A ~so}-LJyellow l_J 4

ob,eeB f) 
l...,_{ellow~ /'-,

Cl - \ Traces\-..../ \J ,_, I\ 

£1/esbo 9m NaCl Ellesbo 9m
658 19m NaCl 658 19m aged aged 

Fig. 38 Small-paper chromatogram of pore water of a clay Fig. 39 Small-paper chromatogram of pore water of an aged,
from utby Hole 658, 19 m formerly quick clay lrom Ellesbo, 9 m (the sample

about 2 years old) 
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In Hole 99 at Utby no quick clay was found from the 

ground surface down to a depth of 14 m. The Jc-value 

was very low, Fig. 28. A chromatogram of the salt 

composition at 9 m is shown in Fig. 36. Calcium and 

magnesium but no. sodium were detected. The anions 

seem to be sulfate. The pore water has a composition 

similar to that of the low sensitive part at Hole 680 

above. 

Fig. 37 shows a chromatogram of the squeezed pore 

water in Hole 658 from a depth of 14 m where the clay 

is quick (Fig. 25). The pore water has a similar com­

pos.ition as the pore water of the quick clay in Hole 620. 

The dominating cation is sodium whereas calcium' and 

magnesium are almost lacking. Chloride could not be 

detected, the dominating anion seems to be sulfate. A 

similar chromatogram is obtained from a depth of 17 

m. 

The chromatogram in Fig. 38 was obtained from Hole 

658 at a depth of 19 m, where the sensitivity is de­

creasing (H /H ~ 100) and the total salt content is low
3 1 

. (see Fig. 25). The dominating cation is still sodium 

but distinct amounts of calcium and magnesiun1 cou;.d 

be detected. The dominating anion seems to be sulfate, 

but distinct amounts of chloride were also found. The 

pore water thus seems to have changed from a "sodium 

water" to a water with calcium and/or magnesium. 

Investigations were made on the pore water composition 

of samples stored for relatively long times. The chro­

matogram from a sample from Ellesbo, originally quick 

and stored for two years in the laboratory, is shown in 

Fig. 39. Its sensitivity had decreased during storing 

Ca 2 + 
Mg+ 

so 2-4 

r-1 
I / 
\ I 
\.) G r-1 

INa+l Traces 
I I--

r--... 
l I,_,,, (f) Tracesrs.-=:i 

Veslen Im NaCl KC/ 
aged 

Fig. 41 Small-paper chromatogram of pore water of an aged, 
earlier quick clay from Vesten, 1 m below the slip 
surface. Standards NaCl,, MgSO and KC~4 

---·--+---<•----0---

lntagan 11.m NaCl ln/agan II. m 
Vesten Im agedaged aged 

Fig. 40 Small-paper chromatogram of pore water of an aged, Fig. 42 Paper chromatogram according to Seiler et al. of 
formerly quick clay from Intagan, 14 m (the sample pore water of an aged, earlier quick clay from Vesten 
about 4 years old) 1 m below the slip surface. Standards NaCl and MgC1

2 
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0 

to that of a normal clay. Only a very weak spot of 

sodium was noticed, not reproduced in the figure. The 

dominating cations are calcium and magnesium. No 

chloride could be detected, but the dominating anion is 

sulfate. A chromatogram from a four year old sample 

of an initially quick clay from Intagan is shown in Fig. 

40. Sodium is seen in the chromatogram as well as a 

distinct spot of calcium and magnesium. The domina­

ting anion is sulfate, but a weak spot of chloride is also 

seen. This ageing effect is further discussed in 

Chapter 5.4. Clay was taken in 1967 at a depth of 1 m 

below an exposed slide bottom of the 1960 slide at 

Vesten. In the meantime this clay had lost its quick­

ness. A chromatogram (Fig. 41) indicates the pre­

sence of potassium (cf. below) and distinct amounts of 

calcium and magnesium. Sulfate is the dominating 

anion but no chloride could be detected, The pore 

water of this clay was also chromatographed according 

to Seiler et al. The result is shown in Fig. 42. The 

cations are potassium, calcium and magnesium, but 

only very small amounts of sodium are present. An 

unidentified cation with a RF-value~0. 39 could be 

detected by spraying with bromophenolblue, but 

violuric acid did not colour this cation. 

The pore waters from all the quick clays examined 

contained only small amounts of calcium and magne­

sium. In waters from aged clays whose sensitivity had 

decreased the amounts of these ions were considerable. 

The chromatogram of the pore water from "kaolin 46" 

mixed with water to H ~ 10 is shown in Fig. 43 (cf.
1 

Chapter 2). This indicates sodium but also calcium 

and magnesium. The dominating anion is chloride. 

When this clay was dispersed by Na4 P o until the
2 7 

strength value reached a minimum (H
1

< 0. 33) the pore 

water gave the chromatogram shown in Fig. 44. 

Sodium (and potassium) is now the dominant ion. 

Calcium and magnesium could of course not be detect­

ed now because they had been precipitated, nor could 

chloride be observed. A phosphate ion with RF~ 0 is 

the dominating anion. Thus the chromatogram for the 

"kaolin 46" is similar to the chromatogram obtained 

from the pore water of a quick clay (cf. Fig. 37). 

The kaolin-diphosphate suspension was coagulated with 

NaC 1. The pore water was squeezed out and examined. 

The result is shown in Fig. 45. Sodium and chloride 
2+ 2+ 

are now the dominating ions. Ca and Mg could of 

course not be detected, as the diphosphate precipitate 

is not expected to be dissolved by NaCl. 

A quick clay from Hole 658 12 m Utby, with a typical 

quick clay composition of its pore water, was treated 

with NaCl until it became stiff ( I{ ~io- 2 ohm- 1cm- 1). 

Kaoline NaCl Kaolin 

Fig. 43 Small-paper chromatogram of "pore water" of a paste 

of "kaolin 46" with an H-value of about 10 

PhosphoriC 

1-------+-&--+-'--el_lo_w~e-------t-&-+ acids 

~ 
tJ 

Kaolin dis­ Kaolin dis­NaCl 
persed with persed with 

Na P 07 Na 07 

Fig. 44 Small-paper chromatogram of "pore water" of a paste 

of "kaolin 46" dispersed to minimum viscosity by 

Na P 0
4 2 7 

Kaolin + Na4P207 NaCl Kaolin + Na4 P2 o7 
+ NaCl + NaCl 

Fig. 45 Small-paper chromatogram of "pore water" of a paste 

of "kaolin 46" dispersed to minimum viscosity by 

Na P o and afterwards coagulated with NaCl 
4 2 7 
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After that the pore water gave the chromatogran1 shown 

in Fig. 46. Naturally the pore water now showed spots 

oi sodium chloride, but distinct amounts of calciun1 and 

rnagnesiun1 \Vere also present. Thus the calciurn_ con1-

plex in a natural quick clay is weaker than the calcium 

diphosphate c01nplex, since addition of salt to the quick 

clay liberates calcium and 1nagnesiun1 ions from the 

system. These results indicate that the stiffening of a 

natural quick clay by salt is a more co1nplicated colloid 

chen1ical reaction than a simple salt coagulation such 

as those studied by Freundlich (1922) and his collabora 

tars af the beginning of_this century. 

5. 4 Changes of Quick Clay Samples with Time. 

Ageing Phenomena 

In the study of the quick clay problerns it is very 

i1nportant to pay attention to the changes which take 

place in_ quick clay san1ples during transportation to 

and storage in the laboratory. 

.f\geing effects in quick clay samples ha\-e been reported 

by Jerbo, Norder & Sandegren (196f). They found that 

if an undisturbed sarnple of quick clay is extracted and 

the sa1nple is carefully stored it gradually changes its 

sensitivity during a few n1onths to a clay with a lower 

sensitivity . ./1.. si1nilar phenon1enon is kno\.vn in gencYal 

colloid chemistry as the ageing of gels. 

Kallstenius (1963) also noticed such an ageing effecl. 

He found that the strength value of san1plcs extract-

658 12m +NaCl NaCl 

Fig. 46 Small-paper chromatogram of pore water of a quick 
clay from Utby Hole G58, 12 m. Coagulated with NaCl 

ed with a standard piston san1plcr decreased with as 

n1uch as 28 per cent over a 3 n1onths period. He also 

studied the influence of the transport to the laboratory . 

The process of ageing in cerarnic clays has been 

known since the beginning of this century. An aged clay 

has normally a higher plasticity than a freshly extrac­

ted clay mass. According to Glick (1936) and Baker & 

Glick (1936) bacterial activity plays a1,1 important role 

in these ageing processes. The action of 

oxygen, carbon dioxide, vvater and bacteria under 

atmospheric conditions is according to Hammer (1949) 

kno\vn as ll-weathering 11 
, 

11ageing 1
' or 11 s ouring" of the 
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Fig. 47 Strength values and conductivity curves from Hole 658, Utby 
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clay. During the \\'ca.t!1ering several processes take 

place \vhich incrcasc tlH:· quantity of solublt:; salts. 

..:\111.ong these, the oxidation of sulfidcs and the decon1-

position of such silicates as biotite, chloritc and the 

felds?ars should b.e rnentioned. 

In the investigation 2.t Utby ntentioned in Cl1<1?te::_·-.:5. 2, 

the undisturbed and the ren1ouldcd strength of cxt::·acted 

clay sar:1ples \\'ere rneasured by the fall-cone tc:sts a 

fe\v n1inutes after the extraction of the san1ple. The 

conductivity of t1H· san1plcs \Vas rneasured at thL' sarne 

tirne \\·ith the penetration clectrodt'. T'hercaftcr the 

sarnplt;::, v:erf transported by bus and 1·aih\'ay ,~bout 500 

kilornctr1....•s to the lz1..boratory in Stockholln \Vhcre tl1i...:y 

n1cas'..!.ren;,ents \\.-as bl.:l\.•;ccr1 1 \.veck and 1 n1.o:ath. The 

results 2.!·e shO\\'ll in Figs.25 through 28~ 

The strength \-;:dues lro1n Hole 658 are shov.:n in F'1g. 

47. It is seen th;1t both the undisturbed ar:d tht,__· ::·(:-

rr1oulded sh,.::ar stri..:·ngth ha.Ye' ch2.nged 1nore or less at 

aln~ost all lc-v(·ls. The undisturbt·d sht•C1r strength clv-

creast:;d v:ith ti1ne c1t ea.eh level ir:.\·l·stigcit..._•d ,.-,:ith the 

exception of a ?art in the rniddlt· 1.Jf tht: pro~ile (9 through 

10 1n) ·Nhe:·p it \vas pi·actica.lly u11c·!1anged. Tov:<trds tl1t• 

coarst· botto1n layers t:i.nd at the st1rface L.~ycrs thv de 

crease \Vas larg(:, Thus the grt•a.ter slH'CJ.r strength 

tov:ards the bottorn layers det.(,rrnii:c:d i!1 the fi(:lci i!1~ 

near the ground surft1.cc and the botto111. Thi....' shear 

strength \Vets aln:_ost unchanged at the deptl1s 13 to 16 in. 

v.:as lo\ver tha.n tht.: Sl~nsiti ....·lty ch•tL:nninvd i:1 thv Ltburci 

tory for the sarn9l1-~s betv:een S 2,nd 13 rn (Fig. 25). In 

the upper part the ori,½inc.d 6(;·nsitivity \\·as highvr. Tht· 

sensiti~1ity n1easurcd in field reacht.·d a rn(.!,xinnuu c1.t 

15 n1 dcpU1 and the laboratory sensiti,:ity t:.t 11 n1. The 

t\VO sensitivity curves thus ir:.terscctcd. E3ut t!1is un­

changed value o{ sensiti~.·ity Z'...t 13 rn is the ;_;rchang1._·d 

ratio bt::tv;een tv:o different- pairs o( chZ:.ng<.:c!. st.rt:r:.gth 

values ; 

Tb.e corresponding elz:ctric.-::!-l conductivity cur•:es Ct ::_·(; 

s1-:o\vn i!1 Fig. --1-7. It is see!1 tl:at the cot~ductivity }:,::is 

changed a little but \Vith a regularity i!1dicatin~ that it 

cannot reasonably be due to exp(~rirnental errors. ;r1 

the c.ppcr parts of the profile dovn1 to 9 1n depth the 

conductivity 1neasured in the laboratory v:as lo·wer thaa 

that determined in the field irnrnediately after extrac­

tion oi the san1.plcs. }\.t gre2.ter depths the conciibons 

\Vere reversed....A.s seen in Chapter 5. 3 changes in !:he 

ionic composition oi the pore v:ater of a quick clay 

san1ple \\·ere 2.,lso noticed. 

