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PREFACE

Instable slope conditions have resulted in many severe landslides, e.g. in the
Gota River Valley in the southwestern Sweden. The existence of quick clays has
undoubtedly in many cases been of importance for the propagation of these
slides. Quick clays and their importance in connection with slides have been
treated in e.g. SGI Proceedings No.22 in 1969: "Salt in Swedish Clays and its
Importance for Quick Clay Formation™, Another report on quick clay to be
published in the Proceedings series is under preparation and deals with the
importance of organic matter to quick clay formation, with special reference

to dispersing agents, also with Mr Rolf St6derblom as the Author.

In the present report, which consists of three parts, an attempt has been made
to systematize the quick clay studies with respect to classification and degree
of potential danger of the appearance of the quick clay and to the localization of

such clays.

The first part deals with the conception quick clay and the work required to
brealy down the structure of these soils. A proposal for the classification of
quick clays is presented and the so called rapidity number is introduced. In the
second part, a remote sensing method for localizing quick clays is described.
The third part, which is a reprint of a paper published in 1970, is, in principle,
a summary of the investigations reported in the above-mentioned SGI Proceed-

ings No, 22 with some additional results,

The work was carried out at the Research and Consulting Department A of the
Institute 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 Board of Technical Development.

" The report has been edited by Mr N. Flodin and Mr O. Holmquist,

Stockholm, March 1974
SWEDISH GEOTECHNICAL INSTITUTE






A NEW APPROACH TO THE CLASSIFICATION OF QUICK CLAYS
Rolf S6derblom

Summary

Highly sensitive clays with S;>50, according to common definitions called
quick clays, show very different behaviour when influenced by vibration,
shocks and other external forces. In extreme cases quick clay samples are
impossible to handle and are liquefied when subjected to only small defor-
mations. In other cases a large amount of working is needed to break down
the quick clay structure. This means that quick clays can be broken down
more or less rapidly. The first type of clay has therefore in this report been
called "rapid quick clay' and the other 'slow quick clay".

In order to obtain a measure of the rapidity and prepare a rough classifi-
cation of the quick clays a testing procedure, based on Casagrande’s liquid
limit device, was tried and a rough classification scale formed. The scale
ranges from a rapidity number of 1 for the most stable clay to a rapidity
number of 10 for the most fragile.

When comparing the rapidity scale with old descriptions of quick clays, it
is found that quick clay in its original sense corresponds to a rapidity num-
ber of at least 8. Tentatively, a new definition of quick clay is proposed by
the Author, viz. a clay with a sensitivity of at least 50 and with a rapidity
number of at least 8.

Field studies from three places in western Sweden indicate that highly sen-
sitive clays throughout the whole scale range exist. The importance of high-
ly rapid quick clays and the potential risks in connection with their existence
in mechanically unstable slopes is touched upon.

Introduction

In a previous paper (S6derblom, 1969) it was stated that there exist at least
two main types of quick clay with quite different mechanical properties,
though both have all the properties necessary to be qualified as a quick clay

according to the definition which is common today.



The first main type is very sensitive to mechanical disturbance and requires
only a small amount of working to be transformed into a liquid. If one takes

a piece of this clay in one”s hand and shakes it just a little, its surface first
becomes wet due to migrated water, then it looses its form and flows out as
a liquid. In extreme cases clay samples of this type, if pressed out of 2 sam-

pling cylinder, are impossible to handle,

The second main type of quick clay requires a great amount of remoulding

to be mechanically broken down. Samples of such clays are not so sensible

to handling and can be loaded considerably without being destroyed (Crawford,
1963). They are only little deformed if dropped from a moderate height. If
intensively remoulded, clays of this type become asliquefied as quick clays

of the first type.

Quick clays of the first type were by the present author called "rapid quick
clays' because of the rapidity with which they liquefy when mechanically de-
formed, and those requiring a large amount of remoulding were termed

slow quick clays",

A third type of 'quick clay', not earlier discussed in literature, as known to
the Author, seems, however, to exist in Sweden. This clay has a moderate
sensitivity when remoulded in an inert atmosphere, e.g. nitrogen. Probably
atmospheric oxidation of some organic substances during the remoulding
process {(cf. Jerbo, 1967) in this case form dispersing organic substances
which react with the clay materials, giving a low viscosity. These "quick
clays", which are non-quick in situ and probably have nothing to do with

real quick clays, are not further dealt with in this report (could possibly

be called "pseudo-quick clays').

It is evident that the chemical processes forming these different types of
duick clay are not the same, which must be kept in mind when treating

the quick clay problem. In most of the existing literature the assumption
is made that all quick clays are formed by only one type of natural

process.



Scope of Problems

The rapid quick clays are, from a geotechnical point of view, the most
interesting ones. Their strong tendency to be liquefied by moderate
mechanical treatment makes them unsafe to slope stability. If quick clay
of this type exists in a slope, a local slide of small extent may spread
into a large one. Pile driving and dredging etc in slopes with rapid quick
clays may be the initiating factor. Vibrations from heavy traffic on roads
or railways in slopes may also cause a reduction in strength and result in

a slide.

To obtain a preliminary understanding of these problems the following work-

ing program was set up:

1) Development of 2 method of studying the different
types of quick clay with respect to the amount of
remoulding regquired to break down the soil structure.

2) Modification of the definition of guick clay with
respect to the varying reaction to remoulding.

3) Searching for quick clays in situ requiring differ-
ent degrees of remoulding to break down the

structure.
4) Studies of possible chemical processes transform-

ing slow quick clays (low rapid quick clays) into
rapid quick clays,

Remoulding Studies and Presentation of a Rapidity Scale

Direct measurements of the working required to break down a quick clay
are made in USSR according to a lecture in Stockholm hy the late Professor
Rehbinder (1970). No details were given, however,



To begin with, however, it is not necessary to get an absolute value of the
working required to break down the structure; a relative number would be
sufficient. For this purpose one can form a scale of "rapidity numbers", for
instance, ranging from slow quick clays with low rapidity numbers to rapid

quick clays with high numbers.

An approximate classification of the quick clays into groups of different rap-
idity numbers can be made very simply by means of a common Casagrande
liquid limit device (ASTM, 1964); the apparatus being standard equipment in

most geotechnical laboratories.

In the studies by the present author specimens of undisturbed samples,
(SWEDISH COMMITTEE ON PISTON SAMPLING, 1961) 40 mm in height and
50 mm in diameter, were placed in a Casagrande liquid limit device (Fig. 1)
and were allowed to drop 10 mm 250 times. Visual examinations can suitably
be made during the whole process. The procedure generally gives the result
that the bottom part is first affected, then the other parts of the sample.

When testing very rapid quick clays, one can see that the edges of the speci-
men are very soon smoothed out and rounded, the clay being transformed
into a liquid mass, while clays with low rapidity are almost unaffected even
after 250 percussions, From the test observations of quick clays having dif-
ferent rapidities, a classification scale with ten rapidity numbers was
suggested (Table 1),

As can be seen in the table, quick clay with Rn = 8 to 10 can easily be lique-
fied, while a quick clay sample with Rn =4 (very common for the quick clays
in the Gota River Valley) is only little affected at the bottom after 250 per-
cussions. The working produced by means of the 250 percussions in the test-
ing device for the latter type of clay is not sufficient to break the structure
down completely. By intense further stirring of this clay type, however, the
gel can be broken down into a liquid mass. By studying the course of the
simple percussion test it is thus possible to make a rough estimation of the

energy required for breaking up the binding forces between the clay particles.



Sample (HeiOmm; D=50mm )

Fig. 1. Casagrande’s liquid limit device used for
determination of rapidity numbers

F Field laboratory
B Old roilway bonk, now not in use
S Slide in 1964
B Soundings, vane boring and sompling
&5 Rock outerops

Fig. 2. Map showing the places investigated at
Fiargelanda along the Road 172



Table 1. Classification scale for determination of rapidity numbers

Rapidity number Rn Degree of influence
1 Sample not visually affected
2 Hardly visually affected
3 About 1 mm of bottom part deformed to a

gelatinous mass

4 About 5 mm of bottom part deformed,
gelatinous mass formed. Upper part
visually unchanged

S About 5 mm of bottom part deformed,
gelatinous mass and liquid mass formed.
Upper part visually unchanged

6 About 10 mm of bottom part deformed,
gelatinous mass and liquid formed. Upper
part visually unchanged

7 Bottom part highly deformed, liquid mass
formed. Upper part visually unchanged

8 Whole sample begins to deform, liquid
mass formed, Sharp edges and irregularities
disappear

9 Whole sample highly deformed, liquid mass

forms and begins to flow out from the vessel

10 Whole sample transformed into a liquid mass

Common Definitions of Quick Clays

Norwegian quick clay was early characterized by Reusch (1901) as a "'clay
which has the property of being comparatively stiff when it lies in its orig-
inal bed, but becomes fluid when it is set in motion. For instance, if one
carefully cuts a small cube of "quick" clay and places it in the open hand and
shakes it a little, the cube becomes apparently more and more damp, and
looses its form." Similar characteristics of quick clay can also be found in

old Swedish literature.



The quick clay described in old literature was taken from fresh slide scars.
From the descriptions of old slides and from several more recent reports it

may be assumed that mostly "rapid" materials were concerned.

When geotechnical methods for measuring strength properties were developed,
one tried to find methods giving a basis for a classification of the quickness

of the clays (cf. Holmsen, 1946). It became a practice that clays with a sensi-
tivity (St) exceeding a certain value (usually 50) should be regarded as quick.
A quick clay was thus defined as a clay with a H,g /H1 ratio larger than 50.

(Hy and H,
cone test introduced by the Swedish Geotechnical Commission 1914 - 1922,
cf. S6derblom, 1969).

are so called ''relative strength numbers'' obtained by the fall-

This simple classification of a quick clay as a clay with high sensitivity im-
plies that also high-sensitivity materials requiring a great amount of re-
moulding to be broken down are classified as quick clays. As already men-
tioned, the slow quick clays are rather stable in the natural state for moder-
ate shear deformation and show other properties than those attributed to

quick clays in the original sense (Reusch, 1901), i.e. rapid quick clays.

The chemical processes producing the above two main types of clays must
be of different kinds. Up to now this has not been taken into consideration.
Papers can be found treating what in this article is called slow quick clay
{cf. Crawford, 1963 and Talme et al., 1966). The chemical formation pro-

cesses are treated by the authors as if there is only one type of quick clay.

