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PREFACE
This report deals with the question of how fast the undrained shear strength in clay is
broken down by cyclic loads and enforced deformations and risks in connection with
this. It presents the results of a literature survey, and a fairly large study in the laboratory concerning the breakdown of the shear strength in various types of Swedish clay in
cyclic triaxial tests. The project has also involved construction and testing of new
equipment for taking and handling undisturbed clay samples as well as trying out T-bar
testing in the field in Swedish soil conditions.
The report is intended for those who plan the use of land and consider risks in clay areas, those who plan and design construction work and measures to increase the stability
in clay areas and those who carry out such work. It is thus intended for practicing geotechnical engineers, contractors, the Swedish Transport Administration, the Swedish
Rescue Services Agency, other similar private and national agencies, landowners and
municipal and regional offices for physical and environmental planning.
Besides bringing new information regarding the properties and behaviour of Swedish
clays, which are often softer and more sensitive than those dealt with in the international
literature, the results have led to new possibilities for taking undisturbed samples in difficult soils and in cases where the behaviour of the clay at relatively small strains are of
particular importance. They have also led to revised methods for evaluation of both static and cyclic T-bar tests in Swedish clays.
The project has been supported by grants from the Swedish Transport Administration
(initially its former branch the Swedish National Rail Administration) and by internal
research funds at the Swedish Geotechnical Institute, SGI.
A number of colleagues, agencies and companies have contributed in the search for
suitable test fields. The field work has been carried out by SGI personnel in cooperation
with Kjell Hidsjö at Miljögeo AB. The T-bar tip was kindly supplied by Chalmers University of Technology. The laboratory investigations have been performed at the SGI
laboratory and the triaxial testing programme has been supervised by Martin Holmén.
The simulations of dynamic loads and impacts in FLAC 3D were performed at SGI by
Rebecca Bertilsson in cooperation with Per-Evert Bengtsson.
The project has been followed and supported by a reference group consisting of:
Alexander Smekal
Torbjörn Edstam
Göran Sällfors
Per-Evert Bengtsson

The Swedish Transport Administration
Skanska Sverige AB
Chalmers University of Technology
Swedish Geotechnical Institute

The authors wish to express their gratitude to all those who in different ways have contributed to the project. Special thanks go to our colleagues at the Norwegian Geotechnical Institute, and particularly Knut Andersen, for sharing their extensive knowledge
and experience at the start of the project.
Linköping, December 2012
The Authors
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SYMBOLS AND ABBREVIATIONS
a
ac
b
Ap
As
Bq
c´
cu
cu,f-c
cu-value
cuREM
Dr
e
e0
f
f( )
fs
F
Gmax
Gw
Ic
ID
IL
IP
Ir
K0
K
Nf
Nkt
NTbar
NTbarREM
o.c.
OCR
p’
pH
q
qc
qin
qnet
qrem

factor for undrained shear strength, area factor
activity
exponent
tip cross area
rod cross area
normalized excess pore pressure
effective strength parameter
undrained shear strength
undrained shear strength determined by fall-cone test
uncorrected shear strength value from fall-cone test
remoulded undrained shear strength
relative density
void ratio
initial void ratio
frequency
function
sleeve friction
normalized sleeve friction
initial shear modulus at small strains
ground water level
index for soil type behaviour
density index
liquidity index
plasticity index
remoulding index
coefficient of earth pressure at rest
correction factor for cyclic shear strength
number of cycles to failure
factor for evaluation of cu from CPTs
factor for evaluation of cu from T-bar tests
factor for evaluation of cuREM from cyclic T-bar tests
organic content
overconsolidation ratio
mean effective stress
acidity
deviator stress, qnet at given number of penetration in cyclic T-bar test
measured cone resistance
qnet at first penetration in cyclic T-bar test
corrected net tip resistance in T-bar test
qnet at last penetration in cyclic T-bar test
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qt
Qt
res.
s´
su c
suDSS
su,intact
su,rr
St
St, Tbar
t
tcycl
tmax-cycl
tred
u
u0
u2
wL
wN
wN /wL
wP

a
f
q
´


1
3
V0
´c
’ 0
’V0
a

corrected cone resistance
normalized net cone resistance
resistivity
mean effective stress in stress plane
undrained shear strength in static triaxial compression test
undrained shear strength in static direct simple shear test
undrained shear strength in undisturbed clay
undrained shear strength in reconsolidated remoulded clay
sensitivity
sensitivity evaluated from cyclic T-bar test
shear stress in stress plane
total shear stress reached in a strain-controlled cycle
maximum total shear stress in stress-controlled cyclic tests
reduction in shear stress reached in a strain-controlled cycle
pore water pressure
in situ pore water pressure
pore water pressure measured just above the conical tip at CPTs
liquid limit
natural water content
quasi liquidity index
plastic limit
axial strain
axial strain at failure
shear strain
effective friction angle
Poisson´s ratio
bulk density
major principal stress
minor principal stress
total overburden pressure
preconsolidation pressure
effective overburden pressure
effective overburden pressure
average shear stress (static shear stress component) in cyclic tests

cy

cyclic shear stress component in cyclic tests

0
s

shear stress at natural preconsolidation stress condition
static shear stress
Comité Européen de Normalisation, European Committee for
Standardization
cone penetration test
cyclic resistance ratio
constant rate of strain

CEN
CPT
CRR
CRS
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CSR
DSS
GÄU
ISO
NGI
SGF
SGI

cyclic stress ratio
direct simple shear
Götaälvutredningen (The investigation on slope stability along river Götaälv)
International Standards Organization
Norwegian Geotechnical Institute
Swedish Geotechnical Society
Swedish Geotechnical Institute
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1 INTRODUCTION
1.1

Background

Cyclic loading and large deformations may significantly reduce the undrained shear
strength of clay. A reduction in undrained shear strength affects the stability of clay
slopes and constructions in and on clay deposits. This can occur when these are subjected to traffic loads or to construction works that cause cyclic loads and/or deformations,
such as blasting, piling, sheet piling, installation of lime-cement columns, heavy transports, mass dumping etc. The reduction of the undrained shear strength of clay at and
adjacent to construction sites has in a number of cases led to failures in connection with
such works.
The undrained shear strength of a soft soil is reduced at large plastic deformations as a
result of the structure built up during its consolidation for internal and external loads
being broken down. In Sweden, and also abroad, the concept of sensitivity is commonly
used to describe the possible loss of strength in clay due to remoulding. The sensitivity
St is the relation between the undisturbed undrained shear strength cu and the remaining
strength after a so complete remoulding of the material that no further reduction can
occur, cuREM, and is defined by the ratio cu/cuREM. Based on this relation, the soil may be
classified as low-sensitive, medium-sensitive or high-sensitive. If the sensitivity is higher than 50, and the remoulded shear strength is lower than about 0.4 kPa, the clay is
classified as quick clay in Sweden1. Almost all Swedish soft clays are medium- or highsensitive, and often regarded as extremely sensitive from an international perspective. It
is therefore only when the clays are quick or very high-sensitive that the sensitivity is
considered to have practical significance. Such clays are seen as serious threats in stability investigations (Tremblay et al 2011, Swedish Commission on Slope Stability 1995)
where the sensitivity entails a risk of large-scale slides. Such slides can be triggered not
only by poor overall stability but also by large vibrations or other cyclic loadings and/or
large deformations causing local plasticization of the soil. The occurrence of quick clay
is also a limiting factor for how excavations can proceed and the allowable traffic load
on excavated surfaces.
Whereas sensitivity provides a measure of how much the shear strength can be reduced
at total remoulding, it does not give any indication of how much energy is required to
achieve this reduction or how fast different degrees of reduction occur. The latter factors
are of great importance in estimations of the risk for liquefaction (transformation into a
more or less liquid state) at ground vibrations caused by e.g. earth quakes or blasting,
risk for bearing capacity failures due to cyclic loads from wave, ice or wind forces and
risks for progressive failures due to local strength reductions caused by enforced deformations or overloading in e.g. a part of a slope. In newer concepts, the shear strength is
sometimes described by a yield stress where plastic deformations start and a plastic viscosity to better describe the rheological behaviour of the soil in e.g. slide masses after it
1

The criteria for classification of quick clay differ internationally. In Norway, the sensitivity and remoulded strength limit is set to 30 and 0.5 kPa respectively, and in many other countries the clay is
regarded as “quick” at considerably lower sensitivities, more in agreement with earlier proposed sensitivity limits of 8 (Rosenqvist, 1953) or 16 (Skempton & Northey, 1952).
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has come into a liquid state (e.g. Jeong et al. 2010). However, this does not provide any
better information on what is required to break down the undrained shear strength.
The risk of soil liquefaction in connection with earthquakes has been studied extensively in mainly countries frequently subjected to large such events as the U.S.A. and Japan.
This risk was for a long time considered to be limited to loose sands and silts, but experience from later earthquakes has shown that similar effects can occur also in clays. The
empirical basis for risk estimations has therefore been extended to also include clay.
However, the types of clays that have been investigated so far and reported in literature
are considerably different from the soft clays in Scandinavia and reservations are given
that other criteria may be valid for “quick clays”.
The risk of strength reduction in clay due to cyclic wave loads has been studied in detail
in connection with different off-shore and near-shore constructions. Extensive research
in this area has been carried out at e.g. the Norwegian Geotechnical Institute, NGI, (Andersen (1976, 2009). Any corresponding more extensive research concerning the effects
of other types of large cyclic loadings on land as e.g. heavy traffic loads or construction
works has as far as is known not been reported in literature.
Söderblom (1969) introduced a concept called rapidity as a measure of how fast the
shear strength can be broken down. However, the proposed method for determining this
parameter was highly subjective and the results depended also on other factors than the
rate of strength reduction. Since then, different attempts has been made to determine a
corresponding parameter in connection with strength reduction at pile driving (e.g. Massarsch 1976, Torstensson, 1973). None of these methods have gained a widespread use.
In connection with landslides in Sweden and Canada investigations were performed
with relatively simple cyclic shear tests, among other tests (Larsson and Jansson 1982,
Tavenas et al. 1983). The results lead to certain preliminary guidelines for what types of
clay were most easily broken down, but not to any directly recommended test method.
In a recent study, all the proposed methods were rejected, except for cyclic direct shear
tests which were not included (Karlsson and Thylén 2007). Some new methods were
presented as possibly developable but there is still no established method to determine
this parameter.
Since the expansion of infrastructure and construction activities today increasingly takes
place in areas with soft, often highly sensitive clays, the problem of strength degradation due to cyclic loading and deformations is a continued great concern.
A study has recently been carried out at the Swedish Geotechnical Institute (SGI) on
how different factors affect the susceptibility to disturbance from cyclic stresses and
strains, and which types of clay are most prone to rapid degradation. The investigations
have incorporated primarily static and cyclic laboratory testing of different types of
clays. Results from the investigations are presented in this report.
1.2

Objectives

The objective of the investigations has been to increase the knowledge about the extent
of the shear strength reduction in clay when subjected to different degrees of disturbance, with special focus on high-sensitive and quick clays.
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Appropriate guidelines are needed for assessment of the susceptibility to disturbance of
clays. The investigations have also been aimed at finding suitable methods for assessment of the susceptibility to disturbance of clay caused by cyclic loadings or soil
movements. Since it is typically not feasible to investigate in detail the susceptibility to
disturbance of clays for each construction project (for practical and economical reasons), this also involved assessments of strength reduction relating to basic properties
determined in common routine tests on clay in the laboratory.
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2 SCOPE OF THE INVESTIGATIONS
In the project, the influence of different factors on the strength degradation of clays has
been examined in series of consolidated undrained triaxial tests in the laboratory. The
study has been performed with static and dynamic tests on clays of different composition and properties and at different states of overconsolidation. The influence of different cyclic stress and strain levels and loading frequency has been studied. In the field, a
limited number static and cyclic penetration tests have been performed at the sites of
sampling for the laboratory tests.
The tested soils include Swedish clays with a range of sensitivities, liquid limits, liquidity indices, clay contents and organic contents. The clays have been sampled from areas
of different deposition environments. In all, twelve different test sites were used for the
investigations.
Studies of the dynamic loads and forces that may act on soil have been outside the scope
of the study, with the exception of a few tentative calculations made with a FDMprogram to illustrate possible effects of traffic loads from heavy transports at construction sites.
Literature studies on the susceptibility to disturbance of clay have been performed during the course of the project (Larsson and Åhnberg, 2011), the result of which have
formed a base for outlining the research area and the focus of the investigations.
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3 LITERATURE SURVEY FOR THE AREA OF RESEARCH
3.1