The strength values fro1n Hole 680 are sho·wn in Fig . 

48. The undisturbed shear strength obtained in the 

fielc! v:as a.t laboratory tests, ~onsidcrably lov..,er 2.t all 

h;vels. The undisturbed shear s trcngth in the :icld 

increased \l:ith ch::pth in 2. norrnal \.vay. This increase 

was lost at the laboratory tt:sts, just as :n Hole 658. 

The rt.:1--:r1otilded shear strength increased in the n1iddle 

part ol the profile \vhcre the rernouldcd values \Vere 

the lo\t.:est and decrc:2.sed at the top and bottom. The 

sensitivity ic_ the: lo\v sensitive part down to 8 n1 belov.: 

the ground surface was practically unchanged \Vith tin1e 

(Fig. 26). In the high sensitive pz:.rt a lv.rgc decrease 

w,1s noticed at c.1.ll lev(;:ls. The electrical conductivity 

l!1c~~eased at all levels during the ageing process (Fig. 

48). 

In Hole 620 the undisturbc;d shear strength decreased 

at ail ·lt:\'els ex~~C'lJt at a depth of,6 rn 2.s \vell as the 

rcrnouldecl shear strength; did. CXCL~pt at 17 a:nd 18 1n 

~1s shov,:n.in Fig. 49·: The se11sitivity \Vas high i;-i the 

UiJfJt/1" p.:irt of this profile v.:ith a n1axin1ur!1 at 7 1n depth. 

The se.:1siiivity values oI the rnost sensitive parts de-

cr<.•as1.•d considerably after t~·an;:;port to the laboratory 

but in thv other ;Jarts of the prvfile the cht,tnge was 

sr:1all (Fig. 27). Ho\vcver this unchanged sensitivity 

:·(•prc•sents the rl-1tio between tw.__1 L:hi~nged strength 

\"t:.llieS (Fig. 4:9). The 1neasnr(•d elcctri1..,al concb..1ctivi~ 

ty of the sarn!Jlc·s in this p:·ofile v:<.-~s alrnost ur..changed 

att<.·r ~he transporta.Uon (.:F'ig. ~i9). 

TlH· clay in Hole 99 ;:it Ut:Y'/ (Fi~~ 28) is ui specitd interest 

in this connc•ctio!1, In spite of Lc·ii1~ strongly leached 

the p1·ofi]e contained alrnost no quick clays in its natural 

st~!lt' ac1..-urc!1ng t<..) thv ~jf•ld n10as-:.1rt..~n1e::1ts . .P... ft,~r trans 

(I-I :E > SO), d. _-\pp. 3. In the appec· pac·t of the pro­3 1
fiie the sensiti,.:ity v.:as alrnost unci:anged (Fig. 28. ). 

T!H: undisturbed shear strength decrc·ased during the 

agc·ing process a.t a.lrt10s: all levels, ac.d also the rc­

}nonlch~d slH:ar strength decrL:ased at 1nost levels as 

seen in Fig. 50. Bc:lov; a dc~!)th of 14 n1 the rcn1ou.lded 

shl.:'a::· strength decreased !"en1arkably ar~d it is this 

decrease \vhich 111akes the clays quick according to the 

laboratory tests although Lhey \VC!'"C 11 ::-iormal 1
: ir.:.. the 

fie id. 

'T'he electrical condt!.ctivity increased after ageing at all 

levels. Because changes of this kind \Vere not expected 

2.t the tl!ne of the investigations, nu measure!11.ents 

\Vere n1.adc: ~n the field on sarnples fron1. levels above 

9 m depth ai:d below 17 m (Fig. 50). 
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5. 5 Discussion of Test Results 

The examinations of the salt conditions in the Gota 

River Valley indicated that no systematic relationship 

between salt content and sensitivity existed. The 

sensitivity therefore seems not to be caused only by a 

simple salt coagulation of the colloidal part of the clay. 

Several authors have found that the laws which govern 

negative colloids in general can be applied to the clay­

water system. This suggests that parallels can be 

drawn between the salt leach1ng in clays and the be­

haviour of colloids in general when their electrolyte 

content is reduced. 

Lyophobic colloids will flocculate if the electrolyte 

concentration exceeds a certain value. If the salts are 

removed the colloid often deflocculates. Electrolytes 

can be removed from a colloid system by the dialysis 

procedure introduced by Graham (1861). 

Dialysis of a flocculated colloid results in a defloccu­

lated system only when electrical charges are formed 

on the surfaces of the particles. In many cases it is 

necessary to add small amounts of foreign substances 

to the solution. A prolonged dialysis of a colloid will, 

on the other hand, cause the adsorbed ions to leave the 

system more completely and the charge of the particles 

will then decrease. Picton (1892) thus found that 
2

As s particles will loose their adsorbed s - -ions so 
2 3 

that they become discharged and then flocculate. This 

observation indicates that a low electrolyte content is 

an indispensable condition for the clay system to be 

quick, but it is also necessary that the clay particles 

have suitable surface conditions. Otherwise, the 

systen1 will be "non quick" for all prevailing salt con­

tents, and this is found in many cases. A low pore 

water salt content is a necessary, but not a sufficient 

condition for a high sensitivity of a clay system. 

On the other hand, the ionic composition of the pore 

waters, as found above, is different for quick clays 

than for non-quick clays. Where the sensitivity changes 

in a profile, the pore water composition is also changed. 

Calcium and magnesium ions seem to be the dominating 

cations in the non-quick system pore waters and sodium 

in the quick ones. According to Penner ( 1965) excep­

tions can, ho\vever, be found. 

The ageing and salt stiffening experiments show that 

calcium and magnesium ions have not been removed 

from the clay system by leaching and that these ions 

can be liberated by suitable treatment. This indicates 

that calcium and magnesium are complexly bound 

("masked") in a quick clay. This is in accordance with 

Rosenqvist's theories, which demand that the univalent 

ions are easier to leach away than the bivalent ones as 

.required by the Donnan effect. Leaching thus causes 
2

an accumulation of Ca + and Mgz+ A normal leaching 

process carried out on a clay sedimented in sea water 
2 

will give a pore water mainly containing Ca + and 

Mgz+ -ions. The leached clay will then become a non-
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quick clay. 

On the other hand, it is very easy to transform a nor­

mal clay into quick clay by complex-binding or pre-

. · · Ca 
2+ and Mg T h e substances k nown asc1p1tating 

2+ 
dispersing agents have these properties. From Fig. 44 

it is seen that sodium diphosphate removes the ca 2+ 
and Mg

2+-ions from the solution, and that the pore 

water obtains a composition corresponding to that of a 

quick clay. Many substances are known to have these 

properties and it is questionable whether a clay can be 
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Fig. 51 Resistance curve from the Gata slide showing slip 
surface (from Soderblom, 1958) 

transformed into a quick clay without the influence of 

such dispersing agents. 

Of course, the change in the composition of the pore 

water in equilibrium with the colloid particles is only 

a result of a change in the colloid chemical state of the 

particles. A study of these changes is a more compli­

cated task than a study of the easily removable pore 

water and shall not be treated here. 

The results described above are in accordance with 

results from systematic leaching experiments by 

Quirk (1952) and Emerson (1954). They found that 

various British soils behave differently when leached. 

In some cases a deflocculation occurred, but in other 

cases, especially "grass land crumbs" soils with 

organic materials forming bridges between the clay 

"crystals", resisted dispersion by salt leaching. If 

the soil crumbs, on the other hand, were mechanically 

disaggregated before the leaching the result was differ­

ent. The organic mo1ecules now acted as a kind of 

dispersing agent and the "disturbed crumbs" could 

easily be deflocculated. Leaching experiments carried 

out by the present author on different types of Swedish 

clays gave results similar to those reported by Quirk 

and Emerson, as discussed in Chapter 7 and in a later 

report (Soderblom, 1970). 

In this connection the question of positive edge charges 

of the clay particles is of importance. Several authors, 

e. g. van Olphen (1965), have found that the clay parti­

cles may possess positively charged sites at the edges 

of the flakes besides the normal negative charges. The 

positively charged edges are responsible for "edge-to­

face" flocculation occurring in neutral or acid solu­

tions. These authors base their statements on the 

work by Thiessen ( 1942 ). His electron microphoto­

graphs showed that negatively charged gold is deposited 

on kaolinite platelet edges. 

Similar experiments have been made at the Shell De­

velopment Company (cf. Marshall, 1964 and van 

Olphen, 1968). These experiments show that the edge 

effect is obtained only in very pure kaolinite systems 

at a pH-value of 4 to 5. Organic substances impede 

the adsorption of the gold. Michaels ( 1958) has suggest­

ed that the dispersion effect by polyphosphates might 

be used as a measure of edge surface. 

Van Olphen (1965) has shown that polyphosphate revers­

es the particle charges in a positive alumina sol or in 

a quartz sol which has been made positive by the addi­

tion of traces of aluminium salts. According to this 

theory a deflocculation can only occur below the iso­

electric point for Al(OH)
3 

, i. e. pH= 6. 7. 

Swedish clays are in general somewhat alcaline, 

pH~8, but they are nevertheless strongly affected by 

diphosphates and other dispersing agents. The dis­

persing mechanism seems to be uncertain. But the 

occurrence of edge charges gives a good explanation 

of the card-house structure theory of quick clays. 

The Swedish clay colloids contain substances forming 

positive colloids, e. g. Fe(OH) (cf. Lfken, 1968) which
3 

cause a mutual coagulation with the negative clay par­

ticles. This might possibly partly explain the strong 

reaction with polyphosphates of the Swedish clays. 
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Van Olphen/s investigations n1ay give ne\v aspects on 

the question of salt leaching, but according to him the 

usefulness of a gold sol to show positive sites in 

colloidal material is limited. 

If the gradual changes of the composition of the pore 

water and of the sensitivity are indications of dispers­

ing effects according to the "classical" colloid dis­

persion theory, or if these observed effects are 

secondary phenomena is too early to discuss, Accord­

ing to van Olphen the changes in the pore water are 

only of minor importance. Further studies of this 

question are therefore desirable. 

Similar ageing effects have also been observed in 

colloids in general. Both freshly prepared gels and 

sols change with time. The viscosity of linear colloids 

can either increase or decrease with time. The vis­

cosity of long-chained linear colloids, e. g. solutions of 

cellulose, usually decreases with time. The cause of 

this phenomenon is believed to be the rupture of the 

long molecules by the oxygen of the air. An increase 

in viscosity with time occurs e. g. in sols of vanadimn 

pentoxide. This increase is explained by linear aggre­

gation. The particles in this sol are long rods which 

tend to con1bine to longer aggregates. A similar in­

crease in viscosity occurs in all cases of gelation when 

clusters and irregular networks of the fibrous particles 

are formed. The latter effect is analogous with observa-

tions on clays and is also in agreement with theories on 

influence of organic material proposed e. g. by Einerson 

(1954). In clays with a high remoulded strength there 

is a possible influence of organic gels, e. g. of the 

"gyttja" type, giving the clay high water binding pro­

perties and a high liquid limit. The gels may, how­

ever, be destroyed during storage by e. g. microbial 

action. The remoulded strength thus decreases, but 

in clays with low H 1-value where the. organic material 
2 

forms dispersing agents, complexly binding Ca + and 

Mgz.+ -ions, the remoulded'sfre-ngth tends to increase. 