Some authors have, however, considered that the sensitivity ratic was not
sufficient as a definition of a.quick clay. Odenstad (1951) stated that quick
clay is defined "as a clay in which the H~ratio H3/H1 is greater than 50,
while H 1 is at the same time less than 1''. The definition used by the Geo-
technical Department of the Swedish State Railways includes in practice an
Hl—value < 0,33 besides the H-quotient > 50,

A recent (1973), not finally settled, definition of quick clay is suggested by
the Laboratory Committee of the Swedish Geotechnical Society as L f/ ‘Er>30
and 'l:r < 0.4 kPa (H, < 2), where 'l:r is the remoulded shear strength.



In Norway the preliminary new definition of quick clay does not involve any
Stwvalue but call!&s a clay quick when it becomes liquid on remoulding and has
T <0.05t/m” | <3.1).

As can be seen there is today a great confusion with respect to the definition

of a quick clay.

The definitions above take no consideration to the amount of remoulding re-
quired for breaking down the structure, and thus cover materials of different

type.

None of them seem to be a suitable definition when studying the importance
of the cementation and dispersing effects, respectively. When discussing
the development of retrogressive landslides quick clays of the slow type are

apparently of less importance.

Suggested New Definition of a Quick Clay

When comparing Reusch’s description of a quick clay as given above with the
rapidity scale in Table 1, it is obvious that his type of clay may correspond
to a clay with a rapidity number of ahout 9, i.e. to a clay being greatly af-
fected by a moderate amount of working. According to the present author the
name quick clay ought to be reserved for clays of this high rapid type, form-
ing a characteristic group from a mechanical and probably also from a chemi-

cal point of view.

The following definition is suggested: A quick clay is a clay with a sensitivity
of at least 50 and a rapidity number of at least 8 as given in the scale in
Table 1.

If, by tradition, "quick clay" should be kept as a general term, the two types
should at least be distinguished and called rapid quick clay and slow quick
clay (cf. Séderblom, 1969).

* = 0.5 kPa
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Rapidity Studies in Field and Laboratory

Studies of the distribution of quick clays in situ with different rapidity num-
bers have been initiated by the present author. It was especially desired to
find places with highly rapid quick clays. At the beginning of the study no
method was, however, available of obtaining an indication of where and how
to search for such clays. Some sites were found in the archive of the Swedish
Geotechnical Institute, with results from quick clay samples which had been

severely damaged during the sampling process or/and during transport.

A promising site was situated in the parish of Fidrgelanda, province of Dals-
land in western Sweden. Investigations were carried out here along the County
Road 172. Three points were studied, viz. 16 /5600, 17 /700 and 18/140. A plan

of the test site is shown in Fig, 2.

Pofnt 16 /500. Quick clays of the rapid type occurred at Point 16 /500 from

about 2 m to about 10 m depth. Below this level the clay was of the slow
quick type. The results obtained from the archive and from the present
borings showed that the rapid quick clay deposit was very local, about 50~100
metres horisontally along the road, and seemed to oceur as a "lens'" sur-
rounded by clays of the slow quick type similar to that described from Vaer-
dalen (Reusch, 1901).

The curves of the relative strength values from Point 16 /500 are indicated
in Fig. 3. It can be seen, with respect to the sensitivity H3 /Hl’ that the
samples from the part with rapid quick clays and tested both in the field and
the laboratory show considerably lower values of the laboratory results due
to marked effects of ageing and transport. This figure also shows a supple-
mentary sensitivity curve obtained by the field vane borer type Nilcon. The
difference between the sensitivity obtained by the vane borer and fall-cone

test is an interesting task for further research.

The rapidity curve, from the laboratory tests on transported material, is
also shown in Fig. 3. The rapidity number increased towards 9 m depth
where it showed a maximum Rn = 9. Below this level it decreased. Accord-
ing to the new definition suggested in this paper, only the clay at 6, 7 and

8 m was quick. From field inspection (shake test) on fresh samples, however,
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all samples from 3 ~ 11 m seemed originally to have had a high rapidity
number. The rapidity number may thus have changed during transport to
the laboratory.

A continuous core was also extracted with the Swedish Foil Sampler at this
point (16 /500). The core showed that the clay is varved to a depth of 3.8 m
and thus sedimented in rather a fresh water. Below this level it is non-
varved and thus probably sedimented in salt water. The varved part of this
core is shown in a photo (Fig. 4). Quick clays were found both in the varved
and in the non-varved part indicating that the sedimentation environment has
very little to do with the creation of high sensitivity. No transition zone bet-
ween quick clays of high rapidity and quick clays of low rapidity could be
seen in the core. The core showed plant remains in the part consisting of
rapid quick clay. It was observed that the quick clay was attacked by these
remaing, giving free water in the contact surface between plant and clay.
This may possibly be an indication of the formation of dispersing substances

from the remains,

Point 17 /700 showed rather a curious profile (Fig. 5). The sensitivity has

a value of about 150 at 3 m depth but decreases distinctly to a value of about

4 (1) down to about 4 m depth. This layer of very hard clay and of very low
sensitivity was about 1.5 m thick, as confirmed by core sampling. At greater
depth clays with high sensitivity occur again, but the sensitivity shows irregu-
larities. Great damage and ageing effects occurred in the sample due to
transportation to the laboratory and storage as can be seen in Fig. 4. The

rapidity number was at most levels lower than at Point 16/500.

A continuous core was also extracted at this point, but unfortunately only to
8 m depth, because the clay below that level became disturbed during the
sampling process and probably liquefied close to the foils. The same tend-
ency was observed with the intermittent piston sampling and at some levels
the samples were lost. The sampling operation therefore had to be made

several times.

No varved clay was found at Point 17 /700. The varved sediment was thus
rather local. From 2 m depth to the total sampling depth (8 m) the core
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showed plant remains as was the case in Point 16 /500, The top and the
bottom of the transition between the high sensitive clay and the extreme
low sensitive clay (about 4 - 5 m depth) was also studied (Fig. 4). The
transition was about 20 cm in which hard and soft clays occurred alternat-

ingly in 1 - 2 cm thick layers.

The core showed throughout its length a clay without visible silt or sand

layers or signs of any so called ""double dry crust".

It should be observed that this transition between high sensitive and extremely
low sensitive clay has no corresponding discontinuity in the salt sounding
curve (Fig. 5). The very sudden variations of the sensitivity and of the hard

clay layer remain unexplained.

Point 18/140. The sensitivity curve from Point 18/140 (Fig. 6) shows that
clays with varying sensitivities occur irregularly. No corresponding transi-

tions were to be seen in the salt sounding curve. The rapidity curve shows
that the clays in this profile are of the very slow type at some levels. At 8 m
depth, however, the clay had locally a rapidity number of 8., The sensitivity

at this level was, however, relatively low in comparison with other levels.

At 19 m depth a maximum of the sensitivity (1{3/le 650) was obtained. The
rapidity number of that clay was, however, so low (Rn = 2) that it could not
possibly be called a quick clay, in spite of having all the properties of a
guick clay according to the common definition (Hy /H1 > 50, H,< 1).

Discussion and Conclusion

It is possible to group the Swedish so-called quick clays into classes accord-
ing to amount of remoulding required to break down the clay structure.

A comparison between rapidity curves and sensitivity curves shows that the
rapidity has no direct relation to the sensitivity; a clay with a high rapidity
number can have a low sensitivity and vice versa. Slow quick clays (R11 = 3-4)
exist with a sensitivity (H-quotient) as high as 650, or, at other sites, even
higher and a remoulded strength value (Hl——value) less than 0.33 (the lowest
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value in the scale used, cf. Sdderblom 1969). Quick clays with high un-
remoulded strength value (H3-value) ,» high sensitivity and high rapidity, on
the other hand, also exist. Quick clays with a high rapidity number seem to
occur very locally and are surrounded by quick clay with low rapidity num-
ber. Some important questions in this connection are treated in a later pub-
lication (Soderblom, 1974).

Further, the chemistry of the formation of the different quick clay types is
supposed to be very different as indicated by S&derblom (1974), giving very
complex colloid chemical characters. Slow quick clays can in the laboratory

be transformed into rapid quick clays and vice versa.

The quick clays with low rapidity number must have other binding forces bet-
ween the particles than the rapid quick elays. Also the ground water con-

ditions seem to play an important role.

The occurrence of high rapid quick clays in the vicinity of water arteries
makes it necessary to work out methods of localizing such arteries and
investigating them in detail with respect to the influence upon the surround-
ing clay before any systematic studies can be made to gain a better know-
ledge of the formation of high sensitive clays of different kinds. A localizing
method for this purpose is described in the following paper in this publication.

As mentioned earlier, quickclays according to all definitions are not chemic~
ally stable (S6derblom, 1969) and quick clay samples are gradually trans-
formed into materials with low sensitivity due to ageing processes. It is
apparent that chemical or microbiological reactions are going on in the
vicinity of local water arteries preventing short-term ageing processes

in situ.

The concept of "rapidity" gives new aspects to the problem of so-called
quick clays. This new concept can be of importance for a better understand-
ing of the extension and propagation of land slides. It is evident that a clay
with a very high rapidity number is more dangerous in this respect than a
quick clay with a low rapidity number. This problem is further treated in the
next paper in this publication.
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APPLICATION OQF REMOTE SENSING IN THE QUICK CLAY RESEARCH
Rolf Siderblom

Summary

A remote sensing method has been worked out by which it is possible to trace
areas with abnormally high dielectric properties, differing from the surround-
ing terrain. The method utilizes electro-magnetic waves with a freguency of
about 100 MHz.

In most cases the dielectric anomalies are due to superficial water arteries.
With the remote sensing results as an exploratory basis, the studies are sup-
plemented with different types of geotechnical investigations including salt
soundings. It was found that quick clays with a high rapidity number sometimes
occur in areas with the above mentioned ground water conditions. These areas
usually have an infiltration zone allowing surface water to spread into lower
lying sediments in the formation. The deposits seem to have a connection with
infiltration of waste water containing e.g. phosphates. No deposits of so called
high rapid quick clays of natural origin have been found.

Sewage systems passing through such infiltration zones are rather common in
Sweden. It is stated in the report that there is a potential danger if the systems
leak, especially when the water infilirates unstable slopes. A recent slide con-
nected with a failure of a sewer pressure-tube is described.

Further, the investigation has shown that in an apparently homogeneous marine
sediment with a high salt content, streaks can exist with almost salt-free clay
deposits sometimes containing quick clay. The possibility of chemical stabilis-
ation of certain types of sediments is also discussed.,

Introduction

In the previous paper in this publication, the conception rapidity was introduced
as a measure of the work required to break down the structure of a quick clay.
It was also stated that areas with quick clays of a high rapidity number must be
more dangerous when existing in mechanically unstable slopes than those with
a low rapidity number. In order to proceed in the systematic research in this
case, it seemed desirable to find some simple method of localizing areas in
which the existence of quick clay of different types appears and which could be
regarded as potential slide areas.