Classification and testing of soil with respect to degradability

3.1.1

Assessments based on common classification tests on soils in the laboratory

It is a well known fact that different soils exhibit different sensitivity to disturbances
caused by deformations and vibrations. The most sensitive soils in this respect are loose
sands and silts, where only little disturbance is required for the instable structure to collapse. When the soil is saturated and the permeability is low, this entails that the effective stresses between the solid particles disappear and all stresses are transmitted to the
fluid in terms of pore water pressure. The soil then behaves as a heavy liquid with practically no shear strength (i.e. liquefies).
As a rule, clays are more resistant to vibrations and limited disturbances. This is also
valid for soft clays although these have very open structures with high porosity. However, there is a large variation in how easily the structure is broken down. At routine
testing in the laboratory, for example, there is a very large variation in how much remoulding work has to be applied for the clay to be completely remoulded. There is no
established method to obtain a direct measure of how easily degradable the clay is but
some empirical guidelines have been brought forward.
Regarding effects of earthquakes it was for a long time considered that if the soil was
classified as clay, there was practically no risk for liquefaction (e.g. Thiers and Seed
1969, Seed 1979). However, later investigations of earthquakes have shown that similar
effects can occur also in clay (e.g. Idriss 1985, Chu et al. 2004). According to Juang et
al. (2008) liquefaction has occurred in soils with clay contents up to 90%. Even if most
clays have not been transformed into a liquid state, earthquakes have in several cases
resulted in very large plastic deformations and considerable reductions in shear strength.
Not only the clay content but also factors as sensitivity, clay mineral, void ratio and the
chemical composition of the pore water affect. The influence of these factors is usually
roughly summarized by the liquid limit, wL, or plasticity index, IP, of the soil and investigations have shown that the influences of clay mineral and pH on how easily the
strength in clay is broken down can be linked to the simultaneous change in liquid limit,
where a higher liquid limit gives higher resistance to degradation (Gratchev and Sassa,
2009). From investigations of liquefaction that had occurred at earthquakes Juang et al.
(2008) also found that the resistance against liquefaction increased when the plasticity
index (and liquid limit) increased.
Hanna and Jahved (2008) found that the degradability increases and rate of degradation
at cyclic loading is faster (i.e. fewer cycles to failure) the higher the quasi liquidity index, wN/wL, and the sensitivity are. The quasi liquidity index can be seen as a measure
of how open the structure is in relation to a reference structure which depends on the
composition of the soil and is expressed by the liquid limit. This indicates that an open
structure is more easily broken down. At the same time there is a relation that in principle the higher the quasi liquidity index is, the lower the remoulded shear strength and
the higher the sensitivity are. According to the Swedish definition, a clay has to have a
quasi liquidity index higher than 1.0 in order to be quick. Thus, the sensitivity is linked
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to the quasi liquidity index and both parameters are often used in estimation of risks of
strength degradation.
Boulanger and Idriss (2006, 2007) report that clay may be liquefiable at an IP lower than
5 -7%, which for Swedish clays should correspond to a liquid limit of about 30%. At the
same time the authors state that the limit can be higher in ”quick” clays with sensitivities higher than 8, which indicates that their reference material is very different from
Swedish soft clays. Based on experience from Chinese soils, Youd et al. (2001) stated
that soils with a liquid limit ≤ 35%, a quasi liquidity index ≥ 0,9 and a clay content <
15% entailed a large risk for liquefaction and that soils with liquid limits ≤ 45%, quasi
liquidity indices ≥ 0,8 and clay contents < 45% brought a moderate (medium) risk for
liquefaction, Figure 3.1a. A slightly modified diagram for estimation of risk for liquefaction, which is partly based on the same Chinese experience, was presented by Bray
and Sancio (2006), Figure 3.1b. The latter diagram is based on plasticity index and the
belonging quasi liquidity index. With normal relations between liquid limit and plasticity index the given limits become very similar to the Chinese criteria. The diagrams
show that if the quasi liquidity index is high (and the sensitivity thereby also is high)
and the plasticity index (and liquid limit) is low there are different levels of risk for liquefaction depending on the level of these values.
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Figure 3.1. Criteria for risk of liquefaction based on Chinese experience.

When using the guidelines described above for estimation of risks in connection with
earthquakes it must be observed that they have been proposed with consideration to the
normal pattern of vibrations at a severe earthquake, normally with a magnitude of 7.5
but sometimes 6.5. This cannot be translated directly to other cases that may be at hand
except to give a general picture of in what soils possible problems could be expected. It
should also be observed that the composition of the investigated soils is often widely
different from that in e.g. Swedish conditions.
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Due to the occurrence of large landslides in the 1970´s, investigations were performed
in Canada and Sweden in order to study what types of clays could most easily be broken
down (Tavenas et al. 1983, Larsson and Jansson 1982). A number of test methods were
tried, but that found to give objective and directly comparable results was cyclic direct
simple shear tests. Tavenas et al. (1983) compared a remoulding index, Ir (=(cu(undisturbed)
-cu(actual)/(cu(undisturbed) - cr(completely remoulded)) with the applied remoulding energy per volume unit, which was calculated from applied shear deformation and measured shear
force. In the Swedish tests, the maximum shear stress in each shear cycle (in both shear
directions) was measured, and the number of cycles for a reduction of the shear strength
by 50% was used for comparison of different soils.
Although the evaluation methods differed, the investigations in general gave unanimous
results showing that the shear strength is more rapidly broken down at enforced deformations the lower the soils plasticity and liquid limit are. However, the relation is not
straight forward but also other factors have an influence. The soils that were most easily
degraded also had a very high sensitivity (> 200). Most of them had liquid limits below
40% but also a highly sensitive (quick) soil (St = 320) with a liquid limit close to 50%
showed to be easy to break down, Figure 3.2. The result thus indicated that the soils
most easily broken down, i.e. those that require the least enforced deformations before
being broken down, except for loose sands and silts consist of relatively low plastic
clays and low to medium plastic highly sensitive clays.

Figure 3.2. Combined results from Swedish and Canadian cyclic shear tests, (Larsson
and Jansson 1982).
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The energy required to start a degradation of the shear strength in sand and silt depends
on the effective stresses in the ground. In clay, it can in principle be expressed as a function of the preconsolidation pressure or the undrained shear strength. The required energy to start a degradation of the strength (and the preconsolidation pressure) in clays in
eastern Canada can according to Tavenas et al. (1983) be estimated as 0.013 ´c
(kNm/m3). Based on the results from the same investigation, Leroueil (2001) proposed
that the work required to achieve a remoulding index of 0.75, i.e. to break down the
shear strength by 75 % of the total potential (cu – cuREM), could be estimated roughly as
12.5·cu·IP kNm/m3. The energy required to break down the shear strength of clay is thus
lower the lower the undrained shear strength is and the more low-plastic the clay is.
3.1.2

Assessments based on field penetration tests

The classification of soils with regard to risk for liquefaction at earthquakes is largely
based on the results from different penetration tests in the field. The classification
charts are based on comparisons between measured or estimated vibrations at earthquakes and penetration test results in soils that have liquefied or remained intact respectively after earthquakes. The classification charts show what shear stresses, depending
on ground acceleration, depth and density in relation to the effective overburden pressure, the soil structure can be expected to resist with regard to the penetration test results.
In friction soils, the density index or the relative density, ID or Dr respectively, is the
main governing parameter for the risk of liquefaction. The relative density is commonly
estimated from penetration test results (e.g. Seed and Peacock 1971). Other factors that
influence are ageing and overconsolidation, which both increase the resistance against
liquefaction (at the same effective overburden pressure). The classification charts have
largely become based on results from cone penetration tests, CPTs, (e.g. Robertson and
Campanella 1985, Shibata and Teparaska 1988). There are also charts for risk evaluation based on the results from dilatometer tests, which to some degree are also sensitive
to ageing and overconsolidation (Robertson and Campanella 1986, Reyna and Chameau
1991).
For estimation of the possible liquefaction of clay at earthquakes, there are empirical
charts that classify soils with regard to soil type behaviour based on the results from
CPTs. The internationally most well-known of these charts was presented by Robertson
(1990). It has later been proposed by Robertson and Wride (1998) to be used to distinguish soils that can be expected to behave as sands and silts with belonging risks for
liquefaction. In the latter chart is used a dividing line defined by an index for the soil
type behaviour based on a normalised cone resistance and a normalised sleeve friction.
The index, Ic,RW, is calculated as
I c, RW  (3.47  log Qt ) 2  (log F  1.22) 2

where

Qt = (qt-V0)/´V0
qt = corrected cone resistance
V0 = total overburden pressure
´V0 = effective overburden pressure
F = 100 fs/( qt-V0)
fs = sleeve friction
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When Ic,RW > 2.64, the soil is assumed to behave as a clay. The dividing line Ic,RW =
2.64 is in principle the same criteria for separating clay and silt as that used in the Swedish evaluation program CONRAD (Larsson 1995, 2007). However, in the latter method also criteria for the level of the corrected cone resistance and the generated change in
pore water pressure during the penetration are used in addition to make this separation.
In the Robertson and Wride chart, the soil is divided into different zones and liquefaction is separated into two types; ”cyclic liquefaction” which entails large deformations
during the ongoing cyclic action and ”flow liquefaction” which leads to subsequent
slides in sloping ground, Figure 3.3.

Figure 3.3. Classification with regard to risk of liquefaction, (Robertson and Wride
1998).
A Cyclic liquefaction possible depending on the size and duration of the cyclic action
B Liquefaction unlikely
C Flow liquefaction and (or) cyclic liquefaction possible depending on the plasticity
and sensitivity of the soil and on the size and duration of the cyclic action
Ic in the chart corresponds to Ic,RW
The chart entails that the classification with regard to risk of liquefaction can be based
on results from CPTs when the soil is estimated to behave as silt or sand. When the soil
is estimated to behave as clay, the risk should be estimated on the basis of plasticity and
sensitivity with consideration to the fact that the risk is smaller in overconsolidated
soils.
The change in pore water pressure that is generated during the penetration test also affects the classification of the soil with regard to risk of liquefaction (Jefferies and Davies 1993, Jefferies and Been 2006). The latter authors have therefore proposed a modi-
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fied index, Ic,JB, which also takes the pore pressure parameter Bq into consideration. The
dividing line between soils that behave as silt and clay respectively was then assumed to
correspond to an index Ic,JB = 2.73. Both indices have in principle been found to work
well for separation of silts and clays (Ku et al. 2010).
Juang et al. (2008) proposed an extended model for estimation of risk of liquefaction
from CPTs since it has been shown that soils classified as clay can be broken down to
become almost liquid properties. In this model an index similar to that proposed Jeffries
and Been (2006) is used but with a small modification to include also normally consolidated clays.

I c  [3  log( Qt (1  Bq )  1)]2  (1.5  1.3 log F ) 2
where

Bq = (u2-u0)/(qt-V0)
u2 = pore pressure measured just above the conical tip during the penetration
u0 = in situ pore pressure

The dividing line for soils behaving as silt and clay respectively in this case corresponds
to Ic = 2.76. The degree of resistance against cyclic actions, CRR, (= cyclic resistance
ratio), can then be calculated as a function of liquidity index , IL, and a total cone resistance, qt1N , which has been adjusted with regard to the effective overburden pressure
according to Idriss and Boulanger (2006). The value of CRR is then compared to the
cyclic stress ratio, CSR, which is calculated from the ground acceleration, the magnitude
of the earthquake and the effective overburden pressure. The risk of liquefaction is large
if the cyclic stress ratio CSR is larger than the cyclic resistance ratio, CRR.
Juang et al. (2008) and Ku and Juang (2012) have shown that the proposed method better reflects the behaviour of soils at the border between silt and clay and that also results
from clays that have been broken down during earthquakes can be fitted in. The most
vulnerable soils have indices around 1.51. The basis for the method is large but still
mainly comprises clays with Bq-values of -0.2 to 0.3. The applicability to soft Swedish
clays with normal Bq-values between 0.5 and 0.9 and particularly to quick clays in
which the Bq-values can exceed 1 is more uncertain.
The measured sleeve friction has a large influence in all proposed indices Ic. The sleeve
friction in clay is of different authors assumed to vary from about equal to the undrained
shear strength in moderately sensitive soils (e.g. Robertson 2009) to about equal to the
remoulded shear strength in more sensitive soils.
Experience from sensitive Swedish soils shows the sleeve friction to be in average
about 3 times the remoulded shear strength (Rankka et al. 2004). The variation is great,
probably dependent on how fast the undrained shear strength is broken down but also to
a large extent due to the measuring accuracy. The highest demand in the international
standard for CPTs is that the sleeve friction shall be measured within ± 5 kPa (ISO
2012). In Sweden, the recommendation by the Swedish Geotechnical Society is that the
sleeve friction shall be measured within ± 2 kPa in soft clays (SGF 1993). Not even the
latter demand is enough for the sleeve friction to be measured accurately in soft sensitive clays where the remoulded shear strength is often about 1 kPa and less than 0.4 kPa
in quick clays. The calculations of Ic derail when the measured sleeve frictions approach zero unless limiting default-values are applied. “Reasonable assumptions” about
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such values used in the method above indicate that the shear strength of a large number
of soft Swedish clays could be broken down by a severe earthquake. However, the
model is not tried out for this type of soil.
Updated charts for evaluation of liquefaction potential have been presented by Robertson (2010) in which in principle all types of soil can be more or less degraded provided
that the disturbing action is large enough. This appears to be reasonable but does not
give much guidance about risks in clays in different cases.
A further criteria for a possible break down of the shear strength in clay due to earthquakes has been presented by Debasis (2004), who proposed that the ratio qt/´V0 has to
be less 70, which indicates that this risk is very little in heavily overconsolidated clays.
CPTs with simultaneous measurement of the total penetration force are now used in
Sweden for mapping of quick clay deposits, which is done on the basis of the developed
total sleeve and rod friction versus depth (Rankka et al. 2004, Larsson and Lundström
2012, Löfroth et al. 2012). The method gives an estimation of the sensitivity and the
total degradation potential but no indication of the amount of disturbance that is required to achieve this degradation.
3.1.3