These dispersing substances may change chemically. 

Ca2.t - and Mgz.+ -ions are then liberated causing 

changes of the colloidal clay system. As a result the 

remoulded shear strength of the clay is increased. 

Systematic experinients on the reaction of Ca
2

+ -

and Mgz.+ -ions with different organic materials are 

required for a thorough understanding of this problem. 

The reason why the clay samples are ageing rapidly 

after they are extracted is not understood at present. 

In undisturbed clays in situ no similar processes are 

known. It is obvious that the sampling procedure 

disturbs the clay appreciably and also changes the 

stress conditions. An extracted clay sample behaves 

in some respect very much as a freshly precipitated 

colloid, in spite of the fact that the clay is many 

thousand years old. The change from anaerobic to 

aerobic state and accompanying changes in the micro­

bial activity may be the most important factor. 

lvlost textbooks in colloid chemistry are stressing the 

fact that lyophobic colloids hardly exist in nature be­

cause of their instability. Quick clay is a typical lyo­

phobic colloid which exists in such large amounts that 

it creates big problems. It is stable in situ. If ex­

tracted the san1ples behave as ordinary lyophobic 

colloids. Not much is known about the long time stabi-

lity of lyophobic: colloids, and from a cheinical point of 

view it seems strange that the quick clays at Intagan can 

still remain quick such as they were in 1648 (cf. Jarne­

fors, 1957), Some chemical processes must occur in 

the ground which prevent the ageing. 

These ageing processes (disregarding transport effects) 

will as a rule lower the undisturbed shear strength of 

clays as 1nentioned above. Geotechnically this is of 

great in1portance when the strength properties of clays 

are studied. 

6. DETERMINATION OF SLIP SURFACE BY ELECTRIC SOUNDINGS 

6.1 General 

-:i;:he salt distribution conditions in the Gota River Valley 

allow of an interesting application of the salt sounding 

technique. As. mentioned earlier in this paper the ana­

lytical salt curves and the salt sounding curves are 

generally smooth in undisturbed clay profiles and show, 

no abrupt changes between different clay layers. Ir­

regularities seem to have been partly equalized, main-

ly by diffusion. 

In Chapter 4, 2. it was stated that the conductivity of the 

clay and the salt content of the pore water decrease 

with increasing distance from the river, see Figs. 15, 

16, 17 and the corresponding analytical values in Table 

12. If a slide occurs in a section with such a salt dis­

tribution, clays from the upper part of the slope with 

low salinity may be placed upon clays with high salt 
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Fig. 53 Electrical resistance of a clay core from Gola and its 
sodium content, showing the sudden jump at the slip 
surface (from Jiirnefors, 1958) 

content. The resistivity will then change abruptly at 

the slide bottoni as shown in Fig. 51. This res is lance 

curve \vas obtained at GOta 14 ciays after the slide in 

1957. The fact that the ju1np in the Clirve really occurs 

at the failure surface v:as checked 1..vith the penetration 

electrode on clay cores (Fig. 52) v:hich \Vere extracted 

with the Swedish foil sampler (I<jellman et al., 1950). 

The sudden change in salt content \vas 1norcovcr check­

ed by chen1ical analysis of the clay (Jtirnefors, 1938). 

The concentration of sodiurn ions in the clay varied i21-

versely to the electrical resistance of the clay as seen 

in Fig. 53. 

6. 2 Application of the Method 

The slip surface of the slides at Gata (Soderblom, 1958) 

and at Surtc (Ja.rnefors, 1958) have been examined. The 

test results of the present author fro1n Section C at 

Gata are shown in Fig. 54. This section is situated in 

the secondary slide area and v.ras convenient to investi­

gate because of the relatively large displacement of the 

sliding masses. Salt soundings were made at the points 

marked in Fig. 54. Several points were checked with 

cores obtained by the Swedish foil sampler. It is seen 

that the failure surface is almost plane except close to 

the river. A typical resistance curve for Section C is 

shown in Fig. 55. The failure surface and related 

geotechnical problen1s in the Gata slide have been dis­

cussed by Odenstad (1958). 

In inost soundings at Gata distinct jumps were found in 

the resistance curves. The resistance differences de­

creased with decreasing distance from the river be­

cause the slide inasses had piled up near the river, 

where the inove,nent was very small. Close to the 

rh-er the clays were in most cases only slightly leach­

ed and therefore showed only sn1all differences in salt 

content. 

Close to the river the conductivity jump \Vas reversed 

in sornc cases, which is explained if the salt distribu­

tion was similar to that found at Lodose (Figs. 15 and 

16). Clays v:ith a relatively lo\v conductivity v;cre in 

son-1e cases :ound close to the river. Clays \Vith high 

conductivity \Vere then placed above clays \vith lo\V con­

ductivity1 as s1H)\Vl1 in Fig. 56. 

Thl' slip zon(~ in an extracted core is sho\vn in Fig. 52. 

The lower part of the core consi steel oi dark sulfide 

clay. Ther1._; was a sharp t~·ansit:on into an oxidized 

pale zone of rernoul<ll:<l clay. The thickness oi the re­

rnoulded zone is about 1 1.._·111 • ...'-\bovc this zone there is 

a radual transition of the pale clay into a d2.rker one. 

The salt sounding method was c,sed at Surtc by Jarne-

fors ( 1958) to locate the zone \vhen the slide \Vas 

curves sho\ved gradual transitions of 

the resistance due to clif£usion. Typical rt::sistance 

curves reported by J~lrnefors shown in Fig. 57. It 

is seen that the thickness the transition zones is 

about 1 ;,n. J~irnefors says that cores extracted \Vith 

the Swedish foil sampler contained slip surfaces just as 

the san1pl.es fron~ GOta in Fig. 52. 

1vfeasuren1ents \\·ere al.so 1nade in the old slide area at 

Intagan by Ja.rnefors in 1957 and by the present author 

in 1967. was not possible to detect any jump in the 

salt content curve fro1n chen1ical analyses, neither from 

resistance rneasurcments. The profile showed a re­

sistance curve and salt content curve v.:hich \Vere simi-

lar to those in an undisturbed clay profile. there 

have been any irregularities, they have been equalized 

by diffosion during the 319 years which had elapsed 

since the slide happened ir. 1648. 

The salt sounding inethod was us eel for further studies 

in the slides at Gata and at Surte by the present author 

in 1968. Salt soundings and salt deter1ninations \Vere 

compared with studies on cores extracted with the 
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Swedish foil sampler. 11 years after the slide. Corresponding measure­

ments on an extracted core are given in Fig. 59. It 

At Gata the appearance of the failure surface as seen in should be noted that the slip surface is now not located 

Fig. 52 was almost the same as in 1957 (Soderblom, in the middle of the resistance jump. The jump seems 

1958). However the jump in the salt sounding curves to have moved upwards, reasonably due to convection 

had partly been equalized. Such a curve from a point in the clay pore water, caused by artesian water pres­

located close to Hole 313 in Section C is shown in Fig. sure (cf. Odenstad, 1958). It was possible to find the 

58. It is seen that the length of the jump is about 1. 4 m slip surface by salt soundings 11 years after the slide. 
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No other essential changes have taken place in the pro­

file during these years. 

Corresponding 1neasurements at Hole 352, Section I, 

are shown in Fig. 60. The measurements in 1957 were 

not made by the present author. The point was localized 

frmn a map. For this reason its position rr1ay differ a 

few metres from the original point. Curve A was ob­

tained about 3 months after the slide and Curve B after 

11 years. The diffusion zone in Curve A is about 0. 4 rr1 

thick and in Curve B about 0. 9 m. 

Also in this case the jump seems to have rr1oved up­

wards just as in Hole 313 (Fig. 61). Also in Hole 352 

it was possible to localize the failure surface by salt 

soundings 11 years after the slide. The changes were, 

however smaller than at Hole 313. The distance be­

tween the two holes is about 500 m. 

At Surte investigations were 1T1ade at Hole 13 and at 

Hole 42._ The original measuren1ents were made by 

Jarnefors (1958) and the present author had.to localize 

the points from a map in his work. Jmnps in the resist­

ance curves were observed sdso here (Fig. 62). TLey 
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Fig. 59 Resistance curve determined on an extracted clay 

core from Gota slide, Hole 313·; in 1968 

had become somewhat more affected by diffusion than 

they were at the time of Jarnefors' study, Fig. 57. It 

was not possible to localize, as at Gata, exactly the 

failure surface in the extracted cores. The typical 

transition zone between two clays of different colour 

(Fig. 52) was not visible at Surte. Hole 13 seems to 

be situated at a disturbed zone with several slip sur­

faces which explains the abnormally large extent of the 

diffusion zone. At Hole 42 there was sulfide-banded 

dark clay both below and above the resistance jump. 

It was not possible to distinguish between the sulfide 

bands and the slip surface. Here the clay was not so 

unaffected as at Gata. 
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Fig. 60 Resistance curves in silu from Gota slide, Section I, 

Hole 352. Curve A was obtained in 1968, Curve Bin 

1957 about 3 months after the slide. Curve C is a 

magnified part of Curve A indicating the resistance 

jump 

6. 3 Discussion of Test Results 

Slip surfaces may be located by salt soundings when 

the conductivity conditions are suitable. Few syste-

1natic exan1inations of salt distribution in slopes have 

been published. In a paper concerning the Cauca 

Valley in Colombia, Borrero ( 19 56) reported salt 

distributions which were similar to those in the Gata 

River Valley. Thus the proposed method can probably 

be used in the Cauca Valley. 

The method has also been used in Norway (Hutchinson, 

1961). Hutchinson in some cases also found large 

differences in salt content above and below the slip 

surface, but in son1e cases no difference could be 

detected. In these cases he attributes the observed 

difference in resistivity to differences in grain size 

distribution. Recent investigations (not yet published) 

show that in the Gata River Valley the electrical re sis -

tance jumps are mainly due to different salt contents 

above and below the slip surfaces. 

It has not yet been possible to apply the method in 

other areas in Sweden. The method has only been 

tried on minor slides which occasionally occur in the 

Gota River Valley. These measurements have not 

been successful because the displacements have been 

small and the conductivity in the clay close to the 

river varies only little. 
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7. DIFFUSION OF SALT IN NATURAL CLAY PROFILES 

7 .1 General 

In this work diffusion has often been mentioned as a 

very important factor which influences geotechnical 

processes. The process of diffusion will be discussed 

here in some detail. 

If a clay is affected in some way the colloid chemical 

reactions usually are relatively rapid. It is e. g. poss-

ible to change the geotechnical properties of an un-

disturbed sample in a few days in the laboratory. If 

different substances are mechanically mixed into re­

moulded clay the properties will change instantly. In 

situ, however, the geotechnical properties change slow­

ly and as a rule no changes measurable with existing 

methods are observed within moderate lengths of time·. 

This indicates that diffusion or transportation of reac-

tion products in clay profiles in other ways governs the 

rate of the total process and not the chemical process­

es proper. 

Usually one considers diffusion in clay profiles to be so 

slow a process that changes in the geotechnical proper­

ties require geological lengths of time. The studies of 

the slides at Surte and Intagan (Chapter 6) indicate, 

however, that measurable processes can occur relative-

ly rapidly, as do observations by Jerbo (1964, 1969). 

In order to understand the processes which govern the 

salt distribution in situ and the conductivity curves 

discussed in Chapter 4, diffusion and other processes 

resulting in a change of the salt content must be studied. 