The rapid quick clays occur very locally and have hitherto only been found in
areas rich in soft ground water in the form of arteries. This water originates
in part from water in ditches influencing lower lying sediments. As a rule, one
can observe water in such ditches even in dry summers. The formations of high
rapid quick clays hitherto found seem to occur in connection with a special type
of assorted sediments rich in ground water, called "lee formations’!, Swedish
"libildningar".

It is known that soils in areas with ground water arteries have electrical
properties (conductivity and dielectric constants) differing from ground with
normal conditions. Theoretically, it is possible to localize areas of this type
by means of systematic salt soundings, but this method is in most cases time-
consuming and expensive. The same is valid for the so called four~probe
method which has been described for the use of in subsurfacewater exploration
by e.g. Liesch (1969).

It is, however, possible to approach the problem by means of remote sensing.
It has for many years been known that subsurface water can be localized by
means of electromagnetic waves in the VHF~range (cf. Heiland, 1940). During
the last few years a rapid development of such methods has taken place. A
special technique has been developed by which it is possible to estimate differ-
ent conditions in soil as well as pollution in sea water, atmosphere, etc. Radar
beams are used for detecting, e.g. oil on water, impurities in the air. In

searching for ore bodies waves in the "long wave band'" have been found useful.

In searching for areas rich in ground water arteries, waves with a frequency

from 30-200 MHz, i.e. the VHF-band, are suitable. Measurements have shown
that the propagation of the ground wave is affected by the change of the electric
ground constants. In most cases this influence is dependent on water streaming

in the upper layers of the soil.

Remote sensing measurements are made from aircraft and satellites or from
the ground. At the preliminary stage of the present studies it was, however,
economically necessary to use a simple method. Therefore a hand-carried

field strength meter was used as a prototype.



Scope of Test

The following program was then carried out:

1) To modify this type of remote sensing equipment to make it suitable for

geotechnical purposes.

2) To investigate chemical and geotechnical conditions in connection with 'lee

formations’'.
3) Application of the method for preliminary slide studies.

4) Application of the method for a study of the chemical stabilization problem.

Theorv of Remote Sensing in the VHF Band

The most reliable deduction of the theory of electro~magnetic wave propagation
over ground with varying electrical properties was originally given by Norton
(1937). His relatively complicated mathematical expressions will not be re~

peated here, but after several simplifications one obtains the expression

€, = E- x =€ - j60AC
where Ek = complex dielectric constant of the ground
E = dielectric constant of ground relative to vacuum
0 = ground conductivity (8/m =10 oh.mdlcm“ 1)
S = unit for conductance
A = wave length (m)

j = the imaginary unit (in most mathematical textbooks called i)

The influence of the ground constants on the electrical field vector is deter-
mined by & Kt In the long wave band, the ground behaves as being conductive,
and the imaginary part is the most dominating. (Waves of this frequency are
suitable for localizing large ore bodies deep in the ground.) But at frequencies
on the VHF band the expression of Ek
behaves as a pure dielectric. This is the case in frequencies above 30 MHz

is practically real, i.e. the ground

when using the values of the constants £ and O , which generally occur in

Swedish soils. By measuring the tilt of the field vector it is possible to



calculate a mean value of £ in the neighbourhood of the receiver antenna.

The penetration depth of the waves in the ground is approximately about the
same as the wave length. At a wave length of e.g. three metres, the penetra-
tion is thus in most cases less than five metres, and if the wave length is

several kilometres, the penetration is also found to be kilometres.

On the other hand, the horizontal magnitude of the area influencing the measure-
ment is also about the same as the wave length. If one wants to obtain local
indications of anomalies in the ground, one must use waves in the meter wave
range. For exploration of large ore bodies etc, very long wave lengths are

used.

Description of Equipment Used

In remote sensing measurements of the dielectric properties of the ground,
one generally employs a test transmitter working with a suitable frequency.
Blomgvist (1960, 1969) describes such equipment working with a transmitter
and a receiver. Driscoll (1972) describes a similar apparatus to be used by the
Apollo XVII Expedition to search for underground water on the moon. The
transmitter sends out radio waves on six different frequencies, Transmitter

and receiver can also be built together into cne unit.

Kick (1973) uses such equipment which transmits a directed "radar beam' in
the ground. To6rngqvist (1958) uses a similar airborne unit working with very
long waves to detect ore bodies. He suggests to use the method in e.g. geo-

technical connections,

Generally, vertically polarized waves are utilized and the theory existing is
worked out for such waves. In dealing with transmitters with a high effect and
giving a good field strength in the case that the transmitter antenna is so

far away that the angle of incidency of the waves can be approximated to zero,
it has been shown that one can use the same mathemathical theory for horizon-
tally polarized waves. This implies that in many cases the ordinary broadcast-
ing network working between 90-100 MHz (about 3 m) can be used.
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For the present experimental work a field strength meter was constructedl)
in accordance with the Author”s concept and with a common transistor radio
set as a basis. A photo of the meter is shown in Fig. 1 and the electric circuit
in Fig. 2. The meter has a dipole antenna of half the wave length (1.5 metres).

The equipment is hand-carried,

In the measurement procedure, the antenna is held 1.5 m above the ground per-
pendicular to the transmitter (maximum signal obtained). When passing dielec~
tric inhomogeneities in the upper part of the soil profile, the polarization of
the field vector will change and become elliptic. This meens that, in practice,
the strength of the y-composant measured with the receive antenna changes
which is indicated on the field strength meter. When passing areas of assorted
materials rich in water arteries, great variations of the y~composant of the
field strength are obtained (cf. Fig. 3).

Studies at I.odose

An area with a local quick clay formation was earlier observed at the Loddse

)

The ground, 100 x 60 m, is shown in Fig. 4. It is situated in an area which

2
football ground * and was suspected as being of special interest in this connection.
slopes gently towards the Gota River. There are rocky hills about 200 m east
of the foothall ground. A section showing the depth to firm bottom is given in
Fig. 5. It is seen that this depth increases from the eastern side of the ground

in the direction to the river.

The area is rich in subsurface water both with respect to artesian ground
water and arteries. As seen in Fig. 4, a pumping station is situated east of
the football ground. There was originally an artesian well here giving 600 1/h.
Test pumping gave 54000 1/h during a period of one month with a considerable

lowering of the ground water surface.

Measurements to investigate the occurrence of ground water arteries were
made with the field strength meter along 10 sections parallel to the short

D By Mr B. Thorén, Stockholm.

2) For the localization of sites investigated, see Appendices 1 and 2.



sides of the football ground (almost parallel to the river). Readings were

taken at points of a distance of 1 m in each section. Some additional measure-
ments were also made outside the football ground, as shown in Fig. 4. The
results of the field strength measurements are shown in Fig. 3. Pronounced
field strength variations were obtained especially in a limited area in the north~
eastern part of the football ground as illustrated in Fig. 4 showing local dielec-
tric inhomogeneities. As also seen the indications are weaker towards the west-
ern end of the football ground. From Fig. 5 it is seen that the depth of the pro-
file increases where the indications disappear. From section 240 to 320 there
is a slight indication that the artery streak continues, but at a greater depth as
proved by salt soundings (see Figs. 6 and 7). According to the theory for the
method (see above), this indicates that the conductivity properties in the area

may also differ.

To verify this, salt soundings (cf. Soderblom, 1969) were made in Holes 2a-2¢
and 3a-3c¢ (Fig. 4). Samples were taken in Holes 2a and 2¢ and were tested
with respect to geotechnical properties, immediately in the field and after 1 4 2
weeks in the laboratory in Stockholm.

The results from the salt soundings in Holes 2a-2c¢ are shown in Fig, 6. The
resistance curve from Hole 2a shows an unleached Gota River clay (pore water
salt content about 3%). It should be noted that hardly any leaching has occurred
from the bottom. Usually, the Gota River clays are leached both from the top
and the bottom (cf. Séderblom, 1969). The curve from Hole 2b gives a some-
what higher resistance (lower salt content) than 2a. Here some leaching has

occurred at the bottom of the profile.

Hole 2¢ is situated in the artery streak. The salt sounding curve in this hole
differed markedly from those in Holes 2a and b. The clay is almost salt-free
(salinity about 0.2%, below 10 m depth less than 0.05%).

The results from the salt soundings in Holes 3a-3c¢ are shown in Fig. 7.
Similar variations in salt content as in Holes 2a-2c¢ were foumd, but were less

pronounced.

The results obtained from the samples are shown in Figs. 8 and 9. The sensi-

tivity ratio H3 /H1 of samples from Hole 2a did not exceed 50 at any level.
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These clays are thus non-quick even according to the common definition. In
Hole 2¢ the ratio exceeded 50 at a depth of 6 m. At greater depths very high
sengitivity values were found (H3 /H 1 about 450),

Also the undisturbed relative strength values (HB) of the clay were different
(Fig. 9). For Hole Zc they were, with a few exceptions, lower than those in
Hole 2a,

The largest difference was noted for the remoulded relative strength values (Hl)
of the clay. The levalues were high for Hole 2a, In Hole 2¢, on the other hand,
very low Hl-values were obtained at depths below 7 m. In both holes, changes
in the geotechnical properties due to sample transportation and ageing were

noted.

The rapidity numbers for Holes 2a and 2¢ measured 1 to 2 weeks after the
samples had been extracted and transported to the laboratory are also shown
in Fig. 9. The rapidity was very high at some levels in Hole 2¢ and a rapidity
number of 9 was obtained at 16 m depth.

The results from the investigations at Lodose thus show that a local streak of
the area had a clay with geotechnical properties differing noticeably from those

in the vicinity.

As will be seen below, similar streaks of salt-free clay with quite different
geotechnical properties often occur in so called homogeneous marine clay.
This must be taken into consideration when calculating stability conditions for

a sloping area.

Investigations at Strandbacken and Fuxerna

Two sites giving pronounced indications with the remote sensing method are
Strandbacken and Fuxerna in the Géta River Valley. The location of the investi-
gations is shown on the map in Fig. 10. No large slide is known to have oc-
curred at these places in historical time. The stability of the two areas
seems, however, to be relatively poor according to an investigation made by
the Swedish Geotechnical Institute (SOU, 1962).
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At Strandbacken the ground water pressure is locally high., Remote sensing
investigations performed by the Author indicated that the area was rich in
water arteries. Quick clays with a high rapidity number could thus, from the
knowledge at the time of the investigations, be suspected to exist here. The
supplementary investigations, however, showed negative results. The investi-

gations were therefore discontinued here.

The investigations at Fuxerna at the other side of the river indicated, on the
contrary, very interesting conditions. Salt soundings were made in areas with
pronounced remote sensing indications (Fig. 10). They showed that the clay at
all levels was almost salt-free also close to the river. This indicates that
ground water has removed the stabilizing salts from the soil also at greater
depths. Conditions for quick-clay formning processes are therefore present
here. It should be added that the ground water table has been lowered by three

pumping stations (aftexr 1973 the stations are no longer in use).