Testing of clay degradability in the laboratory

3.1.3.1 Index tests

Söderblom (1974, 1983) introduced the concept of rapidity and also proposed a method
to determine this parameter. In this method, an undisturbed clay specimen was placed in
the cup of a Casagrande percussion apparatus intended for determination of the percussion liquid limit (Casagrande 1947). The cup with the specimen was allowed to fall
freely 10 mm against the base 250 times whereupon the shape of the specimen was
studied. The specimen typically had a height of 40 mm and a diameter of 50 mm and
was normally a cut off part of an undisturbed sample taken with the Swedish standard
piston sampler. The cylindrical specimen was in this way resting on the periphery of its
base surface on the concave bottom of the cup. After it had been subjected to the stipulated number of percussions, the shape of the specimen and the consistency of those
parts that had been plasticized were inspected.
The ocular inspection of the specimen after the percussions was subjective and the test
results were also highly dependent on factors that were not taken into account. The retarding forces applied to the sample when the cup hit the base depended on the soil mass
and varied with its dimensions and density. No account was taken of this and neither of
the undrained shear strength of the soil.
Other methods to determine the degradation at a certain enforced disturbance were proposed by Massarsch (1976) and Torstensson (1973) in connection with studies of the
effects on clay at pile driving. In these methods a specimen of a certain diameter was
pressed through a nozzle with a smaller diameter whereupon the reduction in shear
strength was measured. The methods were later tried by Tavenas et al. (1983) who used
a series of nozzles with different diameters in the constrictions to obtain different degrees of disturbance and measured the force and travel during the squeezing operation
to get a measure of the disturbance energy. A large part of the resistance was found to
consist of friction between soil and equipment and assumptions had to be made in this
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regard. However, the results showed a wide spread and the method was not recommended. Later investigations by Karlsson and Thylén (2007) have also shown wide
spread and uneven remoulding effects in the soil mass after the specimens have been
squeezed through the nozzles. Karlsson and Thylén (2007) also studied a number of
other methods where specimens were placed in sieving equipment instead of the Casagrande apparatus and were shaken for certain times. The effects were also measured in
other ways, but in principle the shortcomings of the original Söderblom method remained.
3.1.3.2 Cyclic shear tests

The relatively simple apparatus that was used at SGI in the 80´s to obtain a coarse
measure of how easily the shear strength could be broken down, cf. section 3.1.1,
showed potential to be developed and used for other cases. The Swedish equipment
consisted of an ordinary direct simple shear apparatus type SGI for 50 mm diameter
samples taken with the standard piston sampler and mounted and consolidated in the
usual way,( e,g. Larsson 2004). It was modified to allow shearing of the specimen by
repeated horizontal forward and reversed movements causing an angular deformation of
± 0.15 radians. The rate of shearing was considerably faster than in ordinary DSS tests
and the shearing phase was performed in a couple of hours. The rate effects could be
accounted for by comparing the undrained shear strength measured in the first cycle
with that obtained in ordinary DSS tests at normal speed and by further checks by gearing down the speed in the last shear cycle.
The more advanced Canadian equipment that was brought forward at the same time
required undisturbed specimens with a section of 120 x 120 mm and 100 mm height.
These were mounted in a large shear apparatus of Perspex where the plane end walls
were hinged and the specimen could be deformed angularly by ± 25 degrees. This in
turn required samples taken with a “block sampler” and a relatively laborious procedure
with shearing in several steps and shear strength testing in between. However, it had the
advantage over other equipments in that the hinged stiff end walls in the shearing direction entailed better conditions for a uniform deformation of the whole specimen.
Both triaxial tests and direct simple shear tests are nowadays extensively used to investigate soil behaviour at cyclic loading. In these cases, the specimens are mounted and
consolidated in the usual way, and are then subjected to static and/or dynamic impacts
from additional cyclic loads. These tests are normally not aimed at studying how fast
the shear strength is broken down but primarily to find out how the soil behaves up to
the point where it starts to be degraded. After a failure has been initiated, there is a great
risk that a thin failure zone develops, particularly in triaxial tests on sensitive clay. It
then becomes more difficult to relate the change in shear strength to the deformation
since the dimensions of the failure zone are unknown (e.g. Lee 1979, Yong et al. 1980).
3.1.4

Testing of clay degradability in the field

3.1.4.1 Vane tests

In field vane tests in Sweden normally only two parameters are measured; undrained
shear strength and remoulded shear strength. The undrained shear strength is evaluated
from the maximum torque and remoulded shear strength from the remaining torque after
10 complete rotations of the vane. No further observations have been made of the relation between torque and the rotation between these states. Any further evaluation has
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also been rendered difficult since the observed rotation has been affected by torsion in
the rods and their connections and the measuring instruments. However, in new equipment the torque and/or the rotation are measured electronically just above the test level.
In a draft for a European standard for the test, was proposed a third measurement to be
taken after a rotation of the vane by 180 degrees and the shear stress calculated from
this torque value be denoted residual strength, Figure 3.4. This standard evaluation
would only provide three points, but in principle the entire process from start of rotation
until its end at 10 turns can be recorded, which could yield a measure of how fast the
shear strength is broken down. For practical reasons, the speed of rotation would have to
be varied, which in that case could be accounted for by corrections for rate or by programming the rate to be high between the measuring points and normal at these. However, no such procedure has been developed and tested.
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Figure 3.4. Evaluation of field vane tests according to a draft for European standard
(CEN 2010).

3.1.4.2 T-bar tests

The T-bar test is a so-called full-flow penetration test in which the conical tip in a CPT
probe has been replaced by a horizontal cylinder with normally 40 mm diameter and
250 mm length see Figure 3.5. The method has become a fairly widespread use in Figure 3.5 mainly offshore investigations. The tip of the probe is enlarged 10 times in relation to the CPT and the influence of errors due to the high water and total overburden
pressures at large depths are in this way reduced to a tenth of those for the CPT. This is
particularly valuable in loose superficial sediments at the sea bottom. T-bar tests have
been found to give less spread in the results than CPTs at parallel tests, whereas the latter give more detailed information about the soil stratigraphy (Veemees et al. 2006). Tbar tests have also been used in peat where the results of CPTs cannot be interpreted
(Boylan and Long 2006). The design of the T-bar generally entails risk for large bending moments on the probe. Predrilling has to be performed through any dry crust with
holes of a diameter of at least 250 mm
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Figure 3.5. Ordinary CPT tip, T-bar and Ball tip (Yafrate et al. 2009).

The T-bar also provides a possibility to successively remould the soil by driving it up
and down within a certain depth interval and thereby observe the gradual degradation
from the change in tip resistance. This has been made in a number of investigations,
mainly in order to obtain a measure of remoulded shear strength and sensitivity. A
spherical ball, normally with a diameter of 113 mm, can be used as an alternative to the
T-bar tip. However, so far the experience and basis for evaluation is less for this type of
tip.
T-bar tests are performed at the same rate as CPTs, 20 mm/s. The cyclic tests are performed at the same rate as the normal static tests. The lengths of the depth intervals with
cyclic tests have been given as at least 0.3 m but lengths of about 1 m are common. The
number of cycles should be at least 10, where a minimum value is normally assumed to
have been reached, (Yafrate and DeJong 2005, DeJong et al. 2010).
The undrained shear strength is evaluated from T-bar tests as
q
cu  net
NTbar
where
q net  qc   V 0  u 2 (1  a)

As
Ap
qc = measured tip resistance
V0 = total overburden pressure
u2 = pore pressure measured directly above the tip
a = area factor calculated on the rod area (i.e. the same as for the CPT)
As = rod cross area
Ap = tip cross area
As/Ap = 0.1 at a normal T-bar and common 36 mm diameter rods (CPT rods)

In similarity to Nkt for CPTs, NTbar depends on what undrained shear strength is referred
to (average, active, passive or direct shear).
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Early theoretical studies using isotropic shear strength yielded NTbar –factors around 1013 depending on if the Tresca or the von Mises failure criteria was used and what surface roughness was assumed (Randolph et al 2000). Further analyses with advanced
numerical methods yielded NTbar –factors about 11-13 for undrained shear strength and
NTbar,REM –factors of about 13 for remoulded shear strength (Randolph and Andersen
2006).
Later analyses with FEM-simulations and different assumptions regarding elasticity and
plasticity by Zhou & Randolph (2009) have yielded an ”ideal” NTbar -factor of 9,89-9,95
for ideal plastic material and a normal roughness factor of 0.2 without regard to rate
effects. The factor is considered to increase with increasing rate of penetration whereas
deformation softening (sensitivity) makes it decrease. A higher roughness increases the
factor. Normally, except for certain quick clays, this would lead to somewhat higher real
NTbar -factors than the ”ideal”.
Different investigations have been performed to obtain empirical NTbar -factors through
comparisons with other tests. The NTbar –factors for T-bar tests have generally been
found to be lower than the Nkt-factors for CPTs (t.ex. Low and Randolph 2010, Low et
al. 2010). The hitherto most commonly used NTbar –factor is 10.5, which at an early
stage was recommended as an average based on mainly investigations in Australia by
Randolph (e.g. 2004). The same factor was recommended for peat by Boylan and Long
(2006). A calibration against field vane tests by Veemees et al (2006) yielded NTbar factors between 10 and 12 for clay.
A more detailed investigation by Lunne et al (2005) with calibration against averages of
active and passive triaxial tests and direct simple shear tests showed NTbar -factors between 10 and 13.0 with an average of 12. The value of 12.0 was found for Drammen
clay in Norway whereas the other values came from Australian clays offshore. In a later
study on a larger data base, Low et al. (2010) recommended to use an NTbar-factor of
10.5 to obtain shear strengths corresponding to active triaxial tests and 12 to obtain values corresponding to the average strength. No relation was found to liquid limit or other
properties but the data base consisted of results from soils from different parts of the
world, which often results in that local such correlations cannot be discerned.
Remoulded shear strength and sensitivity are evaluated by driving the T-bar up and
down 10 times within the actual depth interval, which is considered enough to reach a
minimum value of the tip resistance. The evaluation has mainly been calibrated against
field vane tests, which often yield higher values of remoulded shear strength than the
fall-cone test in the laboratory, but in some cases also against the latter test. The results
have shown that higher NTbar,REM –factors have to be employed for the remoulded shear
strength as compared to the NTbar –factors for the undisturbed undrained shear strength.
Low et al (2010) recommended use of the NTbar,REM- factors 14 and 14.5 to obtain remoulded shear strengths corresponding to what is measured by field vane tests and fallcone tests respectively.
Investigations have indicated that the NTbar - and NTbar,REM - factors are affected by the
sensitivity of the soil. According to Yafrate et al. (2009), the factor NTbar,REM varies
with sensitivity St with the relation
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N TbarREM  12 
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3
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1  t 
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Which gives NTbar,REM- factors varying between 12 for non-sensitive clay and 17.5 for
high-sensitive clay. The sensitivity was proposed to be estimated from the net tip resistances in the first penetration, qin, and in the last cycle, qrem, as
1, 4

 q 
S t ,Tbar   in 
 qrem 

DeJong et al. (2011) have reported a corresponding expression for a variation of the
factor NTbar with sensitivity St, which instead yields NTbar - factors varying between 12
for non-sensitive clays and 5.5 for high-sensitive clays. The basis for these relations
contains only a limited number of data for very high sensitivities. No study has been
found of how fast the clays are broken down during the cycling process.