The diffusion affects the formation of quick clays and 

the reduction of shear strength. Also in the search for 
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possible n1ethods of chen1ical strengthening of clays the 

diffusion 1nust be considered. 

7. 2 The Laws of Diffusion 

In a solution having constant temperature and pressure 

in all its parts, but varying composition, the latter 

tends to equalize, although this is not a very rapid 

process. We consider pure diffusion, when there is no 

convection in the solution. The sin1plest case is a 

solution with varying concentration in a vessel, c at
1 

the top and c at the botto1n. The amount of dissolved
2 

substance that will migrate per sec. through a hori­
2

zontal 1 cm area is called the flow J. This flow is 

approximately proportional to the change in concentra­

tion dc/dx, where x is the coordinate of length in the 

direction of the flow. The proportionality factor is 

called the diffusion constant D. The flow is in the 

direction of decreasing concentration, so the formula 

for the one-dimensional case will be 

J = -D dc/dx (1) 

2
The unity of the diffusion constant is cm /sec. if CGS 

units are used. 

This law is called Fick' s first law ( 1855). For the 

three dirnensional case the formula will be slightly 

more complicated. It is valid if the rnaterial is iso­

tropic so that the diffusion is the san1e in all directions. 

This is the case for all gases and liquids. In crystals, 

however, this is not always the case and one 1nay then 

have different diffusion coefficients in the three axis 

directions. It should be noted that undisturbed clays 

also are anisotropic and in the exact treatment of the 

diffusion in clay slopes one should probably reckon with 

two different diffusion constants, one vertical and one 

horizontal (as well as a cross coefficient, in accordance 

with the Onsager relations). But this case has hardly 

been studied. In this work mainly the vertical diffusion 

will be pursued. 

If more than one substance is dissolved they will influ­

ence each other's diffusion, so that the flow Ji of the 

substance i will be 

n 
(2)Ji= L Dik dck/ dx 

k=i 

Few measurements have been made on the cross co­

efficients Dik (i f. k). 

In calculations on changes of concentration due to diffu­

sion itis best·touse Fick's second law, which for the 

one dimensional case has the appearance 

dc/dt = d/ dx (D de/ dx) (3) 

If D is constant for all values of c this is si1nplified to 

dc/dt D<l''c/dx
2 (4) 

Corresponding expressions can be deduced for the two­

or tbree-dirncnsiQnal cases. 

The integrals of these differential equations will depend 

on the boundary conditions and will usually lead to non­

elerr1entary functions. 

An important case ensues -.vhen a solution of concentra­

tion c is put in contact with another of concentration
1 

c . The integral to Fick' s law will then contain the 
2 

normal distribution function P(x) so that the concentra 

tion c at the distance x from the original contact sur­

face (x counted positive in the direction against c ) at1
the time t after the first contact will be 

C (5) 

The numerical values of the function P(x) are found in 

mathematical or statistical tables. The course of the 

curve is sho\vn in Fig. 63. 

Son1ctirnes the Gaussian error function is used, \Vhich 

should not be confused with P(x). The relation is 

eri = 2P(x VZ) - 1 (6) 

Hence we can also write 

(7) 

lr----,1___-_a_5___or------r----.-~-=, 
~M ~ 

..________._____-1..______.____--JQ 
-/ 0 X 2 

Fig. 63 Error function and normal probability function 

7. 3 Approximate Calculation of the Diffusion in 

some Clay Profiles 

As already mentioned, the conductivity measurements 

indicate that diffusion has taken place in some clay 

profiles. 

The present n1easurements are not accurate enough for 

a detailed study of the diffusion. The clays are far from 
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homogeneous and it is not possible to carry out accurate 

conductivity measuren1ents in field work. The in1per 

feet proportionality between conductivity and salt con­

centration in a solution will in fact only be a n1inor 

source of error. 

If the 1naterials were ho1nogeneous and if diffusion is 

the n1ain cause of the salt transport, accurate measure­

ments \Vould yield curves of concentration vs. depth 

similar to that in Fig. 63. If such measuren1ents are 

plotted on a so called 11 normal distribution papern \vhere 

the highest and lO\\·est ordinate values are extended 

con1parcd with Fig. 63 the curve is transforn1ed into a 

straight line. Fron1 the slope of this line the diffusion 

constant can be calculated. 

For the present crude n1easurements it will be suffi-

cient to find out at which heights in a prof:le the s:T1ooth-

ing out of the concentration ju1np has been e. g. half 

con1.pleted, i. e. where the salt concentrations are 

(3 c + :: and (c + 3 (At the original contact1 2 1
surface the concentration will always be (c + c 2 )/2.)1 
Fro1T1 a normal distribution function table it will be s 

that this occurs when 

1: 0. 6745 (S) 

i. e. at the distance x cc 0. 95ffi above and below the 

original contact surface. The distance betv.reen the t\VO 

levels will then be 

2x = 1. 9 VDt (9) 

Before discussing the diifusion in clay it is suitable to 

consider the diffusion of sodiurn chloride in \Vater at 

7°c (temperature in the soil in the Gota River Valley). 

The value of the diffusion constant is D = 1. 10 

The smoothing out of the concentration gradient \\:ill 

proceed as seen in Table 14. 

Because the diffusion proceeds proportionally to the 

square root of tin1e, the initially rather rapid process 

Table 14 Diffusion of l\'aCl in water at 7°C 

Zx 
cn1 

8 hours 46 minutes 1. 2 
3 days 16 hours 3.8 

36. 5 days 12 
1 year. 38 

10 years 120 
100 380 

1000 1200 
10000 3800 

later on '\Vlll become very slO\V, if convection or other 

disturbances can really be excluded. 

If a clay sample is dialysed against water (cf. Fig. 64) 

Penelrolion 
electrode 

Clay sample 

Dialysis 
membrane 

Water 

Fig. 64 Dialysis apparatus 

which is being changed during the process the surface 

of the clay will correspond to x 0 in Fig. 63. It is 

seen from Fig. 65 that the salt content in a sample with 

a diameter of 50 mm will be small after a few days. 

20 

-;-E 
(J 

-;-E 
-c: 
0 10 

12 
~ 

0 
0 5 10 15 

Days 

Fig. 65 Course of dialysis process in an artificially salted, 
mechanically undisturbed quick clay from Utby, 
Hole 658, 11 m 

In a clay the n1ineral particles usually will delay the 

diffusion process, the more the s the \vater content 

is. Of the total volume only the water phase and the 

double layer on the surface of the clay particles are 

accessible for the diffusion. The diffusion length x is 

therefore curved around the mineral particles. This 

has been discussed by several authors, e.g. Porter et al. 

(1960). The ratio of the apparent diffusion constant DP 

of a substance in a porous 1nedium, e.g. a clay and the 

diffusion constant D in a water solution, is called the 
0 

diffusion transmission £actor (cf. Gast & East, 1964, 

on conductivity transmission factor). According to 

Porter et al. the transmission factor is composed of 

several factors 

D /D CJ.."/ (L/Lei2 $7) (10)p 0 

where Olis a factor which depends on the water viscosity, 

which is believed to change in the adsorption layer, "/ 
2is a factor for negative adsorption, (L/L ) is the so­

e 
called tortuosity factor depending on the geometry of 

the clay gel, and 1/J is the volumetric moisture content. 
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Rosenqvist (1955) studied the diffusion of heavy water 

in clay pastes and found diffusion coefficients of 0. 034 
2 

to 0. 054 cm /day at 20°C. These values are very 

small. Wang ( 19 51) found the diffusion coefficient for 
2 

heavy water in ordinary water to be about 1. 7 cm /day. 

The diffusion coefficients found by Rosenqvist in clays 

thus correspond to a transmission factor of 0. 02-0. 03. 

Zatenatskaya (1965) has found by a study of the salt com­

position that the diffusion of C 1 - -ions in muds and clays 

obeys Fick' s law of diffusion, She found that the co­

efficient of diffusion in such systems varied between 
2

0. 13 and 0. 51 cm /day. 

For diluted bentonite solutions Gast (1966) tried to veri­

fy the Einstein-Nernst relation D 1000 ;:\RT/czF2) 

and compared curves for D-valu,;,s obtained by experi­

ments with values calculated by the formula above. He 

found a rather good agreement for sodium ions but not 

so good for strontium ions. 

Gast & East (1964) have studied the correspondence 

between the conductivity and diffusion transmission 

factors and found that in principle the same factors 

which delay the conductivity also delay the diffusion. 

In their paper a table is given comparing diffusion and 

conductivity transmission factors for different salt­

treated.bentonite solutions. The factors are not equal, 

but it seems possible to estimate the order of magni­

tude of the diffusion from the conductivity transmission 

factor. 

5E 
.!:; 

l.J "' 
-!2 
'-::, 

"' 
1::, 
C: 10 
::, 

e 
0, 

,; 
0 

o3 
,Q 

:S 15 g. 
Cl 

Elecl~ical resistance in ohms 

Fig. 66 Salt sounding curve from Gota in 1967 showing the 
equalizing of the former sharp gradient in salt 
content by diffusion (cf. Fig. 51) 

In the Gota slide in 1957, a sharp conductivity gradient 

was formed in the slip surface due to the displacement 

of the clay masses. The appearance of the resistance 

curve about 14 days after the slide is seen in Fig. 51. 

The corresponding curve from an adjacent profile in 

1967 (the slip surface is somewhat deeper here) is 

shown in Fig. 66. It is seen from these figures that 

the sudden jump was partially equalized. In this case 

2 x is approximately 50 cm. According to Eq. (9) this 

distance corresponds to a diffusion constant D = 0. 23 
2cm /day. This value.is less than the.diffusion coeffi­

cient for NaCl in water, the transmission factor being 

O. 21 if pure diffusion has taken place. This value is 

quite reas_onable and in accordance with the values 

obtained by Zatenatskaya (1965) and Briling (1965). 

Fig. 58 shows results from Hole 313 in Section Cat 

Gota, 11 years after the slide. Here 2 x is approxima­
2 

tely 40 cm which corresponds to D"" O. 11 cm /day. 

Corresponding measurements at Hole 352 Se-ction I are 

seen in Fig. 60. In this case 2 x is about 35 cm after 
2 

11 years and D "'0. 09 cm /day. 

Fig. 57 gives two profiles measured in 1957 within the 

1950 Surte slide area. In this case the slip surface 

appears as a partly smoothed out jump in the r;'sistance 

curves. In Hole 13 (Fig. 57) 2x is about 75 cm and in 

Hole 42 about 30 cm. If a pure diffusion is assumed to 
2 

have taken place we find D = 0. 53 cm /day and O. 14 
2 

cm /day, respectively. 

A new investig'ation was made at Surte in 1968, 18 

years after the slide. The results for the two points 

mentioned above.are shown in Fig. 62. The distance 

2x is n6w about 200 cm in Hole 13 and about 50 cm in 
2 

Hole 42. In H~le 42, Dis 0. 11 cm /day and in reason­
2 

able accordance ~ith the-value 0. 14 cm /day determined 

7 years after the slide. It was impossible ·to detect slip 

surfaces in extracted cores from this point at the depth 

of the resistance jump (Fig. 62) nor was it possible t.o 

detect any disturbed zones. No sharp colour differenc­

es were present as was the case at Gota. At Hole 13 
2

the value D z 1. 8 cm /day was obtained. But at this 

point disturbances seem to have occurred. In an extract­

ed clay core one could detect a relatively large disturb­

ed zone at the resistance jump and therefore a reliable 

value of the diffusion constant could not be calculated 

in this point. 

7. 4 Studies of Natural Leaching 

In Chapter 4 it was mentioned that leaching is important 

for t_he understanding of the salt conditions in marine 

clay profiles. The appearance of the resulting conduc-

46 

http:value.is


tivity curves are caused by leaching both from the top 

and from the bottom of the clay profile (cf. Fig. 14). 