As shown earlier (Séderblom, 1969), salt clays are never quick, but leached
clays can be either quick or non-quick, Therefore, at Fuxerna quick clays
should be present anywhere in the area between the river and the rock about

500 m east of the river.

Salt-free clay in the river bank is not common in the Goéta River Valley.
According to an earlier investigation (S6derblom, 1969), the clays in the Gota
River Valley usually have a rather high salt content close to the river de-
creasing with increasing distance from the river bank. Thus,the salt conditions

at Fuxerna are rather unique,

A section in the southern part of the area was selected for further investigation.
This section followed marked water arteries as obtained by the remote sensing
method and was, for the same reason as at Strandbacken, supposed to contain
high rapid clays. The geotechnical properties from this section are shown in
Fig. 11 and App. 3. The results from the salt soundings, indicate that the clay
has been leached along the whole section., The sensitivity curves compared with
the salt sounding curves are given in Fig. 11 and show very interesting vari-

ations,

A schematic view of the whole investigated section at Fuxerna showing
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lines with equal sensitivity is given in Fig. 12a. The results verify e.g. the
facts stated in old literature (cf. Reusch, 1901) that quick clays occur in lenses
surrounded by clay of lower sensitivity. Fig. 12b shows the same section with
equal conductivity lines and Fig, 12c gives a section with equal strength lines
(HB—Va.IueS).

In contrast to that which applies in the case of the sensitivity (Fig. 12a), the
electrical resistivity curve (Fig. 12b) shows no tendency to form lenses. The
whole profile has a high resistivity indicating a low salt content. This profile
is thus in part a typical example of a case when the salt leaching theory cannot

be applied.

The boundary line between clay and sand/gravel (till ?) is mainly obtained from the
salt sounding penetration, i.e. the maximum depth obtained with this method.

In Hole 7, however, a penetration test was made further into the sand/gravel

with an ordinary penetration rod and a depth of 14 m was obtained. At this

depth the rod was broken. The depth to rock is therefore unknown.

Regarding the individual holes, it is seen in Fig. 11 that in Hole 1, close to
the river bank, clays with a very high sensitivity (St > 400) but with a low
rapidity number (cf. App. 3) exist, The sensitivity had 2 minimum on both
sides of a sand layer at a depth of 10 m. A chromatogram of the salts in the
water in the sand layer, Fig. 13, indicates that this layer carries water with
Ca2+ and Mg2+ as dominating cations (hard water). According to the Donnan
theory, a leaching by hard water will cause an accumulation of divalent ions in
the surrounding clay, giving a low sensitivity (cf. S6derblom, 1969). The rela-

2 and Mg+2 ion content relative to N 2 in the pore water of the

tively low ca’
quick clays at other levels in the hole must depend on other processes than the

leaching with hard water.

High sensitive clays with low rapidity numbers were also found in Hole 2,

(Fig. 11) located 50 m up the gentle slope.

The clay in Hole 3, 100 m from the bank, had, unexpectedly, a very low sensi-
tivity and high strength values (H3 and Hl’ sSee App. 3). No quick clay was found,
A local lense of quick clay appeared in Hole 4 located another 50 m away from

the river. The sensitivity had two maxima at 4 m and 6 m depth. In Hole 5,
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200 m from the river, a small zone with a sensitivity somewhat greater than

50 was present.

In Hole 6, 250 m from the river, glands with very high sensitivity could be
found. At about 8 m depth a local lense with a sensitivity of more than 1000
was measured in the field laboratory (cf. Fig. 11). The high sensitive clay is

not present in Hole 7, 300 m from the river bank.

The rapidity of the clay was generally found to be low near the river and in~

creased up the slope (cf. App. 3).

Conclusions from the Tests at I,ddose, Strandbacken and Fuxerna

The experiments with remote sensing combined with salt soundings showed
that in homogeneous marine clay sediments with salt clay,local areas with
almost salt-free clay exist. This can be explained by assuming that local

ground water arteries have leached these areas.

It is, however, not certain, as assumed by the Author, that the sediments
with these local artery streaks have been precipitated in a marine environment
and thereafter leached. The occurrence of varved clay in some of them indi-
cates a fresh water sedimentation. Quick clays can occur in these formations,
but not necessarily (Séderblom, 1969). Already the present few investigations
indicated that the remote sensing method was a valuable supplement to the

salt sounding technique and it seemed worth-while to study the technique
further.

Investigations at Vassinda Naglum

Vassinda Naglum is situated between Trollhittan and Vinersborg, some 10 km
west of the Gbta River Valley. It is one of the few places in Sweden where

quick clays of high rapidity have been found by the Author.
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Here the quick clay of high rapidity occurs locally as shown in the plan, Fig. 14.
As seen, 8 piston sampling holes and two salt soundings were made in the area.
All test results are collected in App. 4. A representative hole in this respect

is Hole 1, the results of which will be discussed below (Fig. 15).

The curve of the undisturbed strength values (Hg) show sharp local variations
in the profile. E.g. at 3, 5, 9 and 14 m depths, minima with very low undis-
turbed strength values were found. The strength values obtained after extract-
ing and transportation of the samples to the laboratory in Stockholm were also
here generally lower than those obtained immediately in the field. As seen,
some exceptions can be noted, but the general tendency was that the sharp
minima and maxima in H3—curve were not found when investigating the samples
in the laboratory. Similar tendencies can be noticed for the other bore holes

in the area, but the results are somewhat irregular (cf. App.4)., The remark-
ably large difference between test results in the field laboratory and in the
laboratory in Stockholm must be due to ageing effects and transport damage of

the high-rapid quick clay samples.

The remoulded strength values (Hl) were low in both laboratories. Also the
sensitivity curve shows very different values in the two laboratory tests. The

same tendency is present in the whole area.

The rapidity curve, Fig. 15, shows very high values down to 8 m depth. At 6 m
depth values of 10 (the highest in the scale) were observed. At greater depths
the rapidity values are lower and vary, but at 20 and 25 m depth the highest
value 10 was again measured. Similar rapidity curves were found in the other

bhore holes in the area (App. 4).

The conductivity curve (Fig. 15) has another course than a "normal' curve.
Clays with different conductivity occur with sharp gradients indicating that con-
vection processes may go on in the profile disturbing the natural diffusion.
Similar curves as in Fig. 15 were also obtained from other holes investigated
in the area but are not accounted here. The place thus seems to differ from
natural conditions with regard to the salt sounding results, indicating that

some disturbances are present.

A place with clays of such a high rapidity number as in Vasséinda Naglum, and
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in Firgelanda (see preceding report and App. 5), should under unfavourable
stability conditions be dangerous as regards slides.

Lee Formations and Other Formations Rich in Ground Water

Lee formations occur locally in sediments in connection with rock hills in most
parts in Sweden. The sediments are rich in local sand and silt layers and lenses
favouring the collection of ground water. Lee formations in moraine are treated
by, e.g., Bjorsjo (1949) and Moller (1960). See also De Geer, 1970.

To disentangle the geology of lee formations and other formations rich in ground

water is a fask for the quarternary geologists.

A schematic picture of such a formation based on several borings is shown in
Fig. 16, The coarse layers reach the ground surface at the intersection between
rock and sediments, usually called the infiltration zone, Chemiecals, oils, etc

in such a zone can easily spread very deeply in a clay profile and cause changes
in the geotechnical properties. Examples are the football ground at Lodose and
the section at Fuxerna, described above. Sometimes, e.g. at Fuxerna, layers
of still coarser materials, which also are rich in ground water,occur. The

large slide areas in Sweden studied by the Author are located at such formations,

rich in remote sensing indications.

Probable Explanation of the Formation of Rapid Quick Clays

The quick clay deposits at Fargelanda and Vassiinda Naglum are both situated
in areas rich in ground water arteries and having ditches where water runs
even in dry summers and passing through infiltration zones. It was anticipated
that dissolved substances in the water were infiltrated into the ground.

Investigations of water from the ditches at these two places were therefore
made. The conductivity was high (Table 1) indicating that the water was
strongly polluted. Paper chromatograms were made on evaporation residues
from both places. An example from Vassinda Naglum is shown in Fig., 17. All
water is rich in sodium and phosphate ions. The pore water of the high-rapid
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Table 1. Conductivity in septic tanks and trunk drain at Vassiinda Naglum

Flace ohfin W+ 10° ohm L em ™!
Septic tank 1 840 0.48
Septic tank 2 800 0.50
Septic tank 3 770 0.53
60 m from tanks 710 0.56
120 m from tanks 6820 0.65
180 m from tanks 675 0.59
240 m from tanks 1150 0.35

quick clays also contained phosphate ions in an amount abnormal for Swedish
conditions (unaffected Swedish clays usually contain no phosphates). The high
phosphate content present at Firgelanda and Vassinda Naglum must depend on

local, special conditions.

When clay material from Vassinda Naglum was boiled with 5% NaOH for 4 hours,
a dark-brown solution was obtained. The solution was dialysed to \=1 ohI:n"]'cun“1
and the dialysate thereafter evaporated. A strong high molecular, clay~dispersing

agent containing phosphates was obtained.

The ditch water, influencing the stability conditions at Vassinda Naglum and
containing phosphates,originates from three septic tanks indicated in Fig. 14.
About 200 m from these tanks, deposits of quick clay with high rapidity occur.
All signs indicate that the formation of the rapid quick clay is due to the dis-
persing agents from septic tanks (cf. White & Kyriazis, 1968).

As a conclusion for the formation of high rapid quick clays, certain conditions
must be fulfilled. The main factor is the existence of subsurface water arteries.

The water must not be of the hard type (Ca2+ and Mg'?'+ are dominating cations)
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because the process then results in the formation of either non-quick or, as
was found in Fuxerna, low rapid quick clays. (The full explanation in this
respect requires further comprehensive studies.) The typical high~rapid quick
clays hitherto found by the Author cannot reasonably be natural in origin but

dependent on the infiltration of waste water in water arteries.