3.2

General behaviour of clay at cyclic loading

3.2.1

Behaviour at different stress levels

The results from different investigations indicate that there is a lower limit for cyclic
actions below which the cyclic loading only results in temporary elastic strains and no
permanent pore pressure changes. This limit has been reported to be about 20 -40% of
the undrained shear strength in both triaxial tests and direct simple shear tests where
there is no static shear stress before, during or after the cyclic loading (Thiers and Seed
1969, van Eckelen and Potts 1978, Ansal and Erken 1989). The variation partly reflects
differences in the number of cycles in the tests. Later tests by Andersen (2009) indicate
even lower levels if the number of cycles in the tests is very large. No corresponding
levels from tests with static shear stresses in addition to the cyclic loads have been reported. However, the intervals with elastic deformations only may be expected to follow
the stress history and state of consolidation in analogy with the bubble-models in Critical State Soil Mechanics, Figure 3.6.

Without inner
yield surface

Figure 3.6. Schematic example of an elastic zone I created by the stress path Origin-AB, and resulting shear deformations at stress path B-E. (e.g. Larsson 1994).
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At larger cyclic actions, an excess pore pressure will be built up whereby the effective
stresses decrease and the deformations increase, Figure 3.7. The pore pressure increase
is largest in the first cycles and then grows less. This entails that the cyclic strains and
the accumulated permanent deformations approach a stationary state. However, if the
deformations with time become so large that they reach the deformation at failure for
static load, they will then increase at an accelerating rate and the soil will fail (e.g.
Kouftas 1978, Malek et al. 1989). The initial degradation in cemented (structured) clays
can occur without a corresponding excess pore pressure build-up and is then referred to
a break-down of the bindings in the soil skeleton (Lefebvre and Leboeuf 1987).

Figure 3.7. Schematic picture of pore pressure build-up and deformations at undrained
cyclic loading (Andersen 2009).
0 = shear stress during consolidation, a = average shear stress during the cyclic loading and cy = half of the total variation in shear stress,
up = permanent increase in pore pressure and ucy = half of the total pore pressure variation in the cycles,
p = permanent shear strain and cy cyclic shear strain.
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3.2.2

Influence of initial static shear stresses and cyclic stress levels

How many cycles the material can withstand before the limiting failure strain at static
loading is reached is a function of initial static shear stress, cyclic shear stress and the
frequency of the cyclic loading. When there is an initial static shear stress for which the
material has consolidated, there is as a rule also increased shear strength for stresses
acting in the same direction and the elastic stress region is moved to be around this
stress condition (Andersen 2009, Larsson 1983, 1994). This applies in a high degree to
soil that has been deposited and consolidated in a sloping terrain and soil that for other
reasons has consolidated for extra shear stresses.
In sloping ground resulting from previously sediments being eroded away, the increase
in shear stress occurs together with a simultaneous decrease in vertical and horizontal
stresses. The largest effective stresses for which the soil has consolidated then acted at
an almost horizontal ground surface and the subsequent increase in shear stress has then
caused no or only a moderate rotation and increase of the maximum preconsolidation
stress and the belonging undrained shear strength, Figure 3.8.
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DIRECTION OF THE MAJOR PRECONSOLIDATION PRESSURE

 Perpendicular to slope
------ Parallel to slope

Depth 5 m

Depth 7.5 m

Depth 10 m

Figure 3.8. Example of measured preconsolidation stress in different directions in an
eroded slope in clay (Larsson 1983).
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When the material has not consolidated for a stress condition that brings increased shear
stresses in the direction of the cyclic loads, there is neither a significantly increased static failure load in this direction. When the static shear stress is low, also moderate cyclic
load variations around this state will bring reversals of the shear stress direction. The
reversed shear stress will then act in a direction in which the undrained shear strength is
usually less and at the same time the stress reversal will entail that the soil structure is
more easily broken (Houston and Herrmann 1980, Yasuhara et al. 1992, Andersen 2004,
2009). This will entail that also the cyclic failure load is less in the reversed direction
and that the strains in that direction for a corresponding shear stress will become larger
than those in the direction of the static load.
If the soil has not consolidated for the initial static shear stress, there is no corresponding increase in shear strength but moderate cyclic stress variations will, similar to if the
soil had consolidated, not bring any reversals of the shear direction. However, an initial
static undrained shear stress entails that the margin for additional increases in shear
stress in this direction decreases. The cyclic failure stress at different static undrained
shear stresses can according to Boulanger and Idriss (2007) be estimated through correction of the cyclic shear strength without static shear stress by a factor K as

K   1.344 

where

s
cu

0.344
 s
1 
 cu





0.638

= static shear stress
= undrained shear strength

The initial static shear stress also affects what type of failure will occur. If this shear
stress is close to zero, failure will occur due to large cyclic strains. If it is moderate,
there will be a combination of large cyclic and accumulated permanent strains and if it
is large the failure criteria will usually be large accumulated permanent strains (e.g. Malek et al. 1989, Andersen 2009), Figure 3.9.
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a)

b)

c)

Figure 3.9. Different types of deformations at cyclic loading (Andersen 2009).
a) illustrates a direct simple shear test without static shear stress where the cyclic
shear strains increase but no permanent deformation is accumulated
b) illustrates a triaxial test without static shear stress where the cyclic shear
strains increase and permanent deformations are accumulated due to anisotropic properties of the soil
c) illustrates a triaxial test in which the static shear stress is equal to the cyclic
stress. In this case the cyclic shear strains increase somewhat with time and
number of cycles while the accumulated permanent deformation becomes larger
and eventually causes failure.
The size of the cyclic load in combination with the static load gives the total shear stress
which in principle determines if failure will occur or not. The size and type of the cyclic
load also determines if the shear direction will be reversed or not. The size of the cyclic
shear stress in relation to the static shear stress affects the number of cycles required to
achieve failure in such way that the higher cyclic share the fewer cycles are required
(Malek et al. 1989, Lefebvre and Pfendler 1996, Andersen 2009).

3.2.3

Strain rate and time aspects

The frequency of the cyclic loading and the shape of the load pulse determine how long
time each pulse will act. Experience from static loading has shown that the undrained
shear strength of clay is strain rate dependent (e.g. Kulhawy and Mayne 1990). It generally decreases by about 15-20%/log time to failure down to about 80% of that obtained
at the normally employed testing rate in direct simple shear tests and triaxial tests on
normally consolidated soft clay, Figure 3.10. This rate dependency is related to creep
effects in the soil skeleton and decreases in the same way as these with the overconsolidation ratio (e.g. Leroueil 2006).
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Figure 3.10. Example of rate dependency of the undrained shear strength in normally
consolidated soil (Lunne and Andersen 2007)
The influence of the frequency in cyclic tests appears to follow the same pattern as rate
dependency in static tests with a change in shear strength of about 15-20%/log frequency in normally consolidated clay (Andersen 2009). This entails that the total shear stress
in an initial load pulse can be higher than the static shear strength without leading to
failure. In undrained static triaxial tests at the Norwegian Geotechnical Institute, the
normal rate of axial deformation is today 4.5%/hour and cyclic tests simulating wind
and wave loads are performed with frequencies corresponding to a duration of 10 seconds. Consequently, the failure stress at a first cycle in a test with only cyclic load is
often about 1.3 times the failure stress in a static test. At the Swedish Geotechnical institute, a normal testing rate of 0.6%/hour is used for static tests and cyclic tests are mostly
performed with a frequency of 1Hz corresponding to a duration of about 1 second of the
load pulse. The latter frequency normally corresponds better to loads from earthquakes,
construction works and machine foundations (Andersen 2004). This results in an even
greater difference between cyclic shear strength in a first load pulse and the static shear
strength, which may reach 1.5 -2 times. Corresponding relations of 1.5 for Canadian
clays and 1.6 for San Francisco Bay mud have been reported (Lefebvre and Pfendler
1996, Seed and Chan 1966). How large the difference becomes depends on the deformation at failure of the soil, how the static reference strength is determined, the frequency of the cyclic load and the shape of the load pulses among other things. The difference only refers to the first load cycle and at further cyclic loading the failure stress
decreases with number of cycles. Cyclic loads causing shear stresses higher than the
static undrained shear strength can thereby only be withstood in a very limited number
of pulses (e.g. Seed and Chan 1966, Yong et al. 1980), Figure 3.11.
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Figure 3.11. Example of number of load cycles leading to failure at different combinations of static and cyclic shear stresses (Gouda and True 1977, after Seed and Chan
1966).

The undrained shear strength can also be expressed in terms of the effective shear
strength parameters c´and ´. It has been shown that the rate effects influence in such
way that the shear strength increase at short term dynamic loads is made up by an increase in c´ whereas ´ largely remains unchanged (Ishihara and Kasuda 1984). This is
in correspondence with the effects that have been found in static tests at different rates
(Larsson 1975). In static tests on specimens that have been subjected to cyclic loading
without leading to failure, the effective shear strength parameters remain practically the
same as before the cyclic loading (Kvalstad and Dahlberg 1980).

3.2.4

Acceptable total cyclic stress levels to avoid soil failure

What cyclic load can be considered acceptable depends on the type of cyclic loading.
The cyclic failure load depends on number of cycles and frequency. At the same frequency it can be assumed to decrease approximately with the logarithm of number of
cycles (e.g. Boulanger and Idriss 2007). However, investigations have shown that the
relation can have a certain curvature and asymptotically evens out at a limit below
which only elastic deformations occur (Andersen, 2009).
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Attempts have been made to create rules of thumb for how large dynamic shear stresses
can generally be accepted. These rules normally apply to the case where no static shear
stresses act in the direction of the vibrations. A limit of about 65% of the static shear
strength has been proposed for earthquakes with a magnitude of 7.5 (see e.g. Brorsson
et al. 1992). Different limits have been proposed for other types of loadings and then
vary depending on what frequency and number of cycles (and reference strength) are
considered. Referring to Seed and Chan (1966), Gouda and True (1977) proposed a limit of 60% of the static shear strength for 900 cycles at a frequency of 1Hz (see Figure
3.11). Lefebvre et al. (1989) proposed a value of 60-65% from repeated loading and
unloading of Canadian clays at the same frequency. Mitchell and King (1977) reported a
limit of 50% of the normally determined undrained shear strength from tests with the
same type of loading at 2 Hz and up to 105 cycles. A lower limit of 40% for cyclic
stresses around zero was proposed by Malek et al. (1989) and then referred to up to a
million cycles. Later results presented by Andersen (2009) indicate that even lower limits have to be applied.

3.2.5

Effect of cyclic loading on undrained shear strength and deformations at continued static loading

An undrained cyclic loading that leads to a build-up in pore pressure entails that the
effective stresses at a subsequent static loading are lower than before. A number of investigations have shown that the soil then in principles behaves as if it had become unloaded and overconsolidated in relation to the new stress (e.g. Kuoftas 1978, Singh et al.
1978, Andersen et al. 1980, Sangrey and France 1980, Kvalstad and Dahlberg 1980,
Matsui et al. 1980, Azzouz et al. 1989). This generally entails a lower shear modulus, a
lower static undrained shear strength and larger deformations at failure. Singh et al.
(1978) proposed that the pore pressure build-up should be used as a measure of the degradation of the soil properties due to the cyclic loading. The investigations referred to
were largely performed without static shear stresses. No significant similar relations
have been observed in tests with both static and cyclic shear stresses. However, the
margins for pore pressure increases are considerably less in the latter cases and there is
thereby no direct contradiction between the results.
When the soil is allowed to consolidate after a pore pressure build-up due to a cyclic
loading that has not lead to failure it often regains its previous strength or becomes
stronger. In normally consolidated or only slightly overconsolidated soil, the reconsolidation not only entails a return to the previous effective stresses but also a decrease in
void ratio which often brings a certain increase in quasi preconsolidation pressure. This
in turn entails that the undrained shear strength and resistance to cyclic actions increase.
It has also been shown that the sensitivity thereby decreases (e.g. White and Hodder
2010). In overconsolidated soil the opposite may occur (Oda et al. 2001, Wijewickreme
and Sanin 2005, Andersen 2009). A partial destruction of the structure and overconsolidation due to cyclic loading in such soils cannot be compensated by a reconsolidation to
the in-situ stresses and the overconsolidation and undrained shear strength become less
afterwards. The undrained shear strength in completely remoulded soils can after reconsolidation vary from somewhat higher than the undisturbed strength in normally consolidated soil to about 50% at overconsolidation ratios of 5-6 and higher, Figure 3.12. In
cases with more moderate destruction, the effects should be less and dependent on the
degree of remoulding.
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Figure 3.12. Undrained shear strength in reconsolidated remoulded clay in relation to
the undisturbed strength (Andersen et al. 2008).
Experience shows that in soils that have been subjected to cyclic loading with the shear
stress acting in the same direction, the further stress-strain curve at a subsequent static
loading will connect to that obtained in static tests without cyclic loading. On the other
hand, if the cyclic loading leads to a reversal of the shear stress direction and failure, the
remoulding effects will be so large that the further stress-strain curve at subsequent static loading will not reach the same stress level as that at a normal static loading (Andersen 2009).