Both the upper and lower parts of such a curve follow 

pretty well a normal distribution curve and this supports 

the theory that a diffusion has taken place. 

Assuming that the Lodose profile (Fig. 16) emerged 

from the sea about 6,000 years ago with a pore water 

containing 3. 5o/o salt and has been leached since then, 

the present conditions at 57 in fron1 the river corre­
2

spond to a value of D = 0. 13 cm /day in the upper part. 

The bottmn gravel layers n1ay have carried fresh water 

even earlier, maybe already during the first clay sedi­

mentation period, but if the same diffusion time is used 

one obtains D = 0. 70 /day in the botto1n part of the 

profile, possibly too high a value. The diffusion trans 

mission factor will then be 0. 12 and 0. 6, respectively, 

which should be con1pared with the conductivity trans 

mission factors in Table 12, viz. 0. 3 - 0. 4 at the top 

and O. 5-0. 4 at 20-25 m depth. 

In Chapter 5. 3 it was, however, pointed out that the 

ionic cornposition in the pore water \Vas not the san1e 

throughout the whole Lodose profile. Towards the sur-
2face, Ca + and \Vere the don1.inating cations, in 

2the middle sodiun1, and near the bottom Ca + and 

began to dominate again. It has been found in Chapter 
2

5 that Ca + in quick clays is con1plexly bound. presum­

ably to organic 1naterial. Therefore not only pure 

diffusion but also 1nore complex processes govern the 

natural salt conditions. 

As mentioned in Chapter 3. 3 Rosenqvist (1955) has 

found that leached clavs contain relatively 1nore 
z+ . l ,1 l . and :tvlg -:ons t 1an sa t clays. T us he calls partial 

leaching. 

7. 41 Dialysis Studies on Different Clay Samples 

When studying the leaching process it is necessary to 

arrange the experiments so that only salts can leave 

the system. For this purpose a dialysis technique was 

used. The apparatus is sketched in Fig. 64. The clay 

sample was enclosed in a membrane of cellophane 

(Union Carbide Co) with.24 A pores, permitting only 

low molecular substances to pass. The leaching water 

was changed every day during a period of 10-14 days. 

The chang'< of the salt content in the sample during the 

process was followed with the aid of a penetration elec­

trode. The equipment can of course also be used to 

introduce salts into a leached clay. 

Before starting the leaching experiment the conductivi-· 

ty of the sample was determined and the ionic composi-

tion of the pore water estimated by means of paper 

chromatography. The ionic composition of the leaching 

waters was also studied. 

Several quick clay samples from Utby, Hole 658, 9 

through 16 m, were dialysed against a 3. 5 o/o NaCl 

solution. The results were practically identical and 

therefore only the resuhs fron1 a depth of 11 m are re­

ported here. Thereafter the salt was removed by dia­

lysis against distilled water.. The change of)( in the 

sample is shown in ·Fig. 65. The result is shown in 

Table 15. It is seen that the quick clay increased its 

H -value by the salt treatn1ent and its sensitivity de­3
creased. After the leaching of the salt the sample be­

came quick again. 

chromatogram of the ionic din1position in the pore 

water of the dialysed quick sample from Utby is 

shown in Fig. 67. If this chroinatogram is compared 

with a sin1ilar one for untreated quick clay fron1 the 

same hole (Fig. 37) it is seen that the ionic composition 

of the water is aln1ost unchanged by the dialysis treat-

The experiment was repeated with 2% CaC1 instead of
2 

Na C 1. The change of }{ was detennined and the ionic 

composition was studied both in pore water from the 

treated sample and in the CaC1 solution after the2 
experin1ent. Thereafter the salt was removed by dia­

lysis against distilled \vater. The result is sho\vn in 

Table 15 and Fig. 68. In this case the clay did not be­

come quick again. The treat1nent with CaC1 has thus2 
caused changes in the colloid systen1 'Which \Vere not 

eliminated by the leaching. Fig. 68 indicates that the 

pore water after the treatrnent with CaC1 still contains
2 

2Na+ -ions but also considerable an1ounts of Ca +(and 

Thus the pore water has obtained a composition 

similar to that of many natural non-quick clays. Fig. 

69 shows that most of the water-leached cations are 

Na+ -ions. This indicates that besides diffusion a 

Donnan effect is fundamental. In the adsorbed ion 
2layer Ca + is exchanged for Na+, and Ca z+ cannot be 

ren1oved by water leaching alone. 

Two quick clay samples from Hole 658 13 m were dia­

lysed against the simplified synthetic sea water de­

scribed in Chapter 2, The change in the geotechnical_ 

properties was almost the same as found for NaCl 

above. Thereupon the samples were leached against 

distilled water. The results are shown in Table 15 and 

in Fig. 70. In this case the quick properties of the 

samples reappeared after leaching. Also the ionic 

composition of the pore water after leaching was simi­

lar to that of a quick clay as shown in Fig. 70. Thus 
2 2the small amounts of Ca + and Mg + in sea water do 
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Table 15 Test Results from leaching experiments in different clays 

Site 
Hole 
Depth Treatment H3 Hi 

H3/Hl 

(St) 
w 
% 

Liquid lirnit, w 
L 

Natural Predried 
% % 

R 
ohm 

,•. , 10 3 
_, 

ohr:: +

1 cm pH 

Ionic comeosition 

2+Na+ K+ Ca Cl so!- Remarks 

Utby 658 Untreated 18 3 0,98 186 65 53 360 1.11 ++ + 

15 m After dialysis 
against 3. 5% 
NaCl solution 208 13. 5 15, 4 37 10.8 

After leaching 
of added salt 110 < o. 33 > 334 66.5 42 44 820 0,49 ++ + + Double 

Utby 658 Untreated 153 0.82 187 70 56 51 360 1. 11 ++ + test 

15 m After dialysis 
against 3. 5% 
NaCl solution 183 10. 6 17. 3 

After leaching 
of added salt 101 < o. 33 >306 82 43 50 710 o. 56 ++ + + 

Utby 658 Untreated 163 0.384 425 66.5 44 41. 8 330 1. 26 7.6 ++ + 

15 m After di~lysis 
against 3. 5% 
CaC1 solution

2 
After leaching 
of added salt 163 13. 8 11. 8 67.2 66.5 53. 7 

31. 5 

433 

12. 7 

7. 3 + + + + + 

Utbv 658 Untreated 163 0.384 425 66. 5 44 41. 8 330 1. 26 ++ + 

15 m After dialysis 
against 3. 5% 
synthetic sea 
water 20 

After leaching 
of added salt 141 <0. 33 >427 65 46 45 850 0,47 7. 5 ++ + + 

Utby 99 Untreated 145 13. 8 10. 5 52 59 41 390 1. 02 + + ++ 

9m After dialysis 
against 3. 5a/o 
NaCl solution 104 13. 5 7. 7 

After leaching 
of added salt 43 < o. 33 > 131 54 32 31 820 0.49 ++ + + 

Alvan a en 

7m 

Natural salt clay 
·with about 2% 
salt so 
After leaching 
of salt 27 

7. 17 

2,05 

7.0 

13.2 

93. 2 

96.2 

95 

99 

64 

62 

36 

830 

11. 07 

0.48 

++ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

San1ple 
about 5 
n1onths 
old 

20 m 

Natural salt clay 
with about 2. 3% 
salt 153 

After leaching 
of salt 98 

19. 2 

6.93 

7.9 

14. 1 

49 

51 

55 

48 

54 

"'400 

7.4 

""1,0 

++ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

Sample 
about 6 
months 
old 

Natural salt clay 
with about 2. 3% 
salt 281 26.8 10. 5 70 78 61 52 7. 7 7.4 + + + + +1) Fresh 

20 m After leaching 
of salt 66.2 0.60 110 84 63 50 430 0.93 7. 8 ++ +1) 

sample 

~\lvangen Natural salt clay 
with about 2% 
salt 120 10. 4 11. 5 86 90 54 31 12. 9 7. 5 ++ ~ + + +1) Fresh 

14 m After leaching 
of salt 68.0 0.60 113 91. 5 63 460 0.87 8.4 ++ +1) 

sample 

Alvangen Natural salt clay 
with about 2% 
salt 69. 8 9. 09 7.68 85 90 56 27 14. 7 7.2 ++ + + + +1) Fresh 

15 m After leaching 
of salt 69.8 0,44 157 92 65 57 435 0.92 8.2 ++ +1) 

sample 

1) 
Contains ohosphates 
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Fig. 67 Small-paper chromatogram of pore water salts in a 
salt-treated and dialysed quick clay sample, Utby 
Hole 658, 9 m 

not accl11nulatc in the san1ple . .:-\s a result the- sensiti­

vity of the clay v:ill be relatively high. 

Leached clay sarr1ples '\Vith lo\v salt cont(;nt and low 
2sensitivity, containing Ca + :\1gz+ and SO. Z- :r-: the 

·I 

pore v:ater, fron1 Hole 99, 9 n1, wcr(; dialysed ctga:r:.st 

3. 5o/o NaCl solution. They \\.'C-re thert•afte1· di;:.dysed 

against distilled wci.ter. The r...._;sults arc shown in T'<-.-ti)lt..· 

15. It is seen that the salt treatn1ent de:creas1..·d the• 

H 
3 

value of the clay . ..t\fter di.alysis against w<2-tl·r the 

ion cornposition of tflc pore \\'ct.tcr corresponds tu that, 

o_f a quick clay. The sarnple has in this cas ....~ bC('n 

transforn1cd into a qui.ck clay. 

I\"atural salt clay sarnplcs, t'\VO frorn ,\.lvi~:-igt'E and Lwo 

frotn Strandbacken (1/2 1 yea;:s old)v.:c,rc· s:!11ultanous-

ly leached against distiUed \Vatcr. The ionic co1nposi­

tion of the pore \vatcr of the san1ples fron1 ,.:;,.lviingen 

\Vas sirt1ilar to that of sea \\:ater. In the case of Strand­

backen (Fig. 72) ~1gC1 \Vas present in the pore wat(:r2 
salt in great quantities forrning a tail in the chroma­

togram. The result is sho\vn in Table 15 and in Figs. 

73 and 74. None of the san1.ples v,·ere transforrned i,nto 

quick clay. 

The ion con1position of the pore \vater after the leaching 

of the san1ples is sho\vn in Figs. 73 and 74. In t::very 
' 2+ . l cl . .case 1vfg ions 1a remained 1n the s<.1n1ple to a higher 

degree than the Na+ -ions. .i\fter the leaching the salt 

contents in the pore \vaters of these samples \Vere so 

lo\v 1 that it \vas necessary to concentrate then1. by eva­

poration before the chron1atography test. In all cases 

it seems that the sulfate ions are decreasing in the 

system slower than the chloride ions. Also these 

experiments indicate that quick clays cannot be forn1ed 

Ca J+ 

Mg2+ 

B Na+ 0 
8 

658 /Om +CaC/2, NaCl 658 /Om + Ca C/z 
leach;,d leached 

Fig. GS Small-paper chromatogram of pore water salts in a 
CaC1 -treated and dialysed quick clay sample, Utby2
Hole 658, 10 m 

by leaching alone. 

In order to stu<ly the leaching eff\..:ct additional san1ples 

\\"l,'l"l..' ext-::.·actc,d at .A.h·{ingen and Strandbacken. The 

sarnplcs \\'(_•re transported the saruc day to the laborato­

ry in Stockholrn by bus and express train. The follo"\V­

ing n101·ning the sa.1r,ples \Vere dia.lys ed against distilled 

v:<"i!J:'r as described above. The results are shov.-'n in 

Tablt" 15. In all these cast:s quicl< clays v:ith a sensiti­

vily su1-r1t;v:hat larger than 100 \Vere obtc=1.ined. 