Infiltration of Waste Water and Landslides

The presence of excessive ground water is generally accepted as a potential
cause of landslides (Legget, 1962). It is still worse if this water is polluted
with dispersing agents, Thus, systems carrying waste water over infiltration
zones above clayey slopes can, under unfavourable conditions, be dangerous
from a stability point of view, increasing the slide risk. In Sweden, especially
in smaller communities, waste water from several houses is often collected
and led to a secluded place where the water is let out into an open ditch. In
many cases such ditches pass, as mentioned above, over infiltration zones
and the dispersing agents in this water can be spread in a large area causing
a clay of high rapidity. In slopes this can lead to "natural' catastrophes. Still
more important is the proper placement of the sewage constructions. Waste
water from densely populated areas is collected and led into pumping stations
and pumped by high pressure through plastic pipes. Pipes of this kind often
pass through infiltration zones situated above clayey slopes. A pipe break in
such a zone can be still more dangerous than the above mentioned ditches

{cf. Chapter about the Jordbro slide, p. 27). This problem is, of course, also
pertinent in ordinary water supply (cf. Legget, 1973),

A typical example of a slide (from 1970) in connection with waste water in-
filtration is shown in Fig. 18. The site is situated at Intagan about 500 m south
of a place where a large landslide occurred in 1648, Waste water from the
village is led into an open ditch (trunk drain), as shown in the figure. This
trunk drain passes through infiltration zones at two points and water is infil-
trated into the ground. In the marked area, situated at the southern infiltration
zone, there is a bog contaminated with waste water. Penetration tests have
shovm, that sand and silt layers are in direct contact with the polluted water.

A slide occurred in the adjacent river bank (Gota River) in the winter 1970.
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Bodies of water(wells)appear in the scar of this slide (as in most slide scars in
Sweden), Chromatographic investigations have been made of water both in the
bog and from several surface water bodies in the slide scar. Phosphates were
found in all this water. Details of this investigation will be reported later.

The conditions are similar in the slide at Nors#lven near Trossnis in Virmland
which occurred on April 12, 1969, Chromatographic analyses show that both
within and around this slide area, the ground water contains phosphate. Also
this slide occurred in a formation with an abnormal high dielectricity constant
according to remote sensing investigations which indicate ground water arteries.
When the slide at Trossnis was fresh, one could sense the characteristic smell
of sewage in the scar. Infiltration of waste water may have contributed to the

slide.

It was proved that industrial waste water had infiltrated into the ground at the
slide area at Gota (1957) and from interviews it has been found that domestic
waste water was led in open ditches at the slide area at Surte. No analyses
based on this have been made and it was not taken into consideration in the
main investigation in the slide year 1950 (Jakobson, 1952, and Caldenius &
Lundstrdm, 1956).Thus the conclusion is that infiltration of waste water is con-
nected with recent large landslides, a fact which is easy to check with simple

analyses.

Infiltration and Long-Termed Changes of Quick Clay Slopes

During the last decades the rainfall in, e.g., south-western Sweden has be-
come more acid due to sulphuric emission from industries, especially from
oil-fired power plants. Therefore, the ground becomes successively more acid.
According to the conditions of infiltration given in Fig. 16, this acidification
spreads into the ground and can penetrate in deep layers. An acidification of
the soil counteracts the formation of the alkaline quick clays. Recent investi~
gations by the Author in several scars in the Gota River Valley from so called
bottle-neck slides (flow slides in quick clay) indicate that the clay there now is
non-quick or quick with low rapidity. It is possible that the long-term changes

of clay soil properties are partly due to changes in the environment.
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Studies of Old Slide Scars with the Remote Sensing Method

Studies have been made by the present Author utilizing the field strength meter
in sections within and around the slide secars at Surte, Géfa, Intagan (slide sear
of 1648), Vesten (all in the Géta River Valley), Trossnis, Guntorp, Svirta and
Kyrkviken., For the location of these places, see App. 1 and 2.

As a rule, the upper part of the slide is situated close to rock (cf. Alkhoia &
Scott, 1970). Remote sensing curves with pronounced indications were obtained
at all slide scars investigated (similar to those obtained in Fig. 20 from the
Jordbro slide described below). This must indicate that landslides occur in a
special type of local clay sediments having an abnormally high dielectricity
constant (i.e., areas rich in ground water arteries and differing from more
homogeneous clay deposits in the vicinity).

Due to the above facts, there seems to be no doubt that there is an obvious con-
nection between remote sensing indications and slides. For further speculations

of using remote sensing methods in slide studies, see Chang (1971).

Studies of a Recent Slide at Jordbro

A large landslide occurred at Jordbro, about 30 km south of Sioclkholm, on
October 17, 1972, At the time of the slide, one-family houses were being con-
structed. The slide took place at night. No house in the vicinity of the slide was
yet inhabited. Fortunately, no people were killed, but the damage was relatively
great. In the upper part of the site earth fill had been placed. A sewage pumping
station is situated close to the upper part of the slide area. The soil consists
mainly of alternating silt, sand and layers of soft clay. Preliminary penetration
tests in 1969 showed the occurrence of layers of soft material also at great
depth, Artesian pressure was noticed., Here and there rock outcrops were

present,

An air photo of the slide area is shown in Fig. 19 and a plan in Fig. 20. The
length of the slide was about 500 m and the width varied from about 60 to 200 m.
The narrowest part is the middle of the slide where rock figuration have in-
fluenced the shape. In the upper part of the terrain the inclination was 1 to 4

4 1 to 6, the lower part was practically horizontal. The average gradient was
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Fig. 19  Air photo of the slide at Jordbro in 1972

Aerial photography carried out by the
Geographical Survey Office of Sweden in
1972. The photo is approved of printing
by the Office 1973-01-22,
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Fig. 20 Plan of site conditions and remote sensing indications in 1973
at the slide area in Jordbro
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1 to 17 and the stability conditions were assumed to be satisfactory. The course
and the extent of the slide indicate that the soil material present was disposed
to flowing. The mass did, however, not flow away very far and spread over a
large area as in the so called '"bottle neck slides'. As in the case of most

slides of this type, relatively undisturbed flakes of the stiff upper dry crust
flowed downwards and many characteristic portions from the upper part of the
slide can be recognized in the lower part. In some areas the dry crust is folded.
Remarkable is a very local long, narrow ridge, about 2 m in height, in the
southwestern part of the slide (see Fig. 20).

On the experience related earlier in this report the first questions from the
Author s point of view were:

1) Did the slide occur in an area rich in remote sensing indications
(water arteries)?

2) Is it feasable to refer the slide to some type of waste water infil-
tration?

An inspection of the site 2 days after the slide showed the characteristic picture
of water bodies (wells) in the slide sear with impure water as described in con-
nection with the other slides in this report, investigated with respect to infil-
tration. Especially in the western side of the upper part, water smelling like
waste water was seeping out from the wall into the scar. A peat bog is situated
in the same part. Also the water, in the drainage system, which passed through
the area and had been destroyed by the slide, had the characteristic smell of

waste water,

Preliminary remote sensing investigations were made indicating an area rich
in VHF field strength variations thus hinting at a subsurface water Seepage.
Attempts were then made to trace the source of infiltration of impure water.
The map in Fig. 20 shows the position of the pressure pumping station (from
1970) for waste water catering for three thousand people. It is situated about
200 m W of the upper slide edge at a transition zone of rock and sediment in a
typical infiltration zone as is shown principally in Fig. 16. The pressure pipe,
originally of PVC, is about 1700 m in length, and the water is pumped up 17 m
in height. About 100 m of the pressure pipe passes through the ahove mentioned
infiltration zone. During its existence, several pipe breaks have ceeurred, the
most serious in the summer 1972, when all the waste water was pumped directly

into the ground during a period of unknown length (probably some months),
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About 100 m of PVC pressure pipe in the infiltration zone was replaced by a
pipe of tough iron in August 1972,

Water samples were taken within and outside the slide scar. The samples were
analysed with paper chromatography with regard to the presence of phosphates.
Five samples were sent to a special water laboratory, "Kemibyrdn', for a
complete analysis of waste water. The test record for this analysis is shown

in App. 6 . Supplementary samples were analysed by ""Kemibyran' in November-
December 1973. From the results from the bacteriological investigations, given
in App. 6 (including also the investigations in 1973),it is seen that in some points
practically fresh waste water was present. Also the supplement indicated fresh
waste water showing that the sewage system was still defect and sewage spread

in the ground.

In order to find the slip surface, determinations were initiated with the salt
sounding tool (Soderblom, 1969) but are yet not completed. So far, no definite
conclusion can be drawn concerning the depth of the slide. It can be stated that
the slide is not of the classical type with respect to a distinct slip surface as

was the case at, e.g. Gota (Séderblom, 1969).

The detailed investigation of the slide has heen started by making systematie
remote sensing measurements in the slide area and its vicinity, Figs. 20 and 21.
Six sections, 50 m distance between each, in NNW-SSE direction were investi-
gated (cf. Fig. 20). Areas with indications alternating with areas without indi-
cations were found. This faet is in agreement with statements made by Takeuchi
(1972) in Japan that water in slide areas follows ''vein streams'. The investi-
gation is planned to be followed up by salt soundings and sampling, as reported
from Léddse.

Some experiments were made to isolate dispersing agents from clay and silt
samples taken in the slide area. The samples were boiled with 5% N,CH, the
solution being dialysed and evaporated. It was possible to isolate strong dis-
persing agents containing phosphate. When adding lime the flow tendency
characteristic of the materials from the area was inhibited, indicating that
both clay and silt material contain colloidal material to a sufficient amount to
make it coagulate by electrolytes. (Unfortunately, no grain size determinations
have hitherto been made.)
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Many problems remain to be solved regarding the Jordbro slide and it is hoped
that it will be possible to complete the studies.

Chemical Stabilization of Quick Clays

The diffusion coefficient of salts in a quick clay seems generally to be too low
to permit practical chemical stabilization of the soil based on pure diffusion.
This has been confirmed by experiments in Sweden (Sdderblom, 1969, 1970), in
USA (Gast & East, 1964) and in Russia (Rehbinder, 1970).

Results have, however, been published both from Sweden (Sandegren, 1968;
Talme, 1968; Jerbo, 1969) and from Norway (Moum et al. 1968) which report
that stabilization of quick clay with calcium chloride and potassium chloride is
obtained, at least temporarily. The present Author studied by remote sensing
some of the places in Sweden, mentioned in the above reports, where a good
Liggesta and Jondker). 1 As found by remote sensing all these sites were rich
in ground water arteries with anomalies in the dielectric properties. Chemi-
cals can thus easily spread with the ground water. This type of stabilizing
experiment cannot be taken as a basis for any calculation of diffusion of salts
in clay, especially not by means of Fick’s diffusion laws of the distribution of
the salts (Fick, 1855).

Experiments by the Swedish Geotechnical Institute (to be published) on chemical
stabilization of homogeneous clays based on pure diffusion have given the same
magnitude of diffusion constants as reported by Stderblom (1969) from studies
of the equilization with time of the sharp conductivity gradient in slip zones.

Discussion and Conclusion

The application of the remote sensing method developed at the Swedish Geo~
technical Institute and described in this paper has provided new aspects on the
quick clay problem, including the formation of slide-disposed soils and factors

1)

Site Jocalization, see App. 1.
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involved in the processes changing the geotechnical properties in the ground.
So far, the remote sensing method has by the Author only been used to localize

places with a dielectricity constant varying from.the surroundings.