3.2.6

Models describing cyclic capacity of soil

A soils capacity to withstand loads when parts of these consist of additional cyclic loads
can be modelled in charts showing relations between different combinations of stresses
and number of cycles to failure for either stress conditions corresponding to triaxial tests
or to direct simple shear, Figure 3.13. The curves for the triaxial tests in the figure are
not symmetric in relation to the origin since the soil in the actual case is anisotropically
consolidated with a K0-value of 0.5 and thereby has a passive shear strength that is only
half of that in active shear. The chart for direct simple shear tests illustrates that the total
capacity at only a few cycles is considerably higher than the static undrained shear
strength and highest at a static shear stress just above half of the latter. At a large number of cycles with considerable shares of cyclic stress, the total capacity becomes lower
than the static undrained shear strength at all stress combinations. The chart for triaxial
tests illustrates that the total capacity at a few cycles is largest when the static shear
stress is relatively high and corresponds to the natural preconsolidation stresses in the
soil, 0. The abrupt change in the curves at a static shear stress of about 0,25 suc illustrates that the accumulated permanent deformations change direction at this state and
that the sum of the in this direction opposite acting static and cyclic shear stresses is
small.
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a)

b)

Figure 3.13. Charts modelling the cyclic and total capacity of normally consolidated
Drammen clay at different combinations of static and cyclic stresses and number of
load cycles in a) direct simple shear tests and b) triaxial tests (Andersen 2009).

The blue parts of the curves indicate that failure occurs as large accumulated permanent
deformations and red parts indicate that the criterion is large cyclic strains. The shear
stresses are normalized against the undrained shear strength at static direct simple shear,
suDSS, and the active undrained triaxial strength, suc, respectively.
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3.2.7

Influencing soil parameters

3.2.7.1 Overconsolidation ratio

Clays with the same preconsolidation pressures, ´c, have lower undrained shear
strengths the lower the actual effective in situ stresses, ´0, are, i.e. the higher the overconsolidation ratio, OCR is. The relation between undrained shear strength and overconsolidation ratio can be expressed as
cu  a  ´c OCR b1

or alternatively

cu  a  ´0 OCRb

where factor a varies with plasticity and mode of shear and factor b normally is about
0.8 (e.g. Jamiolkowski et al. 1985, Larsson and Åhnberg 2003, 2005). The capacity for
withstanding cyclic loads has been found to vary in a similar way (Andersen 2009).
Since the deformation at failure tends to increase gradually with overconsolidation, the
shear modulus tends to decrease gradually with overconsolidation when the modulus is
normalized against the actual undrained shear strength.
It is more difficult to point out a possible influence of overconsolidation for the general
models. Andersen (2004) presented charts modelling the cyclic shear strength of
Drammen clay at overconsolidation ratios of 1, 4 and 40. The results were fairly unanimous for both direct simple shear tests and triaxial tests after normalization against the
actual undrained shear strength even if minor differences could be found. The results
from the direct simple shear tests indicate that the normalized cyclic shear strength
could be lower in overconsolidated soils, particularly if the static shear stress is low,
Figure 3.14. This, on the other hand, is not verified by the results from the triaxial tests.
However, the differences are not larger than what might be expected to be a normal
spread in results.
The results from the triaxial tests indicate that the curves become more symmetric
around the origin at no static shear stress with increasing OCR, which suggests that the
effects of anisotropy could be less in overconsolidated soil.
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a)

b)

Figure 3.14. Influence of overconsolidation ratio on results from cyclic direct simple
shear tests and triaxial tests on Drammen clay. (Andersen 2004).
a) cyclic shear strength after 10 load cycles at varying static shear stresses
b) cyclic shear strength as a function of number of cycles at different overconsolidation ratios

3.2.7.2 Plasticity

The plasticity of a clay, expressed by the plasticity index IP or liquid limit wL, in general
affects in such way that the lower the plasticity the lower K0-value at consolidation and
the lower the undrained shear strength at passive and direct simple shear in relation to
the preconsolidation pressure (e.g. Larsson et al. 2007). To a corresponding degree, this
affects the reference strength used in the models for the cyclic capacity, cf. Figure 3.13,
and it also affects the shape of the curves for the cyclic capacity in the models for the
case of triaxial tests. The cyclic capacity in this way generally decreases with decreasing
plasticity.
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A number of authors have found that the cyclic shear strength decreases and is more
easily degraded the lower the plasticity is (e.g. Yudbir and Rehman 1977, Matsui et al.
1980, Hyodo 1997). Andersen (2004, 2009) compiled results from a large number of
investigations with cyclic tests on normally consolidated clays; both direct simple shear
tests and triaxial tests. The results from the direct simple shear tests scatter, which can
be expected since the clays come from different regions of the world but still give a
clear indication that the normalized cyclic shear strength after a few load cycles decreases with decreasing plasticity index (and liquid limit), Figure 3.15a. This effect occurs in addition to the influence of the plasticity on the undrained shear strengths against
which the cyclic shear strengths have been normalized. The compiled results from cyclic triaxial tests showed a corresponding scatter and indication that the cyclic shear
strength after a few load cycles decreases with decreasing plasticity, Figure 3.15b. The
shape of the curves also shows that the effect of anisotropy varies and largely follows a
trend that may be expected with consideration to the variations in plasticity.
a)

b)

Figure 3.15. Cyclic failure stresses after 10 load cycles in a) direct simple shear tests
and b) triaxial tests on normally consolidated clays with different plasticity indices
(Andersen 2009).

The plasticity of a clay also affects the behaviour in that way that the lower plasticity,
the higher modulus and the lower the deformation to failure, Figure 3.16. This entails
that low plastic clays can withstand lower deformations before degradation (e.g. Matsui
et al. 1980). The increased stiffness entails that the elastic strain for a certain shear
stress becomes less but a larger zone can be expected to become degraded strength in
cases where the soil is subjected to an enforced deformation.
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Figure 3.16. Normalized initial shear modulus as a function of plasticity index (Andersen et al. 2008).
High plastic clays are normally not degraded by moderate cyclic loads. On the other
hand, the cyclic deformations become large and the vibrations from the source may be
amplified in the clay mass causing problems to nearby constructions (e.g. Vucetic
1994).
3.2.7.3 Sensitivity

In many reports and rules of thumb concerning cyclic capacity of soils, reservations are
made that special conditions may apply to quick clay. However, except for the relatively
simple and tentative tests that were performed in Sweden and Canada in the 80’s (Larsson and Jansson 1982, Tavenas et al. 1983), as far as is known only one more advanced
investigation of a quick clay has been reported by Andersen (2009). The results from
the simpler investigations (see chapter 3.1.1) indicated that plasticity played the major
role but that sensitivity could also affect. The more advanced investigation of a quick
clay showed that it was relatively easily broken down, but since both clay content and
plasticity were low it was difficult to separate a possible influence of sensitivity from
the general trend for the influence of plasticity. In other respects, the behavior of the
quick clay in principle followed the same pattern as that for other clays.
A high sensitivity entails that the shear strength can be broken down to a large extent at
remoulding. In quick clay, the soil mass becomes a relatively low-viscous consistency
after remoulding and can be described as a heavy liquid. If, and in that case to what extent, the sensitivity affects a soils behaviour up to the point where the soil structure
starts to break down due to large deformation cannot be interpreted from what has been
reported in literature.
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3.3

Cyclic forces in connection with natural hazards and construction
work

Dynamic forces may cause failures of both natural ground and constructions. The largest dynamic forces are normally generated by nature and can then be the main reasons
for the failures. More moderate dynamic loads, often caused by human activities, are
normally rather acting as triggering factors for failures of slopes and constructions
where the margin against failure is already low. The latter types of dynamic load have
often been overlooked in the investigations of the causes of failures since they have
been relatively marginal and difficult to quantify.
The largest dynamic forces from natural causes acting within clay masses normally occur in connection with earthquakes and additional dynamic forces at these events come
from structures founded on the clay. Similar forces to those from earthquakes can come
from wind- and wave loads. At design of structures and consideration of slope stability
such loads and forces must obviously be considered in areas where they may occur.
Another natural hazard, which may be less apparent, is rock-fall. If the rock mass and
the height of fall are large and the falling mass lands on soft clay, there can be a considerable reduction of the shear strength in the clay around the point of impact. Rock falls
have thus caused large landslides in areas with soft clay where the stability was low
beforehand, (e.g. Solberg et al. 2008).
Trains and heavy machinery can cause high dynamic loads which can be amplified by
resonant vibrations in the soil. Railway embankments for high-speed trains and heavy
machinery in soft clay areas therefore often require soil stabilisation or other reinforcements for the foundations as a remedy against the vibrations.
Human activities causing dynamic loads are often related to construction works. Two
types of activities that are often considered are blasting and pile driving. Blasting is
known to have a large effect on loose saturated silt and fine sand and has even caused
landslides in such soils (e.g. Bjurström and Broms 1983). The risks in clay have been
less obvious unless layers of loose silt and sand have been embedded in the clay masses.
Slides in other clay masses have occurred in connection to blasting activities, but it has
usually not been possible to attribute them directly to the blasting. A main exception is
the large slide at Kattmarkvegen in Namsos (Nordal et al. 2010), where blasting caused
a large block of rock to be pushed into the adjacent clay mass. The deformations in the
clay caused a local reduction of the strength, and since the whole clay area was only
marginally stable this resulted in a major landslide. It was thus not the vibrations from
the blasting but the strength reduction due to the enforced deformations in the clay that
was the triggering factor for the slide.
Piling has also been the reason for slope failures (e.g. Aas 1975). Also in this case, it is
normally not the vibrations but the large deformations due to the displacements of the
clay masses that cause the reduction in shear strength. Possible exceptions are when
loose silt and sand layers are embedded in the clay.
Other activities that can cause large deformations in clay masses during construction
work are for example sheet piling, installation of lime-cement columns, heavy traffic
and dumping of fill masses.
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4 TEST SITES AND SOILS
4.1

General

Twelve different test sites were involved in the investigations. Four of these are located
in the eastern part of Sweden - two in the Stockholm-Mälardalen area and two in the
Linköping-Norrköping area. The clays here have been deposited in alternating lake and
brackish sea water. The other sites are located in the western part of Sweden, five along
the Göta river valley and three further to the northwest in the middle part of the Bohuslän province, Figure 4.1. The clays in the western part are marine clays deposited in
sea water. The environment with salt seawater at deposition generally resulted in heavy
flocculation of the clay particles and a more open structure compared to the clays deposited in brackish water in eastern Sweden. Leaching of the salt and possibly other processes have later led to various degrees of increased sensitivities, (e.g. Rankka et al.
2004). The sites were chosen to cover clays with different conditions at deposition, with
low, medium and high plasticity and with sensitivities varying from fairly low to quick
clays.
Sampling of clay was performed at one to occasionally up to three different sampling
levels at each test site. In all, twenty-two different types of clay were investigated in the
study. The different soils are listed together with their base characteristics in Table 6.1.

Gläborg
Munkedal
Fultaga
Onsjö
Torpa
Fråstad
Äsperöd
Kattleberg

Mellösa
Strängnäs
Norrköping
Linköping

100 km

Figure 4.1. Geographical location of the test sites.
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4.2

Mellösa

The investigations at Mellösa were performed in the area of the SGI test field at the
farm Lilla Mellösa. The test field, originally developed in 1945 in connection with the
localization of a new major air field close to Stockholm, has been used for various geotechnical research purposes throughout the years and the conditions at the site have
been described in a number of reports (e.g. Chang 1981, Larsson 1986 and 2006).
The test field is situated in a flat area surrounded by farmlands. The layout of the area is
shown in Figure 4.1. Under a thin layer of dry crust the soil consists of very soft organic
clay down to a depth of about 7 metres. The organic content is about 5% just under the
dry crust and decreases to about 2% in the lower part. Underneath the organic clay the
soil consists of fairly homogeneous soft clay down to about 11 m depth under which
there is varved glacial soft clay down to a thin layer of sand on top of bedrock at about
14 m depth. The general soil profile at the site is shown in Figure 4.3.

Sampling and T-bar tests
present project (2009)
Other field testing and
sampling areas (1945 – )

Figure 4.2. The test site at Lilla Mellösa.
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Figure 4.3. Soil profile at Lilla Mellösa. From Larsson (1986).
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Sampling was performed at 4.5-5.5 m depth, where the soil consists of high plastic, organic clay with a liquid limit of about 95%, and at 8-9 m depth in homogeneous soft
clay with a liquid limit of about 75%. Both clays have a relatively low sensitivity of
about 10.