The chrorn:±togrc~rns of pore \VC1.ter frorn the frc:sh clay 

sa.n1ples squeezed beiore and after the dialysis shov.rcd 

that calciu1n and n1ag1H.:siun1 had disappeared during this 

Ln...:-itlnH·nt and th<1 t r:nonO\'<'ll ent ions now dorn.inated. 

Thus tht~ dialysis process \Vas diff1.:;~rcnt frorn that 

in tht.' sto::·ed sarnples. The addition of salt as discussed 
)-', 2-'

in Chapter 5. 3 indicated that Ca"""'' and l\Ig · \Vere not 

leached during the dialysis. They seemed to be cor::1-

plexly bound. By evaporating the v:ater covering the 

clay ln the dialysis mernbrane (Fig. 64) a bro\vn­

ycllow 1nass \\·as obtained v,.·hich had strong clay dis 

persing properties. This indicates the importance of 

dispersing agents in the quick clay for1ning process. 

Vihen the pore v;ater ....vas treated in an anion exchanger 

as described in Chapter 3. 26 and chromatographed 

according to Seiler et al. the positive ions were mainlv 

K'"- anC Na· "' b 1 M z+ - d -ut a so some g v,:as .toun . The last-

named ion is not so distinctly visible in the s1nall chro-

1natograms aud might partly have appeared after dis 

integration in the ion exchanger of organic bound 1v1g. 

The anions ·which became accumulated in the ion ex­

changer were evaluated by 1neans of 1 N HCl and chroma· 
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Fig. 69 Small-paper chromatogram of leaching water from a Fig. 70 Small-paper chromatogram of pore water of a quick clay, 

dialysing of a CaC1 - treated quick clay sample, Utby Hole 658, 13 m treated with a simplified synthetic
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BEJ 0 
?::::5 Mg 2+ C I -(er) 0 8

Tail blue 

Strondbacken Strandbacken 
20m dialysed NoCI 20 m dialysed 

Alvangen Sm NaCl Alvnngen Sm 
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tographed in the solvent system butanol - formic acid -

water (4:1:5) according to Linskens (1959). About seven 

distinct anions could be ·detected. It should be observed, 

that almost all chloride ions had left the system during 

the dialysis. From Table 15 it is also seen that the 

leaching of'the fresh clay samples increased the pH­

value. 

These studies on fresh clays are continued and will be 

reported in detail in a subsequent paper. 

7. 5 Discussion of Test Results 

Irregularities in the conductivity curves in natural clays 

tend to be smoothed out with time as expected from the 

normal diffusion laws. The results from e. g. Surte 

support this, cf. Hole 42 with a diffusion constant D of 
2

0. 11 to 0. 14 cm /day. 

As said before the salt distribution in the clays in the 

Gdta River Valley can be explained as follows. These 

clays were originally sedimented in sea water. After 

the rise of the clay sediments above sea level the clay 

was leached from the top and also from the botton1. 

Such processes should give a conductivity curve as 

that shown in Fig. 14. Close to the present river, 

where the clay sediment is very deep, the diffusion 

process has still not removed the salt from the 1niddle 

of the profile. The salt has here about the same ionic 

composition as that in sea water. Up the slopes where 

the depth of the sediments is smaller the clay now 

has a low salt content, the leaching having been more 

complete. 

At many locations the whole clay profile is leached. 

This is the case especially where there is an artesian 

water pressure in the ground. This condition is com­

mon in the Gota River Valley. If points with the same 

conductivity are connected, a section of the type shown 

in Fig. 16 is obtained, illustrating the conductivity near 

Ldddse. The clay with high conductivity occurs as a 

lens within the deeper parts of the profile. The larger 

height of the bottom diffusion zone in comparison with 

the upper zone can be explained, either by a flow from 

the bottom layer due to artesian pressure, or to diffe­

rent diffusion transmission factors. 

It is seen from Figs. 59 and 61 from Gdta that the 

diffusion in natural clays is not symmetrical around the 

slip surface. The conductivity jump seems to be mov­

ing slowly upwards. This movement may be caused by 

convection of the pore water in the clay, but can also 

be due to more complicated causes. Although Gast & 

East (1964) have found that the diffusion and conductivi-

ty transmission factors are not equal it should be poss­

ible to estimate the order of magnitude of diffusion 

transmission factors from the conductivity transmission 

factors. As seen in Table 12 the conductivity trans­

mission factor varies considerably within the Ldddse 

section. It is then reasonable to expect that also the 

diffusion constant varies. As a consequence the diffu­

sion constant may be different above and below a slip 

surface. The diffusion will then be asymmetrical. 

At Hole 5 at Ldddse the value of the conductivity trans­

mission factor was larger than 1, i. e. the diffusion 

constant is larger than in water. This is not unreason­

able as shown by van Schaik, Kemper & Olsen ( 1966) 

who found that the total flow of ions through a clay could 

be much larger than in water due to a strong surface 

diffusion. A similar effect has also been found with 

respect to conductivity (Cremers & Laudelout, 1965). 

The diffusion transmission factor is of great importan­

ce for chemical stabilization of clay. The slip surface 

studies at Surte and Gdta indicate that this factor can 

vary from about 0. 08 to 0. 70. These values should be 

compared with the Ldddse conductivity transmission 

factors (Table 12). It is evident that it would be easy 

to stabilize a soil chemically if the diffusion coefficient 

(and the transmission factor) is high. Therefore the 

study of diffusion and conductivity transmission factors 

is of importance. A rough calculation shows that at 

places where the transmission factor is low, it is hard­

ly possible to stabilize soils with lime or other chemi­

cals in a reasonable time, say 1 - 2 years. 

The discussion of diffusion is valid only if the total salt 

content is considered. As shown in Chapter 5. 3 the 

ionic composition varies considerably in clay profiles, 

cf. Utby Hole 680. This cannot be disclosed from the 

measured conductivity curve. At a moderate depth 

below the ground surface the cations are mainly calcium 

and magnesium. In the typical "salt clays" the ionic 

composition is similar to that in sea water, but in the 

quick clays a composition prevails with sodium as al­

most sole pore water cation, and calcium and magnesi­

um being complex-bound in the clay system. 

Ageing effects in the extracted clay samples are play­

ing an important role. Fresh clay samples are giving 

other results than samples which have been stored for 

some months. Chemical changes have taken place in 

the stored samples. A fresh extracted salt clay sample 

had a yellow pore water r.ontaining organic substances, 

but the pore water of a sample which had been stored 

some months was uncoloured. The salt content and the 

ionic composition of the waters were approximately the 

same. This suggests t.he importance of changes in the 
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organic part of the clay both for the ageing process and 

for the quick clay forn1ation. On the other hand. the 

appearance of K+ -ions (and in s01ne cases L/) and the 

rise of the pH-value during the dialysis of fresh san,­

ples indicate 1nineral weathering. Such relatively rapid 

processes, which have been described by e. g. Han,mer 

( 1949) disturb the results of the salt determination by 

the leaching method (cf. Chapter 3). 

A chron,atogra1n of the anions of the pore water fron1 

the original fresh salt clay shows besides chloride and 

sulfate also at least 7 different organic anions. One of 

these anions is son1e sort of phosphate ion of unknown 

con1position. Especially chloride and son,e sulfate 

leave the system during the dialysis, but other ions, 

c. g. the phosphate, ren,ain. The anionic residue could 
2 2

bind Ca + and Mg + complexly. The pore water of the 

resulting dialysed clay thus contains n,ainly monovalent 

ions but the ionic con1position can easily be changed, 

v. g. by salt treatment of the clay. 

The results fron1 a dialysis of a clay can differ. If for 

instance, a salt clay \vith a clear, non-organic pore 
2 2 

water is dialysed, Ca + and lv1g + and sulfate ions re­

main in the sample as reported by Rosenqvist (1955). 

This is also in agreement with results obtained by 

Mattson (1926) who found that during electrodialysis 

n1ainly the monovalent ions are the first to leave a clay 

system, thereafter follow divalent ions and at last alu­

n,iniun1 ions in accordance with the binding energy of 

the ions in a clay system. The leaching gives a pore 
2 2 

water composition with mainly Ca + and Mg + as 
2-

cations and so as anions. This composition was
4 

found e. g. at Utby Hole 680 at a depth of 4 m (Chapter 

5. 3) and at Hole 99 at a depth of 4 to 5 m (Chapter 5. 3). 

Treatment of quick clays with NaCl and a subsequent 

leaching of the introduced salt restore quick clays in 

accordance with results obtained by Bjerrum & Rosen­

qvist (1956). However, if the introduced salt is CaC1 2 , 

the clays do not become quick after leaching. 

The present author did not find any systematic experi­

ments reported in the literature treating the leaching of 

natural salt-clay samples and the transformation of the 

leached non-quick clays into quick clays. It seems 

difficult to simulate in the laboratory the processes 

going on in nature. In the present investigation the dia­

lysis experiments were carried out under aerobic condi­

tions, instead of the anaerobic conditions prevailing in 

nature, thus giving rise to different processes. Natural 

quick clays usually contain only very small amounts of 

K+, but in the laboratory leaching experiments this ion 

sometimes can be found (and also Li+) indicating that 

other chemical processes are occurring in the labora­

tory than in situ. The pH-value increases during 

leaching in the laboratory experin,ents. 

Allison ( 194 7) found deflocculation effects for soil 

crun,bs under non-sterile conditions. These effects 

could not be observed when the sample was sterilized 

by ethylene oxide and the water used for the percola­

tion contained sn,all amounts of HgC1 
2 

. 

The increase of the sensitivity of salt clays during 

leaching see1ns to be a rapid process. A clay sample 

in the laboratory changes its sensitivity in a few days. 

A change of the ground water conditions also seems to 

change the sensitivity of a clay in situ in a relative 

short tin1e. A clay layer in the vicinity of a water pump-· 

ing station at Ldddse, built in 1956, is a good example. 

The clay was salt and its sensitivity normal in 1955, 

whereas the clay was desalted and quick in 1968, 

8. CONCLUSIONS 

In the present investigation it was found that the com­

n,only used methods of leaching dried clay 1naterial 

can cause gross errors both in the absolute values of 

the salt content of a clay and in the course of the curve 

of the salt content vs. depth in a clay profile. The most 

reliable method found for studying the pore water of a 

Swedish clay is to squeeze it out from samples and to 

examine it by suitable analysis methods. By measuring 

the electric conductivity of the clay it is only possible 

to obtain a very rough estimate of the total salt content 

in its pore water. The present author has used two 

types of electrodes, the penetration electrode and the 

salt sounding tool, which have been found to be suitable 

for many geotechnical purposes. 

Systematic measurements in situ with the salt sounding 

tool have shown that the conductivity curves in undistur­

bed Swedish clay profiles investigated usually have no 

pronounced irregularities except where e. g. sand 

layers occur. It seems that possible irregularities at 

the time of sedimentation or later have been smoothed 

out by diffusion. 

It has not been possible to find a correlation between 
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sensitivity and the total salt content in the pore water. 

The conductivity and the sensitivity curves as a rule 

are of quite different appearances. 

There seems, however, to be a correlation between 

the ionic composition of the pore water of a clay and 

its sensitivity. The ionic con1position of pore waters 

was determined by rneans of standard paper chromato­

graphy methods. Three main types of ionic composi­

tion of the pore waters in Swedish clays were found. 

Salt clays contained sodium chloride but also distinct 

amounts of calciun1, magnesium and sulfate ions. 