No natural factors have been found which can explain the formation of high rapid
quick clays. On the contrary, it has been possible to find a relationship between
the occurrence of quick clays of high rapidity and infiltration of waste water in
ground water artery streaks. The basic chemical processes in this connection
are being studied in many countries (cf. McGauhey & Krone, 1967) and are

found to be very complex.

It has been possible to extract organic high molecular dispersing agents con-
taining phosphates from all high rapid quick clays found. Some further results
from these investigations as well as the effects of humus precipitation of the
structure of clays will be treated in another report (Stderblom, 1974).

The knowledge of local ground water flows is at present too limited to allow a
fruitful discussion of the relationship between such flows and quick clay forma-
tion. The investigations made by the present Author confirm, in accordance
with the results obtained by Takeuchi (1972), that the water arommd and in a
slide area flows in underground vein streams. Takeuchi also discusses in his
paper the importance of underground streams to the developing and propagation
of landslides. It should be mentioned that Knutsson (1971), by means of radio-
active tracers, obtained an artery streaming picture of the ground water in
Emmaboda, Smaland, Sweden. Further experiments on the flow of ground
water are planned. These experiments will probably also be combined with a

detailed study of the chemical stabilization process and drainage.

If an area such as that at Loddse, which contains local water artery streaks and
having gectechnical properties differing from those in its vicinity, is investi-
gated by too few bore holes and, further, chosen without any preceding physical
study of the homogeneity of the clay sediments and its hydrological conditions,

a false picture of the general stability precautions may be obtained. It would

be recommendable to perform remote sensing studies also as a routine method
on many sites where stability conditions are estimated to be bad and to make

supplementary investigations when alarming results are found.
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It seems very difficult to work out chemical stabilization methods which can be
used in general for practical purposes in clay soils. This is especially difficult
for homogeneous fine-grained clays, because the diffusion coefficient is too
low to obtain an acceptable rapid spreading of the chemicals. Stabilization
methods can, however, be applied to some extent in special types of clay and
silt sediments (fissured and layered) in which ground water arteries contribute
to the spreading of the chemicals. As mentioned earlier in this paper, land-
slides are frequently located in seepage areas and therefore stabilization
methods limited to such areas can be of great value (Jones, 1973). However,
the practical results of chemical stabilization work (Jerbo, 1972) obtained so
far are too few, and often contradictory, to recommend a commercial applica-
tion of the method. It would be desirable to continue the research in this very

important field both with respect to stabilizing and to dispersing chemicals.

The study of clays with high rapidity loosing part of their strength due to a small
shear action has given hints of some speculations about the reliable shear
strength determinations and the development of retrogressive landslides.
According to Bjerrum & Kjaernsli (1957) the use of undrained strength values
to estimate the long-term stability of natural clay slopes can give unreliable
results. The use of undrained strengths determined by standard procedures

yields estimated values of the safety factor F >> 1 for failure conditions.

According to Kenney & Drury (1973) a large sensitivity of a clay should be con~
sidered as the strain softening factor necessary for the development of a retro-
gressive slide. The present Author is of the opinion that soils with a high rap-
idity number independent of high sensitivity are dangerous in this respect.

It therefore seems to be of great importance to study the processes giving the
clays high rapidity further and to refine the method for the determination of

this parameter.

Involved in the chemical change processes is obviously the infiltration of waste
water. The trend at present is that domestic waste water is concentrated to
certain areas where it is chemically cleaned in purification plants. The conduits
are in many cases not watertight,a fact which can lead to infiltration into the
soil. This in its turn can resulf in serious consequences in instable areas,

For exploration purposes the remote sensing methods seem to be useful. The
method can, of course, be still more developed to better suit geotechnical

exploration,
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The problem of waste water and its influence on the geotechnical properties
is thus to be regarded as a very important question and must be taken up for
general consideration as soon as possible. Papers from, e.g., USA indicate
that the problem has already been observed there (White & Kyriazis, 1968).
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Appendix 1. Map of Sweden showing places investigated



44

\, VaRGON

)

H ‘\‘ / ¥ Tunhem sn

;"j:‘ T
el =
% 3
; ]
'

Vossindo - Hogium sn

v
13
i
~
[
I 3
1 H
0

’(} TROLLHATTAN
AKERSVASSYP '

el

sesy FARERSSIREM
L A
INTAGA N
il 4 Gdrdhem sn

f A5SARERD
VESIEN, T

~
AN
.

By Fors sn_I

i aoh
lﬂD\J‘Tli‘J’A.:9 &

Tonrd
Hjd 5 .

iértum sn Asbricka s n
’; LY

[y
B -,

, TO55L8M

BOMOESTTEM NgFuxerng Sn
/ Ysmon- X)L
k ReLER Y
ROM SYLILLA H
SuNDOREREY EDET g !
$TRANDBATKEN™Y H
:, Y, HAKESIROM

}  Aboa spRoerYGOTA
.

e}
BOLOARDET |
£K0A500 § oK

visterlonde sn

Romelondo sn

\\ 2
oisstRacKa

GOTEBORGS OCH BOHUS
LAN KUNGALY

ALVSBORGS
LAN

— o
.‘;\;"

ALELYCRan

B W
‘:;'&\\\\\“‘5‘\%\\\\\\\
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Reprinted from GFF, Geologiska Fareningen i Stockhelm Forbandlingar. Valume 92, Part 4, Stockholm 1970,

ASPECTS ON SOME PROBLEMS OF GEOTECHNICAL CHEMISTRY
— PART III

By ROLF SODERBLOM



SoperpLoM, R.: Aspects on some problems of geotechnical chemistry ~- Part 111,
Geologiska Féreningens 1 Stockholm Forhandlingar. Vol. 92, pp. 452—468,
Stockholm, 15th December 1970.

This report deals with results from an investigation in the Géta River Vailey
on the Importance of salt content on the geotechnical properties of marine
clays. Balt distribution in slopes is discussed and the method to determine
slip surfaces in slides by means of salt soundings. The leaching theory has been
studied both in the field and in the laboratory. No relation secems to exist
between the total salt content in the pore water and the sensitivity. A
relation seems, however, to exist between the chemical composition of the
pore water salt and the scnsitivity. Leached non quick clays contain relatively
more divalent ions in the pore water than the quick clays, It can be shown
that calcium and magnesium are complex bound in the quick clay system
by ineans of organic material. The Deonnan condition is thus valid for a
quick clay system in spite of the apparent deviation. Ageing phenomena
in quick clays are discussed. These properties seem to be in opposition to
the classical leaching theory. Diffusion in naturaj slopes can be studied {rom
the sharp salt gradient formed in a slide and some diffusion studies are
reported. The connection between diffusion and electrical . conductivity is
also treated. The pure diffusion in Gota River clays seems to be too small
for a commercial chemical stabilization. Other possible stabilization methods
arc also discussed.

Dr. R. Séderblom,

Salt distribution 1n slopes in the Géta River Valley

When studying the total salt content in undisturbed Swedish clay profiles
one obtains curves of the type shown in Fig. 1. The salt content (and
the conductivity of the clay} is highest in the middle of the profile. The
curves are smooth and show no discontinuities.

As a rule, the slopes in the G&ta River Valley have their saltiest clay
near the river bank and the salt content decreases with increasing distance
from the river, as shown in analyses given in Figs. 2, 3 and 4. The salt
content in the vicinity of the river is about 3 %, about the same as in
seawater.

These facts can be explained by diffusion both from the ground surface
and from the bottorn. Figs. 2 and 3 show that the diffusion has not yet
been able to penetrate the deeper part of the section as thoroughly has
been the case in the shallower parts. In the unleached parts of the clay
section the ionic composition seems to correspond to that of seawater.
In the leached parts two different compositions are found, both deviating
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from that in seawater, due to partial leaching (cf. Rosenqgvist, 19553). This
will be treated in connection with the lonic composition of the pore water
of quick clays.

The decrease in salt content with distance from the river makes it
possible to localize slip surfaces in slides by means of electrical salt soundings.
In a slide, clay from the upper part of the slope moves on the slip surface
and comes to a halt nearer the river. This means that clay with a low
salt content comes to rest directly upon clay with a high one, giving a
sharp gradient in the salt content curve in the slip zone. Fig. 5 gives a curve
from the Gota slide in 1957 (cf. Odenstad, 1958} showing a low salt
content directly in contact with a higher one. Fig. 6 shows the appearance
of such a slip zone where two different clays are in contact.

This opens a possibility to study the diffusion in clays in situ, because
the sharp salt gradient tends to equalize with time.
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Field and Laboratory Studies of the Salt Leaching Theory

Bjerrum (1954} and Rosenqvist (1955) have found a relation between
the pore water salinity and the sensitivity of Novwegian marine clays.
This relation indicates a valuable practical application in localizing quick
clays, and was studied both in the field in the Géta River Valley and in
the laboratory.

The following results were however chtained.

A correlation between conductivity and sensitivity in clays from six points
in the Gdta River Valley is shown in Fig. 7. Clays with low sensitivity
are found in the whole conductivity range. Quick clays on the other hand
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Fig. 3. Curves showing variation of pore water salt content with depth and distance
from the Géta River in the profile at Lod6se.

are only found below a certain conductivity value. The relation shows
an L-shaped point distribution (cf. Penner, 1965).

The conductivity curves had always the smooth course shown in Fig. 1,
whether the profile contains quick clay or not. In contrast the sensitivity
curves are mostly very irregular, A typical example is shown in Fig. 8.

The sensitivity thus seems to be caused by other factors than the salinity,
which becomes smoothed out by diffusion.
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A stated by Penner {1964, 1963) and by Talme ct al. (1966, 1968)
the ionic composition of the pore water is of great importance in connection
with quick clays. They stated that leached non quick clays contain more
calcium and magnesium relative to sodium in the pore water than quick
clays do. This connection seems to apply in the Géta River Valley and
is illustrated by the chromatograms in Fig. 9. The quick clay has sodium
as the dominating cation, while the non quick clay has caleium and
magrnesiurm.

The non saline marine clays in the G#ita River Valley must have been
leached. Leaching of a natural salt clay system having the cations Na™,
Kt, Ca?* and Mg2* in its pore water therefore seems to lead to two
different systems, one with mainly divalent ions dominating and one with
monovalent.

According to Rosenqvist (1933) the monovalent positive ions are easier
to leach from a negatively charged clay colloid system than the divalent
ones — “‘partial leaching” — as required by the Donnan effect. A normal
leaching of a clay sedimented in seawater containing the cations mentioned
above ought to result in a clay with mainly calcium and magnesium in
the pore water, i.e. a non quick clay (see Fig. 9 and cf. Xamil and Shainberg,
1968).