4.3

Strängnäs

The test site at Strängnäs was selected because it contains highly sensitive clay with a
different geological history from that common in western Sweden. The test area is a
relatively flat farmland that is about to be turned into an industrial area, Figure 4.4.

Photo SGI.

Test area

© SGI, Lantmäteriet.

Figure 4.4. The test site at Strängnäs.
The site was found from the investigations for the development of the area and the actual test area was selected on the basis of results from these. Sampling in the test area was
performed between 5.5 and 6.5 m depth. In this depth interval there is fairly homogene47 (140)

ous soft clay with a liquid limit of about 55% and a natural water content of 71%. The
water content is thus considerably larger than the liquid limit resulting in low remoulded
shear strength and a sensitivity around 50.
4.4

Norrköping

The test site at Norrköping was selected to include fairly typical soft clay from eastern
Sweden. The site was found from previous investigations for an exit at the E4 motorway
northeast of Norrköping, Figure 4.5. Sampling was performed between 4.5 and 5.5 m
depth where the soil is varved and contains thin layers of silt. The liquid limit of the
clay is about 73% and the natural water content is about 82%. The clay has medium
sensitivity according to Swedish classification with a value around 20.

Photo SGI.

Test area

© SGI, Lantmäteriet.

Figure 4.5. The test site at Norrköping.
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4.5

Linköping

The test area at Linköping has been used by SGI as another test field with soft and relatively homogeneous clay with normal sensitivity for Swedish conditions. The field is
located in a flat area north of Linköping with mostly farmland close to the river Stångån
where it flows out into Lake Roxen. Close to the test field there is a large basin with the
Linköping yacht harbour, Figure 4.6. The test field therefore also goes by the name of
Linköping yacht harbour (Linköpings småbåtshamn). Various tests have been performed in the field since SGI was located to Linköping in 1975, but the main investigations have been performed in connection with research concerning heat storage in clay
(Moritz 1995, Gabrielsson et al. 1997). The clay at the site contains plant remnants in
form of thin root threads down to about 4 m depth. It is then fairly homogeneous down
to 9 m depth where some anomalies and bands of sulphide coloured clay start to occur.
Below 12 m depth the clay becomes varved with some siltier layers. The more detailed
investigations have stopped at 17 m depth, Figure 4.7.
The sampling in the present project was performed between 4.5 and 5.5 m depth in the
uniform clay layer. The liquid limit at this depth is around 71% and is almost equal to
the natural water content around 73%. The sensitivity is normal for Swedish conditions
with a value around 16 and the clay is classified as medium sensitive.

Photo SGI.

Test area

© SGI, Lantmäteriet.

Figure 4.6. The test site at Linköping yacht harbour.
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Figure 4.7. Soil profile in the test field at Linköping yacht harbour. From Moritz
(1995).
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4.6

Gläborg

The test site at Gläborg is located just north of the municipality of Munkedal. The area
today is old farmland but the site is to be developed into an industrial area. The site was
found from the geotechnical investigations in connection to this. The clay layers at the
test area are more than 20 m thick and are quick throughout the investigated soil profile,
(St ≈150-250).
In this area, samples were taken from the depth intervals 4-5 m, 5.5-6.5 m and 9.5–10.5
m. The liquid limits and the natural water contents decreased gradually with depth from
50 to 42% and 79 to 62% respectively. The natural water contents were consistently
much higher than the liquid limits resulting in very low remoulded shear strengths and
very high sensitivities with values between 180 and 190. The clay contained remnants
of shells at all three levels. The reason why three samples were taken at this site was
that the clay here was more low plastic and uniform than at most other sites.

Photo SGI.

Test area

© SGI, Lantmäteriet.

Figure 4.8. The test site at Gläborg.
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4.7

Munkedal

The test site at Munkedal has been involved in a number of projects at SGI. The test
area is located on flat ground behind the eroded ravine for the river Örekilsälven. The
steep side of the ravine has been flattened by excavations to improve the stability. Investigations and samplings in this project were made in natural ground well behind the
slope, Figure 4.9. The soil conditions in the area have been investigated in detail and a
comprehensive description can be found in Larsson and Åhnberg (2003). The present
investigations were performed at a point denoted S4 in Section A, where the soil has a
“normal” sensitivity in the upper part of the profile but becomes extremely quick further
down. Sampling was performed in both types of clay; between 4.5 and 5.5 m in medium
sensitive silty clay with a liquid limit about 39%, an almost equal natural water content
about 42% and a sensitivity of about 28 and between 9.5 and 10.5 m in quick clay with
a liquid limit about 45%, natural water content about 61% and sensitivity around 253.
The lower level also contains remnants of shell.

Photo SGI.

Test area

© SGI, Lantmäteriet.

Figure 4.9. The test site at Munkedal.
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4.8

Fultaga

Fultaga is a small village located south of Munkedal. The test site is located just south
of the area involved in the large landslide that occurred here in 2006 in connection with
construction of the new E6 motorway (Swedish Accident Investigation Board 2009) and
was found from the geotechnical investigations following this event, Figure 4.10. The
soil profile contains thick layers of quick clays which at some levels are extremely
quick. Sampling was here performed at two depths; between 6 and 7 m and 9.5 and 10.5
m. It was hoped to catch a layer with extreme quick clay in one of the depth intervals,
but this was not achieved. The samples had liquid limits about 64 and 53%, natural water contents about 81 and 63% and sensitivities around 94 and 95 respectively. Both
samples were thus quick but not extremely so. Both samples contained remnants of
shells and at the lower level also occasional gravel particles.

Photo SGI.

Test area

© SGI, Lantmäteriet.

Figure 4.10. The test site at Fultaga.

53 (140)

4.9

Onsjö

The test site at Onsjö is located in the northernmost part of the Götaälv valley close to
where Lake Vänern discharges itself into the river. The test area is situated on the western riverbank close to a green on a golf course, Figure 4.11. The site was found from the
investigations in the recently concluded investigation on the stability conditions along
the Götaälv (GÄU 2012). The clay at this site varies from medium sensitive clay in the
upper layers to quick and extremely quick clay further down, (St ≈200).
Sampling was performed in both types of clay; between 3.1 and 4.1 m depth in medium
sensitive clay with liquid limit about 56%, natural water content about 59% and sensitivity about 25 and between 6.5 and 7.5 m in extremely quick clay with liquid limit
about 57%, natural water content about 71% and sensitivity around 219. The upper level
contains occasional remnants of root threads and the lower level occasional particles of
fine gravel.

Photo SGI.

Test area

© SGI, Lantmäteriet.

Figure 4.11. The test site at Onsjö.
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4.10 Torpa
The test site at Torpa is farmland located on the eastern riverbank in the northern part of
the Götaälv valley, Figure 4.12. The clay at this site has medium to high sensitivity but
is not quick according to Swedish classification. The test site was found from the latest
investigations of the stability conditions along river Götaälv (GÄU 2012).
The soil layers in the profile vary in different aspects and sampling was made at three
levels at this site. Samples were thus taken between 3 and 4 m depth in clay with liquid
limit about 58%, natural water content about 70% and sensitivity around 41, between 5
and 6 m depth in clay with liquid limit about 71%, natural water content about 79% and
sensitivity about 42 and finally between 7.5 and 8.5 m depth where the liquid limit was
about 76%, the natural water content about 79% and the sensitivity about 26. The clay
at the upper level contained remnants of root threads whereas the clay at the middle
level contained frequent vertical and horizontal pore channels, most probably traces of
former living organisms.

Photo SGI.
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© SGI, Lantmäteriet.

Figure 4.12.The test site at Torpa.
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4.11 Fråstad
The test site at Fråstad is also farmland located on the eastern riverbank in the Götaälv
valley, Figure 4.13. It is less than a kilometre to the south of the site at Torpa and was
found in the same way. Not far from the test area there is a large scar in the terrain from
an old quick clay slide into the river. The clay in the test area is highly sensitive bordering to be classified as quick in the Swedish classification.
The sampling at this site was performed between 6 and 7 m depth in clay with liquid
limit about 65%, natural water content about 71 % and sensitivity around 49.

Photo SGI.

Test area

© SGI, Lantmäteriet.

Figure 4.13. The test site at Fråstad.
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4.12 Äsperöd
The test site at Äsperöd is located on farmland on the western riverbank in the southern
part of the Götaälv valley, Figure 4.14. Also this site was found from the recent investigations concerning stability along the Götaälv (GÄU 2012). The clay in the upper part
of the profile has an organic content of about 1.9% and thus borders on being classified
as organic clay. Further down it becomes inorganic quick clay, (St ≈100).
Sampling was performed in both types of clay; between 2.2 and 3.2 m depth in slightly
organic clay with liquid limit about 54%, natural water content of 54% and sensitivity
around 15 and between 6.5 and 7.5 m depth in quick clay with liquid limit about 57%,
natural water content about 74% and sensitivity around 100. The upper level contained
root remnants.

Photo SGI.
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© SGI, Lantmäteriet.

Figure 4.14. The test site at Äsperöd.
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4.13 Kattleberg
The test site at Kattleberg is located on farmland far away from the river in the Götaälv
valley. The site was found from the investigations in connection to the ongoing construction of the new motorway between Gothenburg and Trollhättan. The soil consists
of quick and extremely quick clay throughout the investigated profile, (St ≈150 – 225).
The liquidity limits and plasticity indices are relatively high for clays with so high sensitivity.
Sampling was performed in two layers; between 4 and 5 m depth in quick clay with
liquid limit about 69%, natural water content about 108% and sensitivity about 151 and
between 7.5 and 8.5 m in extremely quick clay with liquid limit about 55%, natural water content about 81% and sensitivity around 224. The lower level contained remnants
of shells, occasional gravel particles and thin lenses of sand.

Photo SGI.
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Figure 4.15. The test site at Kattleberg.
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5 INVESTIGATION METHODS
5.1

Sampling

5.1.1

Equipment

In 2009, a new sampler was constructed at SGI with the aim of obtaining large high
quality samples in all types of mainly soft to medium strength fine-grained soil (Larsson, 2011a, Larsson et al. 2012). A demand for this had arisen not only from the present
project requiring series of “identical” specimens for the tests but also in a large investigation then started at SGI regarding the stability conditions along the river Götaälv
(Tremblay et al., 2011). The latter investigation involved areas with quick clay where it
previously had been difficult to obtain high quality samples with the standard piston
sampler.
In Sweden, the development of equipment for taking “undisturbed” samples in fine
grained soils started in the beginning of the 20th century (Statens Järnvägar 1922). A
succession of piston samplers were constructed and used until the end of the 1950´s.
During this decade, comprehensive research was carried out at the Swedish Geotechnical Institute, SGI, on the optimum design of such samplers. This involved mechanical
solutions, geometrical considerations and the shape of the cutting edge as well as the
practical handling of equipment and samples (Kallstenius 1958). Based on this, the
Swedish standard piston sampler was adopted by the Swedish Geotechnical Society in
1960 (Kallstenius 1963, SGF 2009). The quality of soil samples is a result of sampling,
storage and handling. The equipments for these purposes and for testing in the laboratory in Sweden are also designed with special consideration to samples taken with the
standard piston sampler.
A general weakness with all piston samplers, as well as most open tube samplers, is that
suction is created below the sampler at its retraction. This results in changes in the stress
conditions within the samples, which may result in significant deformations and a certain disturbance. The effects generally involves that relevant values of the natural stiffness of the soil at small and mainly elastic deformations cannot be measured on this
type of samples in the laboratory. An attempt to reduce this suction and its effect was
made at the construction of a 200 mm diameter piston sampler at the Norwegian Geotechnical Institute, NGI, (Brandt & Brenner, 1981). This sampler was provided with a
wire cutter. After the sample had been punched into the sampler, it could be cut off at
the bottom to reduce the disturbance at the following retraction. Around 1980, the
equipment was on loan to SGI (Larsson 1981a). SGI was allowed to introduce some
modifications, among which was attachment of compressed air to the pipe for the cutting cord. In the SGI operation, an open stabilised hole was predrilled to the sampling
depth. The sampler was pushed down from the bottom of the hole while the piston remained fixed at that level. The only function of the piston was to prevent the stabilising
bentonite slurry from entering the sampler during its lowering in the predrilled hole and
to seal at the top at its retraction. Before the sample was cut off by the cord, an air pressure corresponding to the total overburden pressure at the level of the cutting edge was
applied in its leading pipe. This pressure was retained until the edge had passed the
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predrilling level. Experiences from the samples were good, but the equipment, operation
and handling was cumbersome and provisory.
At about the same time, two new types of samplers were presented in Canada; the Sherbrooke sampler and the Laval sampler (Lefebvre & Poulin 1979, LaRochelle et al.
1981). With the Laval equipment, an open sampling tube with 208 mm inner diameter is
pushed down from the bottom of a predrilled hole, whereupon the top of the sampling
tube is sealed. A larger tube with a circular cutting edge is then drilled down outside and
below the sampling tube creating a circular slot filled with drilling mud. When the sampler is retracted, the pressure in the drill mud helps to cut off and lift the sample and in
this way the changes in the stress conditions in the sample are reduced. The Laval sampler has been tested in Sweden (Larsson 1981b, Tavenas et al. 1983). In high-plastic
clay, the test results in terms of evaluated undrained shear strength and preconsolidation
pressure were similar to those from standard piston sampling but the initial stiffness was
higher. It also proved to be possible to obtain samples with relatively high quality in a
low-plastic highly sensitive soil, where sampling with the standard piston sampler had
failed completely in spite of the use of shutters. The Sherbrooke sampler has been used
in neighbouring Norway with good results, (e.g. Andersen et al. 2008).
At the construction of the new SGI 200 mm diameter sampler, the experiences from the
previous Swedish investigations have been considered in the design of the cutting edge
and the omission of an inner clearance. The wire cutter and application of pressure by
compressed air has been incorporated in accordance with the experiences from the modified NGI 200 mm sampler and the sealing mechanism at the top of the sampler is similar to that in the Laval sampler. The tool for creating a flat and clean bottom in the
predrilled hole has been copied from the NGI tool for the same purpose when using the
Sherbrooke sampler (Otter 1996).
The sampling tube is about 1 m long with an inner diameter of 200 mm. It is manufactured from a prefabricated seamless “stainless” steel tube with a smooth inner surface
and narrow tolerances for the diameter. The outside of the tube is threaded at both ends,
Figure 5.1.
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Figure 5.1. Layout of the SGI 200 mm diameter sampler. (The length of the pneumatic
tube is not to scale).