Naturally leached "normal" clays contained mainly 
2+ M 2+ d SO 2 - . . h .Ca , g an -ions 1n t eir pore water .4 

.l- 2-Quick clays contained mainly Na' and so -ions. It4 
is, however, very irnportant that calcium and magnesi­

um have not been removed fron, the quick clay systen,, 

but these ions arc cornplexly bound and can be se1 free 

by different m.eans. Sin,ilar ionic pore water cor.c,posi-

in general, for gels usually show ageing phenon,ena., 

It is rather rnore surprising that clays in nature can be 

so stable with time as they are. This colloid chemical 

process of ageing should be investigated further. 

It is possible to localize slip surfaces in large slides 

by conductivity soundings. This technique has proved 

to be one of the best methods for this purpose. 

The diffusion in natural clay slopes has been studied. 

At Surte the diffusion seems to follow Fick' s law and 

it was possible to calculate the diffusion constant over 
218 years. It was 0. 11 to 0. 14 cm /day. 

The leaching process was also studied. Two different 

behaviours were found when leaching natural salt clay 

samples. In many cases there was an increase in the 

ratio divalent/monovalent cations in the pore water and 

the leaching gave a non-quick clay system. But in the 

tion as in quick clays was obtained by treating a "norn,al" leaching of quite fresh clay samples having a brown-

clay of-low salt content with a dispersing agent. This 

suggests that the complex binding of Ca 2+ and Mg 2 can+ 

be caused by naturally occurring dispersing agents, 

primarily of organic type. 

Swedish quick clays as a rule show large ageing effects 

after sarnpling. The undisturbed shear strength then 

decreases after sampling as well as does the sensitivi­

ty (although there occur exceptions). The remoulded 

shear strength usually increases. The chemically 

caused part of these effects is not yet fully understood. 

There is an increase of Caz+_ and Mg
2 

+ -ions in the pore 

water with time, indicating alterations of the colloid 

chen,ical svstem. Organic dispersing agents which arc 
· , z+ d M 2+ b f .mas I<:1ng Ca an g seem to e o great 1n1portance. 

It was unexpected that the observed ageing of the day 

samples could be so rapid. But this effect is important 

for the understanding of the geotechnical properties. 

The effect is in accordance with the behaviour of gels 

2 2yellow organic pore water the Ca + and Mg + -ions 

disappeared from the pore water and must have been 

complexly bound to the polyanions which were left in 

the clay during the leaching process and the samples 

became quick. However, it has not been possible during 

these laboratory experiments to obtain a dialysed quick 

clay system with exactly the sarne pore water composi­

tion as the natural systen,. Uncontrolled weathering 

processes which gave K+ ions \Vere occurring during 

the laboratory cxperirnents. 

Chrornatography is a suitable method to study processes 

of this kind. By means of chromatography it has been 

possible to follow the forrnation and disappearance of a 

large number of substances in clays which are of im­

portance for an understanding of the quick clay forma­

tion processes. The method seems also to be useful 

for the study of corrosion in the soil. 
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Pene-
Cone tration 0 1 2 3 4 5 6 7 8 9type mm I I I 
100 g 2, 1140 1050 970 895 825 760 700 650 605 563 

30° 3, 526 493 463 435 4:11 389 369 349 330 313 
4, 296 281 267 253 241 230 220 t08 204 196 

5, 189 183 178 173 168 163 158 153 149 145 
6, 141 136 132. 128 124 l20 117 113 110 107 
7, 104 101 98,0 95,5 93,0 90,6 88,3 86,0 83,7 81,5 
8, 79,4 77,4 75,4 73,5 71,6 69,8 68,0 66,2 64,5 63,0 
9, 61,5 60,0 58,5 57,1 55,8 54,6 53,4 52,2 51,1 50,0 

10, 49,0 47,9 46,9 45,9 45,0 44,1 43,2 42,4 41,6 40,8 
11, 40,0 39,2 38,4 37,6 36,9 36,2 35,5 34,8 34,2 33,6 
12, 33,0 32,4 31,8 31,2 30,6 30,0 29,4 28,8 28,2 27,6 
13, 27,1 26,6 26,2 25,8 25,4 25,0 24,6 24,2 23,8 23,5 
14, 23,2 22,9 22,6 22,3 22,0 21,7 21,4 21,1 20,7 20,4 

15, 20,0 19,7 19,4 19,1 18,8 18,5 18,2 17,9 17,6 17,3 
Hi, 17,0 16,8 16,6 16,4 16,2 16,0 15,8 15,6 15,4 15,2 
17, 15,0 14,8 14,6 14,4 14,2 14,0 13,8 13,6 13,4 13,2 
18, 13,0 12,8 12,6 12,4 12,2 12,0 11,8 11,6 11,4 11,2 
] !l. 11,l 11,0 10,9 10,8 10,7 10.1; 10,ii 10,4 10,~ 10,2 

60 g 4, 57,9 55,0 52,6 50,3 48,1 46,0 44,0 41,9 40,0 38,4 
60'' I 

5, 37,0 35,6 34,3 33,3 32,3 31,3 30,4 29,5 28,6 27,7 
6, 26,8 25,9 25,0 24,2 23,5 22,8 22,1 21,4 20,7 20,2 
7, 19,7 19,2 18,7 18,2 17,8 17,4 17,0 16,6 16,2 15,8 
8, 15,4 15,0 14,7 14,4 14,1 13,8 13,5 13,2 12,9 12,6 
9, 12,3 12,0 11,7 11,4 11,2 11,0 10,8 10,6 10,4 10,2 

10, 10,0 9,80 9,60 9,43 9,26 9,09 8,92 8,75 8,58 8,41 
11, 8,25 8,10 7,96 7,82 7,69 7,56 7,43 7,30 7,17 7,05 
12, 6,93 6,81 6,69 6,69 6,49 6,39 6,29 6,19 6,09 5,99 
13, 5,89 5,79 5,69 5,59 5,49 5,39 5,29 5,20 5,11 5,02 
14, 4,93 4,84 4,75 4,66 4,5, 4,48 4,39 4,30 4,22 4,15 

15, 4,09 4,03 3,97 3,92 3,87 3,82 3,77 3,72 3,67 3,62 
16, 3,57 3,52 3,47 3,42 3,37 3,32 3,28 3,2! 3,20 3,16 
17, 3,12 3,08 3,04 8,00 2,96 2,92 2,88 2,8'1 2,80 2,76 
18, 2,72 2,68 2,64 2,60 2,56 2,52 2,49 2,46 2,43 2,40 
19, 2,37 2,34 2,81 2,28 2,25 2,22 2.19 2,16 2,13 2,10 

10 § 5, 6,40 6,10 5,83 5,63 5,43 5,24 5,06 4,89 4,73 4,58 
60 6, 4,44 4,80 4,17 4,05 8,94 3,83 8,72 3,61 3,50 8,41 

7, 3,82 3,2~ 3,14 3,05 2,97 2,90 2,83 2,76 2,70 2,64 
8, 2,58 2,52 2,46 2,40 2,35 2,29 2,23 2,18 2,13 2,09 
9, 2,05 2,00 1,96 1,92 l,88 1,84 1,80 1,76 1,72 1,69 

10, 1,66 1,63 1,60 1,57 1,54 1,51 1,48 1,45 1,42 1,39 
11, 1,37 1,35 1,33 1,80 1,28 1,26 1,23 1,21 1,19 1,17 
12, 1,15 1,13 1,11 1,09 1,07 1,05 1,04 1,03 1,02 1,00 
13, 0,983 0,966 0,949 0,932 0,915 0,898 0,881 0,864 0.847 0,830 
14, 0,816 0,802 0,788 0,774 0,760 0,746 0,783 0,721 0,710 0,699, 

15, 0,688 0,677 0,667 0,658 0,650 0,642 0,634 0,626 0,618 0,610 
16, 0,00::l 0,594 0,586 0,578 0,570 0,562 0,554 0,546 0,538 0,530 
17, 0,522 0,514 0,506 0,498 0,490 0,482 0,474 0,466 0,459 0,452 
18, 0,445 0,438 0,482 0,426 0,420 0,414 0,408 0,402 0,396 0,390 
19, 0,384 0,378 0,372 0,366 0,360 0,854 0,348 0,842 0,336 0,330 

Appendix 1 Relation between penetration and H-values (Swedish Committee on 
Piston Sampling, Supplement in Kallstenius & Hall(m 1963) 
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Cone 
type 

100 g 
30° 

60 g 
60° 

10 g 
60° 

Pene-1
tration 0 1 2 3. 4 5 G 7 8 9 

mm I I 
2, 9,56 9,20 8.86 8,54 8,24 7,98 7,72 7,48 7,24 7,02 
3, 6,80 6,58 6,36 6,14 5,92 5,70 5,48 5,28 5,10 4,94 
4; 4,78 4,62 4,46 4,32 4,19 4,06 3,94 3,84 3,74 3,64 

5, 3,55 3,46 3,38 3,30 3,22 3,14 3,07 3,00 2,93 2,86 
6, 2,79 2,73 2,67 2,61 2,55 2,49 2,43 2,37 2,31 2,25 
7, 2,19 2,13 2,07 2,02 1,97 1,92 1,87 1,83 1,79 1,75 
8, 1,71 1,67 1,63 1,59 1,55 1,62 1,49 1,46 1,43 1,40 
9, 1,37 1,34 1,31 1,28 1,25 1,22 1,19 1,16 1,13 1,10 

10, 1,08 1,06 1,04 1,02 1,00 0,980 0,960 0,940 0,920 0,900 
11, 0,880 0,862 0,848 0,835 0,822 0,809 0,796 0,783 0,770 0,757 
12, 0,744 0,731 0,718 0,706 0,694 0,682 0,670 0,660 0,660 0,640 
rn, 0,630 0,620 0,610 0,600 0,590 0,580 0,570 0,560 0,550 0,540 
14, 0,530 0,520 0,510 0,505 0,500 0,495 0,490 0,485 0,480 0,475 

15, 0,470 0,465 0,460 0,455 0,450 0,445 0,440 0,435 0,430 0,425 
16, o;420 0,415 0,410 0,405 0,400 0,395 0,390 0,385 0,380 0,375 
17, 0,370 0,365 0,360 0,355 0,350 0,345 0,340 0,335 0,330 0,325 
18, 0,320 0,315 0,310 0,305 0,300 0,296 0,292 0,288 0,285 0,282 
19, 0,280 0,278 0,276 0,274 0,272 0,270 0,268 0,266 0,264 0,262 

4, 0,890 0,840 0,795 0,765 0,735 0,710 0,685 0,660 0,637 0,616 
5, 0,595 0,676 0,558 0,542 0,526 0,512 0,498 0,486 0,474 0,463 
6, ·o,452 0,441 0,430 0,419 0,408 0,397 0,386 0,375 0,364 0,354 
7, 0,344 0,334 0,324 0,315 0,306 0,298 0,290 0,282 0,274 0,268 
8, 0,260 0,254 0,248 0,244 0,238 0,233 0,227 0,222 0,218 0,214 
9, 0,210 0,206 0,202 0,198 0,194 0,190 0,186 0,182 0,178 0,174 

10, 0,170 0,167 0,164 0,161 0,158 0,155 0,152 0,149 0,146 0,143 
11, o,uo 0,137 0,135 0,133 0,131 0,129 0,127 0,125 0,123 0,12, 
12, 0,119 0,117 0,115 0,113 0,1.11 0,109 0,107 0,105 0,103 0,101 
13, 0,100 0,0985 0,0970 0,0955 0,0940 0,0925 0,0910 0,0895 0,0880 0,0865 
14, 0,0850 0,0835 0,0820 0,0805 0,0790 0,0775 0,0760 0,0745 0,0730 0,0715 