Thus it would be In opposition to the Donnan effect if a clay system
with a pore water composition of “quick clay type” could be formed by
leaching alone. But if the divalent ions are precipitated or complexly bound
by suitable substances, viz. dispersing agents it is very casy to explain
clay systems with pore water ol the quick clay type.

Recent experiments by the present author (S8derblom, 1966) have
shown that certain types ol organic material in quick clays act as dispersing
agents. If this is the case calcium and magnesium will appear in the
pore water if the quick clay is treated with hydrogen peroxide. The results
of one such experiment are shown in Fig. 10. Calcium and magnesium are
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dominant when the organic material has been destroyed. The chromatogram
of the pore water from quick clay before trcatment is shown in Fig. 9.
The ionic composition pf the pore water is thus changed by the H,O,
treatment. The hydrogen peroxide treatment destroys the quick clay pro-
perties. These properties can, however, be restored if a dispersing agent
is added.

The pore water of aged quick clays is also rich in calcium and magnesium
(see Fig. 11}.

Studies on the leaching of Clays

In order to understand the natural leaching process a series of experiments
were made on dialyses of clay samples. The method is described by Soder-
blom (1969) and will not be repeated here,

Quick clay was dialysed against 3.5 % NaCi solution untii the sample
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Fig. 6. Clay cores from Gita, Section I (Hole 332} and Section C (Hole 313) showing
the slip zone, extracted in 1968, 11 years after the slide (Cadbro Foto, Lilla’ Edet).
obtained a conductivity » 22 5+ 1073 ohm™! em™! similar to that of a natural
salt clay. As expected, the salt-treated clay became non quick. The clay
was then leached with distilled water. As shown in Table 1 the clay became
quick again. Also the jonic composition of the squeczed pore water was
almost unchanged by this treatment, viz. rich in Na™.

These experiments in principle correspond to those made by Bjerrum
and Rosenqvist (1956). They used quick clay material, introduced salt,
leached and obtained quick clay again. Such experiments are relerred to
in literature as verifying the salt leaching theory.

The experiment was repeated with CaCl, instead of NaCl. In this case
quick clay was not obtained after the leaching. The pore water contained
Ga?* but also considerable amounts of Na*, The leaching water contained
mainly Na*,

The same experiment was made with synthetic seawater. Quick clay was
obtained after leaching, and the pore water then had the composition of
that of a quick clay,

Natural salt clays from Tingstad, Strandbacken and Alviingen in the
Géta River Valley were leached in distilled water. None of these clays
were transformed into quick clay and the ionic composition of the pore
water became that of a non quick clay, i.c. in accordance with the Dannan
effect, This indicates that one does not obtain quick clay by only leaching
of natural salt clays having pore water compositions with the cations Na*,
K+, Ca2* and Mg2* (cf. Kamil and Shainberg, 1968).

These salt clays had heen stored for some months and the experiments
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were repeated with quite fresh salt clay samples from Alvdngen and Strand-
backen, transported to Stockholm by express train. The leaching experiments
were started as soon as the samples arrived in Stockholm 10—20 hours
after sampling. After leaching, the salt non quick clays had been trans-
formed into quick clays with a sensitivity of about 100. In these cases the
pore water had a dominance of monovalent ions. The leaching water contained
only small amounts of calcium and magnesium. The water covering the
sample within the dialyses membrane contained substances with very strong
dispersing properties, The pH value of the system had increased [rom about
7 to 8, also indicating a Donnan- hydrolysis. The presence of potassium and

in some cases lithium indicates mineral weathering, as proposed by Kazda
(1965).

Ageing phenomena in quick Clays

Ageing cffects on the sensitivity of quick clay have been reported by Jerbo,
Norder and Sandegren {1961). They found that samples of undisturbed quick
clays after storing had been transformed into non quick clays. They also
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Fig. 7. Relation between conductivity and sensitivity for clay samples from the Gota
River Valley.
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reported changes in the pH wvalue. Similar effects in ceramic masses have
been known since the beginning of this century, Baker and Glick (1936)
attribute these phenomena to microbial action in the organic material.

These ageing phenomena have hitherto only been qualitatively studied.
The strength values were determined by the present author immediately in
the field, after stering of the samples in the field for some time, and after
transportation to the laboratory.

The shear strength of an undisturbed quick clay with a high H, value
decreased by up to 40 % after storing for 24 hours in field (at 22°C).

The change in strength values after transportation to the laboratory is
shown in Fig. 12, showing a typical quick clay profile from the Gota River
Valley. The undisturbed shear strength is reduced at every level and
mostly at the levels where the strength is high (Fig. 12). The remoulded
shear strength shows a decrcase at higher values. At lower values there is,
however, an increase. The sensitivity also shows a change, except in the
low-sensitive part (Fig. 8). In one case at Utby, the I, value in the transported
samples showed such a decrease that the clay changed from non quick
in the field to quick in the laboratory.

The ageing phenomena are accompanied by changes in the pore water
composition of the clay. It seems that they are dependent on changes in the
organic material and its complex binding capacity. However, systematic
investigations of this very important question have not yet been carried out.

It is very remarkable that a quick clay, being a typical lyophobic colloid,
can exist for centuries, as is the case at Intagan in the Gita River Valley.
Most textbooks in colloid chemistry stress that lyophobic colloids cannot
exist in nature due to their instability. Some process must go on in the
ground which prevents these ageing processes.

Diffusion and its influence upon geotechnical properties
and chemical stabilization

Dillusion is a very important factor for an understanding of the geotechnical
properties. Generally these are considered to be relatively independent of
time in nature. In recent years, however, some authors e.g. Jerbo (1969},
Talme et al. (1966, 1968) have discussed “secondary changes” which they
consider to occur relatively rapidly. These changes are due to the transporta-
tion of reaction products and therefore diffusion has to be taken in
consideration.

As mentioned belore, salt diffusion in natural clay slopes can be studied
at the slip surface of slides. By the movement of the clay masses two clays
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with different salt contents may come inte contact with each other. In the
Géta slide in 1957, for example, a sharp gradient was formed in the salt
content curve (Fig. 3). The corresponding curve in 1967 is shown in Fig.
13. A calculation using Fick’s diffusion law gives D == 0.23 cm?/day. Diffusion
constants varying betwecen 0.1-—0.3 have been obtained in the Géta slide
area by this method.

The same applies to the Surte slide area (irom 1950). In one case (Surte 42,
Jarnefors, 1958) it has been possible to make measurements at two different
times after the slide. The smoothed out curve 7 years alter the slide gave
a value D =z0.14 cm?/day, and after 11 years D == 0.11 cm2?/day. The
two values are in reasonable agreement. This seems to indicate that Fick’s
diffusion law can be used for calculation of salt diffusion in a clay prolile.

The diffusion coefficients found in these studies are too small to permit
a commercial strengthening in reasonable time based on diffusion. The short-
time experiments on stabilization in clays hitherto made in Scandinavia
have been carried out with plugs of salt or concentrated solutions. Moum
et al. (1968} report a dilfusion coefficient of KCi of 0.7 ecm?/day. Talme
(1969} considers the salt diflusion coellicient in quick clays to increase
with increasing salt concentration.

Letey and Clute {1960), by combined conductivity and diffusion measure-
ments, have found that in charged soil systems Fick’s diffusion laws must
be used with a concentration dependent diffusion coefficient. Dutt and
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Fig. 9. Small-paper chromatograms of pore water of a clay from Uthy Hole G538, 14 m
and Hole 99, 9 m,

Low (1962) have found that the diffusion coefficients of LiCl and NaCl
in Li- and Na-clays respectively decreased with increasing salt concentration.
Gast (1966} has on the contrary found that the diffusion coefficient increases
with increasing concentration,

Diffusion in soils thus seems to be a process which is hitherto insufficiently
studied and understood. Especially diffusion combined with ion exchange
which occurs when, for example, CaCl, is added to a sodium clay has not
been taken into consideration. According to Gast and East (1964} sodium
ions have about ten times higher self diffusion coefficient than the divalent
strontium ioms,

The diffusion transmission factor is defined as the ratio of the apparent
diffusion constant D, in the clay and D, in water (Porter et al., 1960).
This factor must at least be larger than (.5 to allow an economical chemical
stabilization of a clay. The [indings [rom Géta and Surte gave quite lower
factors, {about 0.1},

Controlled diffusion experiments in the field are as a rule time consuming
and expensive. It is therefore desirable to work out simpler methods to
estimate the diffusion rate in a clay slope, which scems to vary from point
to point. One possible way is to use the conductivity transmission [actor,
which according to Gast and East (1964) should depend on principally the
same factors as the diffusion transmission factor. The possibility of estimating
diffusion {rom conductivity is very important in the strengthening technique
and must be studied in detail,
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Possible methods of chemical stabilization of quick clays

As mentioned above, quick clays are rich in complex bound divalent jons
which are liberated if the clay samples are stored for some time. In the
ground the quick clays are stable and some processes, probably of microbial
nature, must go on in situ. These processes are hitherto incompletely under-
stood. Tf they are prevented, however, the Ca2" and Mg?* content in the
pore water of the quick clays will spontaneously increase, giving rise to a
chemical stabilization independent of slow diffusion processes. One method
may be to sterilize the clay mass, for example with formaldehyde. This
substance might also react with the organic material forming bridges between
the different molecules. Before any discussion of methods of this kind can
be made, the influence of organic material on the strength properties of
clays must be understood. It should be noted that a natural quick clay
syster is not an inorganic sterile mass (Jerbo, 1969 and cf. Bell, 1968).

The properties of quick clay and their dependence on time are so
incompletely understood that not much can be said concerning the possibi-
lities of changing their properties artificially in situ. In addition to the
factors mentioned above one must consider the importance of artesian
water, and the possibility of diminishing its {low.