The cutting edge is manufactured from the same prefabricated tube and has the same
inner diameter as the sampling tube. The edge has a cutting angle of 5º except for the
very edge where it is blunted to 45° over maximum 0.3 mm. It has thus in principle the
same shape as the edge in the standard piston sampler, where the small blunting of the
edge has been found necessary for reasons of wear and safety. The cutting edge is hardened. It is threaded internally in its upper part and can be screwed onto the sampling
tube. At the inside of the edge, there is a just below 3 mm wide and just over 3 mm deep
groove which runs around the inner surface. The cutting cord, which is of high strength,
low friction, plaited and prestretched polyethene with 3 mm diameter, is pressed into
this groove, Figure 5.2. One end of the cord is led through a hole in the wall of the tube
and fixed by a knot. The other end is led through a nearby connector in the wall. A plastic tube for compressed air, in which the cord runs, is attached to the connector. At the
other end of this tube, there is a T-shaped three-way connector in which the cutting cord
runs straight out through an adjustable seal, and a lead for compressed air can be attached in the angled connector.

Figure 5.2. Cutting edge with cutting cord.
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The top part is a round steel plate which can be screwed onto the upper end of the sampling tube. At the centre of the plate, there is a large circular hole through which bentonite slurry and possible soft lumps of soil can flow out when the sampler is pushed down.
On the upper surface, four sturdy bow-shaped legs are welded and joined above the centre of the plate. In their joint, there is a threaded vertical hole through which the lower
part of an inner rod system runs. The threaded hole acts as a nut when the inner rod system is rotated, and the sealing plate attached to the lower end of the rod system is then
pressed down towards the top plate. When tightened, the sealing plate seals the hole in
the top plate. At the joint, there is also a connector with larger diameter to which the
outer hollow rod system can be attached, Figure 5.3.

Figure 5.3. Top plate.
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The operation is started by predrilling a hole down to the sampling level. This is done
by a 250 mm diameter hollow stem auger down to 50 – 100 mm above the intended
bottom of the hole. The auger is rotated down in about 1 m long intervals and then retracted to the surface to remove the soil between the flanges. The retraction is made
slowly and at the same time drill mud is pumped down at a rate adjusted to fill the void
that is created below the auger. The tool for preparing and cleaning a flat bottom of the
hole is then used to the full predrilling depth.
The sampler is lowered in the predrilled hole until the edge reaches its bottom. From
this level the sampler is pushed further 1.08 m at a constant rate of 10 mm/s. This length
corresponds to the total length of the edge and sampling tube minus 10-20 mm. The
latter margin is intended to eliminate the risk of overdriving the sampler. During the
lowering of the sampler in the predrilled hole and pushing it into the soil, the hole at the
top is open allowing drill mud and possible remoulded soil to flow through. Directly
after this is finished, the hole at the top is sealed and the sampler is left to rest for at
least 10 minutes. The waiting time may vary depending on the sensitivity of the soil.
After the due waiting time has elapsed, a lead for compressed air is attached to the Tshaped connector. The pressure in the system is adjusted to correspond to the total overburden pressure at the current level of the cutting edge and the sample is cut off by pulling out the cord.
The retraction of the sampler is started directly thereafter. During the first phase, the
rate is kept at about 10 mm/s and the air pressure in the cutting system is maintained.
When the edge of the sampler has reached above the bottom of the predrilled hole, the
air pressure can be lowered whereby it is replaced by the hydrostatic pressure from the
drill mud.
After the sampler has reached the ground surface, the outside is cleaned. The seal in the
top is opened and the top and the cutting edge are screwed off. The sampling tube is
placed upside down in an extrusion rig where it is jacked out and cut in six about 150
mm high pieces. Each piece is placed on a flat laminated plate, which is non-water absorbent. It is then coated with a mixture of wax and paraffin reinforced by non-elastic
gauze bandage before being carefully transported to the laboratory, Figure 5.4.
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a)

b)

e)

c)

d)

Figure 5.4. Sampling at test sites, showing a) 200 mm sampler prior to lowering to
sampling level, b) cleaned sampler on a stand with the cut off surface exposed, c) extraction of samples, d) sealing of part samples e) samples from one sampling level before transport to laboratory.

The new sampler was first tried in the test site at Lilla Mellösa. After that, some modifications were made to facilitate its handling, but the equipment and principle proved to
work from the start. It was then successively used at all the test sites.
For comparison, samples from each test site were also taken with the 50 mm Swedish
standard piston sampler (Kallstenius 1963, SGF 2009). A sampler type St II was used.
The sampling was performed in the autumns and late springs over a total period of three
and a half years. The periods were chosen in order to minimise risks of drying or freezing at handling of the samples in summer and winter time or the operations being obstructed by frozen grounds.
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5.1.2

Quality control

The homogeneity of the samples has been investigated in the laboratory by fall-cone
tests. These have been performed in various horizontal planes and at varying distances
from the centre. The read-off intrusions in a certain plane usually vary within a few
tenths of a millimetre, which results in a spread in evaluated shear strength of about ±
10 % of the mean value in the plane. However, no pattern that indicates a variation
across the sample has been observed, Figure 5.5.

Figure 5.5. Radial variation in shear strength value.

In a few samples, fall-cone testing has been performed in several of the part-samples
from a sampling level. A similar variation can be observed together with a trend of increasing strength in the part-samples from lower levels, Figure 5.6. This increase coincides with the normal increase in shear strength of 1–2 kPa per metre depth in these
soils and is no indication of a varying sample quality. However, the uppermost sample
is normally treated with caution since it was located closest to the bottom of the
predrilled hole and has travelled the longest distance through the sampler during both
taking and extraction.
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Figure 5.6. Vertical variation in shear strength in samples from a) East coast clays and
b) West coast clays.

A method of evaluating sample quality (or disturbance) was proposed by Lunne et al.
(1997). In this method, the change in void ratio, e, during reconsolidation to in-situ
stresses in the triaxial cell or in the oedometer is compared to the initial void ratio, e0,
Table 5.1.
Table 5.1. Criterion for evaluation of sample quality (or disturbance) proposed by
Lunne et al. (1997).
OCR
1-2
2-4

e/e0 at in situ stresses for sample quality 1 - 4
1. Very good to excellent 2. Good to fair
3. Poor
<0.04
0.04-0.07
0.07-0.14
<0.03
0.03-0.05
0.05-0.010

4. Very poor
>0.14
>0.10

For simplicity, this can be recalculated to a diagram with water content versus volume
change for the water-saturated Swedish clays with a grain density of 2.65 Mg/m3.
For CRS-oedometer tests, the oedometer curve is corrected in such way that the volume
change is calculated from the maximum modulus measured before the preconsolidation
pressure. Any extra measured compression due to bedding errors at the start or creep
effects close to the preconsolidation pressure are thereby omitted.
The results obtained from triaxial tests on samples taken with the new sampler are
shown in Figure 5.7a together with the corresponding results from samples taken with
the standard piston sampler St II. As can be seen, practically all the samples taken with
the new sampler fall into the category “Very good to excellent”.
As was observed in Sweden when the used criteria for sample quality were introduced,
most of the samples taken with the standard piston sampler also fall into this category.
However, the volume changes are as a rule larger than for the new sampler. It should
also be observed that many of the soils in the studies are highly sensitive or quick clays
that from experience are relatively difficult to sample. The results from the CRS-tests
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are fewer due to the purposes of the present investigations. However, they show a similar picture, Figure 5.7b.
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Figure 5.7. Estimated sample quality in a) triaxial tests and b) CRS oedometer tests
(data from the present investigation and Löfroth 2012).
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5.2

Field tests

CPTs and static and cyclic full-flow penetration tests with a T-bar penetrometer were
carried out at each test site. The CPTs were performed according to the international
standard (ISO 2012) with higher demands for accuracy corresponding to the recommendations by the Swedish Geotechnical Society for soft clays (SGF 1993) The test
results were presented and interpreted with the CPT-program CONRAD following the
guidelines in SGI Information No. 15 (Larsson 2007).
The T-bar tests were performed using equipment with the recommended dimensions
and according to the recommended practice (DeJong et al. 2010), cf. section 3.1.2.
Since the soils at most sites could be expected to contain shells and other embedded
objects as well as stiffer and sometimes inclined layers, the T-bar tip was attached to a
5-ton CPT-probe instead of one of the more sensitive probes adapted for tests in soft
clay. This got to somewhat affect the possibility to study the relations between tip resistance and sensitivity and remoulded shear strength in the cyclic tests because the tip
resistance many times approached the inaccuracy that normally must be accepted for
this type of probe. Predrilling through the dry crust was made by a 250 mm diameter
auger, Figure 5.8.
Cyclic T-bar tests were performed at all levels where sampling had been performed and
the cycling was made over the same 1 m depth interval. It was not possible to measure
the tip resistance at both penetration and withdrawal with the equipment at hand and
only the tip resistances at downward strokes were registered. The static phase of the Tbar tests was normally continued one or a few metres below the deepest cycling level.

Figure 5.8. The T-bar tip attached to the CPT-probe above a predrilled hole.