15, 0,0700 0,0690 0,0680 0,0670 0,0660 0,0650 0,0640 0,0630 0,0620 0,0610 
16, 0,0600 0,0590 0,0580 0,0570 0,0560 0,0550 0,0540 0,0530 0,0520 0,0510 
17, 0,0500 0,0495 0,0490 0,0485 0,0480 0,0475 0,0470 0,0465 0,0460 0,0455 
18, 0,0450 0;0445 0,0440 0,0'135 0,0430 0,0425 0,0420 0,0415 0,0410 0,04.05 
19, 0,0400 0,0397 0,0394 0,0391 0,0388 0,0385 0,0382 0,0379 0,0376 0,0373 

5, 0,110 0,106 0,102 0,0983 0,0948 0,0915 0,0884 0,0855 0,0830 0,0805 
6, 0,0780 0,0755 0,0730 0,0710 0;0690 0,0670 0,0650 0,0630 0,0613 0,0598 
7, 0,0583 0,0568 0,0553 0,0538 0,0523 0,0509 0,0495 0,0482 0.0470 0,0459 
8, 0,0449 0,0439 0,0429 0,0420 0,0411 0,0402 0,0393 0,0384 0,0376 0,0368 
9, • 0,0360 0,0352 0,0345 0,0338 0,0331 0,0324 0,0317 0,0310 0,0303 0,0296 

10, 0,0290 0,0285 0,0280 0,0275 0,0270 0,0265 0,0260 0,0255 0,0250 0,0246 
11, 0,0242 0,0238 0,0234 0,0230 0,0226 0,0222 0,0218 0,0214 0,0210 0,0206 
12, 0,0203 0,0209 0,0197 0,0194 0,0191 0,0188 0,0185 0,0182 0,0179 0,0176 
13, 0,0173 0,0170 0,0167 0,0164 0,0161 0,0158 0,0155 0,0152 0,0149 0,0146 
14, 0,0143 0,0140 0,0137 0,0134 0,0132 0,0130 0,0128 0,0126 0,0124 0,0122 

15, 0,0120 0,0118 0,0116 0,0114 0,0112 0,0110 0,0108 0,0107 0,0105 0,0104 
16, 0,0102 0,0101 0,0099 0,0098 0,0096 0,0095 0,0093 0,0092 0,0090 0,0089 
17, 0,0087 0,0086 0,0084 0,0083 0,0081 0,0080 0,0078 0,0077 0,0076 0,0075 
18, 0,0074 0,0073 0,0072 0,0071 0,0070 0,0069 0,0068 0,0068 0,0067 0,0067 
19, 0,0066 0,0066 0,0065 0,0065 0,0064 0,0064 0,0063 0,0063 0,0062 0.0062 

Appendix 2 Relation between penetration and shear strength (Swedish Committee 
on Piston Sampling, Supplement in Kallstenius & Hallen 1963) 
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Site 
Hole 
Depth 

m 

Unit 
weight 
t/m3 

Natural 
\Vater 
content 

w 
% 

Fineness 
number 

WF 
% 

Shear strength (cone test) 
Un- Re-
remoulded moulded 

2 2t/m t/m 

Sensi-
tivity 
(cone 
test) 
St H3 Hl 

H/H 1 

(St) 

Liquid 
limit 

WL 
% pH 

;{ . 10 3 

- 1 - 1 ohm cm 

Utby 99 

3 1. 70 52 54 2.79 0.260 11 141 15.4 9. 1 55 5. 2 0.320 

5 1. 67 54 52 2.79 o. 140 20 141 8.25 18 51 5.4 o. 533 
6 1. 70 41 39 2.73 o. 127 22 136 7. 43 19 49 5.6 o. 548 
7 1. 68 54 50 2. 7 3 o. 117 24 136 6. 81 20 52 6.2 o. 533 
8 1. 68 54 50 2. 73 0.099 28 136 5.79 24 48 6.4 o. 588 

9 1. 70 52 48 2.61 0.099 27 123 5.79 22 46 6.3 0. 727 
10 1. 70 52 48 2.67 o. 097 28 132 5.69 23 52 6.3 o. 910 
11 1. 72 50 49 2.86 0. 140 21 145 8.25 18 51 6. 1 1. 00 
12 1. 70 52 43 2.86 0.042 68 145 2.40 61 53 6.8 1. 05 
13 1. 70 52 52 2.86 o. 170 17 145 10.0 15 49 6. 9 1. 11 
14 1. 72 51 40 3.00 0.044 68 153 2. 52 61 41 7.0 1. 05 
15 1. 76 49 39 3. 55 0.037 97 189 2.09 90 36 7.2 o. 975 
16 1,-72 49 41 3.55 0.038 92 189 2. 18 87 42 7.0 1. 33 
17 1. 72 55 42 3.55 0.046 78 189 2.64 72 42 6.9 1. 43 
18 1. 72 55 44 3.55 0. 037 97 189 2. 09 91 41 7. 1 1. 60 

19 1. 72 55 47 3. 55 o. 045 79 189 2.58 73 50 7. 1 1. 82 
20 1. 72 53 41 3.64 0.045 81 196 2. 58 76 43 7.0 1.91 

Utby 620 

4 1.61 77 52 2.79 0.014 195 141 0.816 173 49 7. 1 1. 43 
5 1. 64 62 54 2. 79 0.020 139 141 l. 15 122 51 7. 5 1. 38 
6 1. 62 63 61 2.86 0. 021 136 145 1. 19 122 50 7,3 1. 45 
7 1.61 67 54 3, 07 0.022 138 158 1. 26 125 59 6.9 1. 18 
8 1.61 73 63 2.79 0.027 105 141 1. 51 93 58 7. 2 1. 9 
9 1.61 70 60 3.00 0.031 99 153 1. 72 89 57 7.5 2.0 

10 1. 62 67 62 3.00 0.044 69 153 2. 52 6 l 58 7. 0 1. 82 
11 1. 6 1 68 55 3.64 0.067 55 196 3.83 55 55 7. 0 1. 86 
12 1. 64 66 65 3,30 0.058 57 17 3 3.32 52 63 ,6. 6 2.76 
13 1. 65 66 60 3. 38 0.088 39 178 5. 11 35 56 6. 9 2.35 
14 1. 64 65 63 3. 74 o. 137 28 204 8. 10 25 61 7. 1 2. 58 
15 1. 64 62 62 3. 55 0. 170 21 189 10. 0 19 57 6.9 2. 58 
16 1. 68 61 57 3.84 o. 121 32 208 7. 05 30 60 6. 8 2. 50 
17 1. 71 53 52 3.84 o. 178 22 208 10.4 20 46 6. 9 1. 85 
18 1. 74 58 59 4.62 0.206 23 281 12. 0 23 46 6.9 1. 60 

19 1. 72 47 46 4.94 o. 129 38 313 7. 56 41 

Appendix 3 Geotechnical data for Test Site at Utby, Hole 99 and 620 
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Site 
Hole 
Depth 

m 

Unit 
weight 
t/m3 

Natural 
water 
content 

w 
% 

Fineness 
number 

WF 
% 

Shear strength (cone test) 
Un- Re-
remoulded moulded 

2 2
t/m t/m 

Sensi-
tivity 
(cone 
test) 
St H3 Hi 

H/H1 

(St) 

Liquid 
limit 

WL 
% pH 

1(. 103 

- 1 - 1ohm cm 

Utby 658 

5 1. 57 71 55 2.61 0.024 108 128 1. 37 94 60 6. 1 o. 364 

7 1. 57 67 38 2.61 0.019 117 128 1. 07 101 53 6.3 0.564 

8 1. 53 73 61 2.55 0.014 178 124 0.816 152 51 6.4 0.645 

9 1. 59 73 61 2.79 o.013 214 141 0.746 189 50 6.5 0.770 

10 1. 59 69 53 3.07 0.012 256 158 0.688 229 51 6.7 0.890 

11 1.61 70 54 3.46 o.011 303 183 0.650 282 47 6.7 o. 975 

12 1.61 70 50 3. 30 o.011 312 17 3 o.626 276 48 6.7 1. 11 

13 1. 56 70 56 2.93 o. 010 287 149 0.602 248 45 7.2 1. 03 

14 1. 62 65 54 2.93 o. 011 279 149 0.618 241 48 6.9 1. 03 

15 1. 62 63 54 3. 14 0.013 249 163 o. 721 226 50 6.7 1. 11 

16 ·L 57 67 53 3.00 0.015 206 153 0.830 184 51 6.6 1. 11 

17 1. 67 59 49 3.00 0.016 189 153 0.898 170 47 6.6 1. 05 

18 1. 67 57 50 3. 14 o. 021 147 163 1. 21 134 45 7.0 0.678 

19 1. 62 61 50 2.86 0.025 116 !45 1. 39 104 43 6.6 0.952 

Utby 680 

4 1. 64 58 55 2.79 o. 110 24 141 6.93 21 52 6.4 0.417 

5 1. 64 58 52 2.59 0.084 33 141 4.84 29 51 6.4 0.588 

6 1. 64 63 57 2. 79 0.380 32 141 5. 11 28 54 6.7 o. 533 

7 1. 64 64 65 2.70 0.043 65 141 2.46 60 51 6.6 0.625 

8 1. 64 60 63 2.70 0.044 64 141 2. 52 56 49 6.9 o. 755 

9 1. 64 63 65 2.79 0.024 115 141 1. 37 103 49 6.9 0.910 

10 1. 64 54 50 3. 14 0.024 132 163 1. 35 121 47 7. 1 0.975 

11 1. 64 61 64 3. 07 o. 018 174 158 1. 00 158 49 7.0 1. 38 

12 1. 64 64 59 3.00 o. 014 210 153 0.816 188 47 7. 1 1. 38 

13 1.64 63 57 3.46 0.013 258 183 o. 774 236 45 7. 0 1. 08 

14 1. 67 57 58 3.64 0.016 230 196 0.898 218 45 7. 3 1. 14 

15 1. 67 59 67 4. 19 o. 021 203 241 1. 17 203 47 7. 5 1. 14 

16 1. 65 60 61 4. 06 0.027 153 230 1. 51 152 46 7. 1 1. 14 

17 1. 67 57 60 3.84 0.030 126 208 1. 72 121 42 7.2 1. 03 

18 1. 71 52 58 3.64 o. 031 117 196 1. 76 111 45 7. 1 o. 975 

19 1. 72 48 46 2. 31 0.050 47 110 2.83 39 41 7. 1 1. 00 

20 1. 76 48 44 3.64 0.085 43 196 4.93 40 38 7.0 0.690 

Appendix 3 Geotechnical data for Test Site at Utby, Hole 658 and 680 
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Natural Fineness Shear strength (cone test) Sensi-

Site 
Depth 

m 

Unit 
weight 
t/m3 

\vater 
content 

w 

% 

number 

WF 

% 

Un-
remoulded 

2
t/m 

Re-
moulded 

2
t/m 

tivity 
(cone 
test) 

St H3 Hi 

H/H 1 

(St) 

3
I<.· 10

- 1 - 1 ohm cm 

Ellesbo 

1. 47 93 94 1. 34 o. 178 7. 5 60 10.4 5. 8 1. 70 

2 1. 44 104 83 1. 34 0. 102 14 60 5. 8 10. 4 1. 51 

3 1. 38 103 92 1. 31 0.088 15 58.5 5. 11 11. 4 1. 86 

4 1. 48 100 80 1. 25 o. 055 23 55. 8 3. 1 18. 0 1. 45 

5 1. 48 90 73 1. 02 0.025 41 45.9 1. 42 32.4 1. 25 

6 1. 41 91 72 0.88 0. 023 39 40. 0 1. 3 30.8 1. 20 

7 1. 51 87 66 1. 08 0.023 47 49. 0 1.3 37.6 1. 12 

8 1. 51 84 66 1. 10 o.017 66 50. 0 o. 95 52. 5 0.87 

9 1. 53 80 55 1. 28 < 0. 006 > 210 57. 1 < o. 33 >173.0 1.01 

Appendix4 Geotechnical data for the Test Site at Ellesbo 
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