@ Ca”’ o J
Mg 2F u
Na*

TFig. 10. Small-paper chromatogram of 5§58 10m NaC! §58 10m
pore water of a clay [rom Uthy Hole 658, H,0, treated H, 0, treated
10 m treated with HaOa.
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17. Om padlslagning och palbarighet. 1967
1. Dragsprickor i armerade betongpdlar. S. Sahlin

2. Sprickbildning och utmatining vid slagning av arme-
rade modelpélar av betong. B-G. Hellers

3. Béarighet hos slédntberg vid statisk belastning av berg-
spets. Resultat av modellforsdk. S-E. Rebnman

4. Negativ mantelfriktion. B. H. Fellenjus

5. Grundldggning p4 korta palar. Redogdrelse fdr en for-
stksserie pd NABO-pdlar. G. Fjelkner

6. Krokiga p3lars barférmaga, B. Broms
18. Pélgruppers bariérmaga. B. Broms 1967
19. Om stoppslagning av stddpalar. L. Hellman 1967

20. Contributions to the First Congress of the International 1967
Society of Rock Mechanics, Lishon 1966.

1. A Note on Strength Properties of Rock. B. Broms
2. Tensile Strength of Rock Materials. B. Broms

21. Recent Quijck-Clay Studies. 1967
1. Recent Quick-Clay Studies, an Introduction. R. Pusch

2. Chemical Aspects of Quick-Clay Formation.
R. Séderblom

3. Quick-Clay Microstructure. A. Pusch
22. Jordtryck vid friktionsmaterial. 1967

1. Resultat frAn métning av jordiryck mot brolandfaste.
B. Broms & I. Ingelson

2. Jordlryck mot oeftergivliga konstruktioner. B. Broms

3. Melod foér berdkning av sambandet mellan jordiryck
och deiormation hos frimst stédmurar och férankrings-
platior i friktionsmaterial. B. Broms

4. Berdkning av stolpfundament. B. Broms

23. Contributions to the Geoiechnical Conference on Shear 1968
Strength Properties of Natural Soits and Rocks, Oslo 1967.

1. Effective Angle of Friction for a Normally Consolidated
Clay. R. Brink

2. Shear Strength Parameters and Microstructure Charac-
teristics of a Quick Clay of Extremely High Water
Content. A. Karlsson & R. Pusch

3. Ratio ¢/p’ in Relation to Liquid Limit and Plasticity
Index, with Special Reference to Swedish Clays.
R. Karlsson & L. Viberg

24, A Technique for Investigation of Clay Microstructure. A. 1968
Pusch

25. A New Settlement Gauge, Pile Driving Effects and Pile 1968
Resistance Measurements.

1. New Method of Measuring in-situ Setilemnents,
U. Bergdah! & B. Broms

2. Effects of Pile Driving on Soil Properties.
O. Orrie & B. Broms

3. End Bearing and Skin Friction Resistance of Piles.
B, Broms & L. Hellman

26. Siattningar vid vagbyggnad. 1968

Foredrag vid Nordiska Vagtekniska F&rbundets konferens
1 Voksendsen, Oslo 25—26 mars 1968,

1. Geotekniska undersékningar vid beddmning av satt-
ningar. B. Broms

2. Teknisk-ekonomisk oversikt dver anlaggningsmetoder
for reducering av saitningar i vigar. A. Eksfrém

3. Satlning av verkstadsbyggnad | Stenungsund uppférd
pé normalkonscliderad fera. B. Broms & 0. Orrle

27. BarformaAga hos slantberg vid statisk belastning ay 1968
bergspets. Resultat frAn modelidrsdk. S-E. Rehnman
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28, Bidrag till Nordiska Geoteknikermotet i Géteborg den 1968 15:—
5—7 september 1968.
1. Nordiskt geotekniskt samarbete och nordiska geotek-
nikerméten. N. Flodin
2. Nagra resuitat av belastningstorsék pa lerterréng
speciellt med avseende pd sekundar konsolidering.
G. Lindskog
3. Sattningar vid grundldggning med plattor p4 morén-
{era i Lund. S, Hansbo, H. Bennermark & U. Kihiblom
4. Stabilitetsforbéttrande spontkonstruktion for bankiyll-
ningar. G. Wager
5. Grundvattenproblem i Stockheolms city.
G. Lindskog & U. Bergdahl
8. Aktuell svensk geoteknisk forskning. B, Broms

29, Classification of Soils with Reference to Compaction. 1968 5
B. Broms & L, Forssblad
30. Flygbildstolkning som hjdlpmedel vid &versikiliga 1969 10:—

grundundersdkningar.
1. Flygbildstolkning for jordartsbest&mning vid samhalis-
planering 1-2. U. Kihiblom, L. Viberg & A. Heiner
2. |dentifiering av berg och beddmning av jorddjup med
hjélp av flygbilder. U. Kihiblom

31. Nordiskt sonderingsméte i Stockholm den 5--6 oktober 1967. 1969 30:—
Foredrag och diskussioner.

32. Contributions to the 3rd Budapest Conference on Soil 1969 10:—
Mechanics and Foundation Engineering, Budapest 196E.

1. Swedish Tie-Back Systems for Shest Pile Walls,
B, Broms

2. Stiability of Cohesive Scils behind Vertical Openings
in Sheet Pite Walls. Analysis of a Recent Fallure.
B. Broms & H. Bennermark

33. Seismikdag 1969. Symposium anordnat av Svenska Geotek- 1670 Out of print
niska Foreningen den 22 april 1968.

34. Nagot om geotekniken | Sverige samt dess roll | plane- 197¢ 15: —
rings- och byggprocessen. Nagra debattinlagg och alimanna
artiklar.

T. Kallstenius

1. Geoteknikern i det specialiserade samhallet.

B. Broms

2. Diskussionsinlagg vid konferens om geovetenskaperna,
7 mars 1968.

3. Geoteknik i Sverige — utveckling och utvecklingsten-
denser.

4. Geotekniska undersékningar och grundlaggningsmsto-
der,

5. Grundlidggning pa plattor — en allmén &versikt.
35, Piles — a New Force Gauge, and Bearing Capacity Calcu- 1970 10: —
lations.
1. New Pile Force Gauge for Accurate Mcasurements of

Pile Behavior during and Following Drlving.
B. Fellenius & Th. Haagen

2. Methods of Calculating the Ultimate Bearing Capa-
city of Piles. A Summary.
B. Broms

36. Palslagning. Materialegenskaper hos berg och betong. 1970 10—

1. Bergets barformaga vid punkibelastning.
S.-E. Rehnman

2. Deformationsegenskaper hos slagna betongpélar.
B. Felienius & T. Eriksson

37. Jordtryck mot grundmurar. 1970 10: —

1. Jordtryck mot grundmurar av Lecablock.
S.-E. Rehnman & B. Broms

2. Berékning av jordtryck mot kallarvaggar.
B. Broms

38. Proviagningsdag 1969. Sympeosium anordnat av Svenska 1970 25; —
Geotekniska Foreningen den 28 oktober 1969.
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39,

40.

4.

42.

44.

45.

48.

47.

48,

49,

50.

&1,

52,

Morandag 1969. Symposium anordnat av Svenska
Geotekniska Foreningen den 3 december 1969.
Stability and Strengthening of Rock Tunnals in Scandinavia.
1. Correlation of Seismic Refraction Velocities and Rock
Suppert Requirements in Swedish Tunnels. O. S. Cecil
2. Problems with Swelling Clays in Norwegian Under-
ground Constructions in Hard-Rocks, R. Selmer-Olsen

Stalpalars barformaga. Resultat av faltfors6k med latta
stagdon. G. Fjelkner

Coniributions 1o the Seventh International Conference on
Seil Mechanics and Foundation Engineering, Mexico 1989.

. Centrically Loaded [nfinite Strip on a Single-Layer Elastic

Foundation — Solution in Closed Form According to the
Boussinesq Theory. B-G. Hellers & 0. Orrie
On the Bearing Capacity of Driven Piles.
1. Methods Used in Sweden io Evaluate the Bearing
Capacity of End-Bearing Precast Concrete Piles.
B. Broms & L., Hellman
2. Discussions at the Conference, Behaviour of Piles,
London 1970, B. Fellenjus, B. Broms & G. Fjelkner
3. Bearing Capacity of Piles Driven into Rock. With
Discussion, 8-E. Rehnman & B. Broms
4. Bearing Capacity of Cyclically Loaded Piles. B. Broms
5. Bearing Capacity of End-Bearing Piles Driven to Rock.
8-E. Rehnman & B. Broms

Quality in Soil Sampling.
1. Secondary Mechanical Disturbance, Effects in Cohe-
sive Soil Samples. T. Kaflstenius
2. Sampling of Sand and Meraine with the Swedish Foil
Sampler, B. Broms & A. Hallén

Geoteknisk flygbildstolkning. En undersdkning av metodens
tilltérlitlighet. L. Viberg

Some Experimenis on Hollow Cylinder Clay Specimens.
A. K. Jamal

Geobildtolkning vid vigprojekiering. Rapport frAn forsoks-
verksamhet 19689—71. U. Kihiblom, L. Viberg, A. Heiner &
K. Hellman-Luttf

Lerzoner i berganlaggningar. Diskussionsmote ancrdnat av
IVA den 7 oktober 1970.

Damping of Stress Waves in Piles during Driving. Results
from Field Tests. G. Fjelkner & B. Broms
Ska-Edeby Test Field — Further Studies on Consolidation of
Clay and Effects of Sand Drains.
1. Soil Movemenis below a Test Embankment. A. Holiz
& G. Lindskog
2. Long-Term Loading Tests at Ska-Edeby, Sweden.
R. Holtz & B, Broms
3. Excavation and Sampling around Some Sand Drains
at Ska-Edeby, Sweden. R. Hoftz & G. Hoim
Lateral Earth Pressures on Walis and Measurements under
Different Temperature Conditions.
1. Lateral Earth Pressures Due to Compaction of
Cohesionless Soils. B, Broms
2. Earth Pressure against the Abuiments of a Rigid
Frame Bridge. B. Broms & [. Ingelson
3. Lateral Earth Pressure on a Bridge Abutment. B. Broms
& 1. Ingelson
4, Lateral Pressures on Basement Wall. Results from
Full-Scale Tests, S-£. Rehnman & B. Broms
5. Behaviour of Anchored Sheef-Pile Wall Exposed to
Frost Action. £. Sandegren, P. O, Sahistrom & H. Stille
6. Bacl-Tied Sheet Pile Wall in Friction Soil. Deforma-
tions and Drag Forces Due to Piling and Freezing.
G, Sandgvist
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§3. Piles — General Reports, Basic Theories, Measuremenis
and a Case Record of Buckling.

1

2.

3.

[4]

Settlements of Pile Groups. B. Broms

Stability of Flexible Struciures {Piles and Pile Groups).
B. Broms

Buckling of Piles Due to Lateral Soil Movements.
Discussion. B, Fellenius

. Bending of Piles Determined by Inclinometer Measure-

ments. B. Fellenius

. Precast Concrete Piles. State-of-Art Report. B. Felfenius
. Die Anwendung der Ahnlichkeitstheorie in der Geo-

technik. (Dimensional Analysis and Similarity Theory
in Soil Mechanics.) R. Massarsch

54. Moranleredagar 1972. Symposium anordnat av Svenska Geo-
tekniska Foreningen den 2—3 maj 1972.

55. New
1.
2,

3.

Lines in Quick Clay Research. R. Sdderbiom
A New Approach to the Classification of Quick Clays.

Application of Remote Sensing in the Quick Clay
Research.

Aspects on Some Problems of Geotechnical Chemistry
— Part il

1873

1973

1974
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