68 (140)

5.3

Laboratory tests

The laboratory testing involved classification tests of basic geotechnical properties,
CRS-oedometer tests and active static and cyclic triaxial tests. The classification tests
comprised the normal Swedish routine tests of bulk density, natural water content, liquid limit and undrained and remoulded shear strength, the last three determinations being made with the Swedish fall cone test (ISO, 2004). They also comprised additional
tests of plasticity limit, organic content through analyses of organic carbon (Swedish
standard 1990), clay content through sedimentation tests, pH in the soils by use of electrodes (Swedish standard 2007) and resistivity by use of a co-called Soil-box (Camitz
1980). All determinations were made on samples from the different test sites.
The main testing programme was performed on the samples taken with the large diameter sampler. For each test site and sampling level, comparative CRS-oedometer tests and
static active triaxial tests were performed on samples taken with the Swedish standard
piston sampler for control and comparison of the sample quality (see Section 5.1.2).
Prior to testing, the samples were stored in climate controlled chambers with a high degree of humidity and a temperature close to that prevailing in the ground, around 7°C.
During storage the large samples were kept sealed and confined in their cover of reinforced paraffin/vax mixture and the standard piston samples were kept within their plastic sampling tubes sealed with rubber caps at the ends.
The tests were performed with normal Swedish equipment, which is adapted to samples
taken with the Swedish standard piston sampler. This entailed that the specimens from
the large samples had to be cut out and trimmed to obtain test specimens with 50 mm
diameter, Figure 5.9. In order to get an optimum use of the samples and a large number
of as equal test specimens as possible, the large samples were divided according to the
pattern shown in Figure 5.9a. Seven 50 mm diameter specimens for triaxial tests could
in this way be obtained from each large part sample. When taking out a part of the larger sample, the intended cuts were marked on the surface of the sealed sample, the paraffin wax cover was removed along the actual cuts and the piece of the sample was cut
out using a special cutting rig and a wire saw. Directly afterwards, the remaining sample
was resealed and returned to the store chamber.
The remaining cover on the cut out piece was then removed and the test specimen
trimmed out to the right size. The specimens for triaxial tests were trimmed out to the
right diameter and length using a thin wire saw, a straight-edge and ordinary trimming
rigs for 50 mm diameter and 100 mm long specimens. The specimens for oedometer
tests were first trimmed to a diameter slightly larger than the inner diameter of the oedometer ring. They were then punched into the oedometer ring using a special punch
containing the oedometer ring and a sharp circular cutting edge. During the punching
operation, the excess material on the outside of the edge was successively removed to
minimize the disturbance of the remaining specimen in the edge and oedometer ring.
After the punching, the ends of the specimen were cut off along the ends of the oedometer ring.
The CRS-oedometer tests were performed according to Swedish practice on specimens
with 50 mm diameter and 20 mm height at a rate of compression of 0.0024 mm/min.
This rate normally assures that the excess pore pressure at the undrained end of the
specimen does not exceed the intended limits (Swedish Standard 1991).
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a)

b)

c)

d)

e)

Figure 5.9. Extraction of specimens, showing a) cutting pattern for optimum take out of
test specimens, b) marking of intended cuts and removal of cover, c) cutting in special
cutting rig, d) trimming of the diameter of a triaxial test specimen and e) punching of a
CRS-oedometer test specimen into the oedometer ring and successive removal of excess
material.
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The triaxial tests were performed on specimens that were first consolidated to the intended starting conditions and then tested in undrained conditions. The specimens were
enclosed in single thin rubber membranes and inclined strips of filter paper were applied
between the specimen and the rubber membrane to facilitate drainage and pore pressure
equalization within the specimen. In accordance with the practice at SGI, paraffin oil
was used as fluid surrounding the specimen in the triaxial cell.
The consolidation process was recorded and was usually completed within 24 hours.
The static undrained active tests were then performed at a rate of compression of 0.01
mm/min (approximately 0.6%/h), which is the normal testing rate in undrained tests on
clay used at SGI. Further details about the cyclic tests are given in Chapter 6.
All cyclic tests and static tests used for comparison with these were performed on samples taken with the large diameter sampler. As shown in Section 5.1.2, the properties at
small strains were generally better preserved in these samples compared to those taken
with the standard piston sampler. The behaviour at small strains up to failure and just
above was of major interest in this investigation. The large samples also provided a better opportunity to obtain fairly identical samples for the tests from which the results
should be compared.
Apart from differences in stiffness and failure strains, there might also be differences in
the undrained shear strength measured in the two types of samples. A comparison of the
results from all test sites shows fairly similar results with data falling on both sides of
the line for equal results, Figure 5.10. However, as an average the strength values from
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Figure 5.10. Undrained shear strength measured in specimens from the 200 mm samples compared to values measured in specimens from the Swedish standard piston sampler.
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the specimens from the large sampler were about 8% higher than those from the standard piston sampler. It should be observed that this is not a direct measure of the quality
of the samples but rather of the specimens after storage, cutting out and extrusion respectively and with different methods of trimming. It should also be observed that many
of the clays in this investigation have been selected because they are expected to be extra sensitive to disturbance. There is no general feeling that the results from the samples
taken with the standard piston sampler and tested according to the common procedure
would as a rule underestimate the undrained shear strength and that there is an extra
reserve available in practice. Neither do the experience from back calculations of different kinds of failure or full-scale tests point in this direction. However, in cases where
large disturbances of samples during sampling are experienced or difficulties arise to
obtain samples using the standard piston sampler, the use of the larger sampler may
remedy this.

5.4

Assessments of dynamic impacts

In construction works it is most often not vibrations in themselves that cause failure in a
clay mass, but the deformations that are caused by either the mass displacements at enforced introduction of objects into the ground or the deformations caused by the combination of static and dynamic loads, cf. section 3.3. The undrained shear strength of clay
normally starts to break down at a fairly small deformation. How small this deformation
is and how fast the strength reduction is depends on the type of clay. The allowable deformation due to dynamic loading is also depending on the stress level caused by the
static forces. In cases where the available strength is almost fully mobilized by static
loads, this margin is often very small. The deformations caused can be calculated fairly
well for certain actions as for example installation of piles, but are more difficult to estimate for heavy traffic and dumping of fill masses since every case is then unique.
The project has not been focused on studies of dynamic forces from various sources.
However, a few tentative calculations were made with FLAC3D to illustrate the possible effect of traffic loads from heavy transports with dumpers on uneven ground and the
dumping of fill masses.
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6 RESULTS
6.1

Soil characterisation

Results from tests of the geotechnical properties in the basic characterisation of the different clays are presented in Table 6.1. The data in Table 6.1 represent estimates of soil
properties in situ based on results from test performed after sampling in the present investigation and from earlier investigations at the sites. Since sampling of soils at several
levels at a test site involved a certain time lapse before the cyclic triaxial testing of a
number of the samples could commence, the properties at the time for cyclic testing
were evaluated from basic tests performed just before the cyclic testing. For more comprehensive test series, the water contents and liquid limits were checked at more than
one occasion.
The test sites and sampling depths were chosen to yield clays of a wide range of plasticity and sensitivity. The liquid limits, wL, of the clays are in the range of 39% to 94%
with water contents, wN, of 42-108% and plastic limits, wP, in the range of 21-35%. The
sensitivity, St, of the clays varies between 10 and 253.
In Sweden, the liquid limit is as a rule used for characterisation of clays instead of the
plasticity index, IP. The plastic limit as determined by the common rolling-out test is a
comparatively subjective method (Karlsson, 1981), and is normally not determined in
the Swedish routine testing of clays. The relation between wL and IP for the clays in the
investigation is shown in Figure 6.1. The data points lie slightly above the Casagrande
A-line (Casagrande, 1947), which internationally is often used as a borderline to distinguish between inorganic clays and organic and/or silty soils. The relations follow the
normal trend of Swedish clays (Karlsson and Hansbo, 1989) and the values for the marine clays from the western part of Sweden are also consistent with data reported for
Norwegian marine clays by Wood (1990).
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Figure 6.1. Plasticity index vs. liquid limit of the investigated clays.
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Table 6.1. Properties of the clays used in the investigations.
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In accordance with the use of wL instead of IP, the ratio of the water content to the liquid
limit, wN/wL, is normally used in characterisation of clays in Sweden rather than the
liquidity index, IL. The linear relation and regression line between IL and wN/wL for the
investigated clays is shown in Figure 6.2. The relation shows that for the clays in this
investigation the liquidity index can be estimated from IL = (2wN/wL -1) with good approximation. The liquidity index and the ratio wN/wL, which is denoted quasi liquidity
index, reflect the consistency of remoulded soils and thereby also their remoulded shear
strength and sensitivity. The sensitivity of clay increases and the remoulded strength
decreases with increasing liquidity index. Figure 6.3 shows the relation between the
quasi liquidity index and the sensitivity in the investigated clays. The results from the
west coast clays are in agreement with earlier data from the Göta river valley (Göta älv
Committee, 1962).
There is a considerable spread in Figure 6.3 and it should be observed that it is the remoulded shear strength that is directly linked to the quasi liquidity index. The sensitivity is the ratio between undisturbed and remoulded shear strength, the former mainly
dependent on the stress history of the soil whereas the second is mainly related to quasi
liquidity index and possibly chemical properties of the soil. The decrease in remoulded
strength with increasing ratio wN/wL and liquidity index is shown in Figures 6.4 and 6.5
respectively. The results in the present investigation diverge somewhat from those reported by Leroueil et al. (1983) for Champlain sea clay at remoulded strengths lower
than 1 kPa. The relation between liquidity index and remoulded strength may vary depending on clay mineralogy (Wood, 1990) and chemical composition. However, from
the definition of the fall-cone liquid limit, the shear strength at a liquidity index of 1 is
1.6 kPa (Karlsson, 1981), which entails that the results from different investigations
should coincide at this point.
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Figure 6.2. Liquidity index vs. ratio of water content to liquidity limit of the clays.
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Figure 6.3. Ratio of water content to liquidity limit vs. sensitivity of the clays.
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Figure 6.4. Ratio of water content to liquidity limit vs. remoulded undrained shear
strength of the clays.
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Figure 6.5. Liquidity index vs. remoulded shear strength of the investigated clays.

The remoulded shear strength is also affected by the chemical composition of the clay
and its pore water. The pH varied between 7.8 and 9.8 except in the clay from the fairly
shallow depth of 2.7 m in Äsperöd, where it was as low as 5.3. A slight decrease in remoulded shear strength with increasing pH-value could be observed, see Figure 6.6.
The relation between quasi liquidity index and remoulded shear strength can thus be
improved marginally by taking pH into account, Figure 6.7a. Also the relation between
quasi liquidity index and sensitivity can be considerably improved if pH and particularly
the value of the undrained shear strength are taken into consideration, Figure 6.7.b.
The best fit relation for the remoulded shear strength was found to be
cuREM = 13.8·(wN/wL)-5.86·pH-1.17
and for the sensitivity

S t = 0.096 · e2.13·(w N /w L )·pH

0 .15 ·c 0.2
u
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Figure 6.6. pH vs. remoulded shear strength of the clays.
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Figure 6.7. Relation between quasi liquidity index and a) remoulded shear strength with
consideration taken to influence of pH and b) sensitivity with consideration taken to pH
and undrained shear strength.
The measured electrical resistivity of the clays varied between 3 and 91 m. The resistivity reflects the salt content of a soil and may be used for assessment of the degree of
leaching that has taken place in marine clays. Resistivity measurements are therefore
sometimes used as supplements in detection of quick clay areas in the field. However, in
mapping of quick clay distributions in the field, resistivity measurements can only be
used to delimit zones or layers with unleached, non-quick clay, whereas other soil vol78 (140)

4

umes can only be designated as possible quick clay zones. Extensive further leaching
and weathering processes in quick clays near the ground surface or close to permeable
layers below or within the clay profile will lead to changes in ion composition which
may significantly reduce the sensitivity while maintaining a high resistivity (Rankka et
al. 2004, Solberg et al. 2008b, Larsson, 2011b). In Figure 6.8 is shown the large variation in sensitivity at different measured resistivities of the clays.
For Norwegian clay, Solberg et al. (2012) proposed the guidelines for resisitivity of 110 Ωm for unleached marine clay, 10-100 Ωm for possibly quick leached marine clay
and > 100 Ωm for dry crust and coarser soil. The main resistivity interval for quick
clays in the investigated area in their study was 14-80 Ωm. However, apart from different definitions of quick clay, the relation between sensitivity and resistivity depends on
more factors than the salt content in the pore water and such guidelines can only be regional. The limit for leached marine clays in western Sweden that are possibly quick has
most often been found to be 5-6 Ωm (Söderblom 1969, Larsson 2011b). In principle,
the results in the present study followed the general pattern and the only clay that in this
way would have been delimited as unleached and thereby not quick was Torpa 8 m,
which had a sensitivity of 26, see Figure 6.8.
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Figure 6.8. Measured sensitivity vs. resistivity of the clays.
The clay content of the soils varied between about 44 and 87%. Two of the clays from
the eastern part of Sweden, Strängnäs clay and Norrköping clay, were varved clays with
occasional very thin layers of silt at spacings of about 10-20 mm. The organic clay from
Mellösa included in the investigation had an organic content of about 3.4%. The organic
contents of the other clays are low, varying between 0.6 and 1.9%.
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The mineralogical analyses showed compositions common for Swedish clays, with the
dominating clay minerals being illite and to some extent chlorite. The colloidal activity
of the clays expressed as the ratio of the plasticity index to the clay content (Skempton,
1953) is in the range of 0.33 to 0.90, see Figure 6.9. Skempton (1953) classified clays as
inactive at activities lower than 0.75 and as normal clays at activities between 0.75 and
1.25. The most low active clays in this investigation are mainly highly sensitive and
quick clays whereas those classified as normal active clays are medium sensitive clays
from the eastern part of Sweden. The activity decreases with increasing sensitivity in
agreement with common observations for Swedish clays. The activity of low-sensitive
to medium-sensitive inorganic clays in Sweden is generally in the order of 0.4-1.1
whereas that of quick clay is often in the order of 0.2-0.4 (Karlsson, 1981). The activity
of varved clay is generally lower than 0.8 and that of organic clay higher than that of
inorganic clay.
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Figure 6.9. Variation in ratio, ac, of plasticity index to clay content for the investigated
clays.

Changes in properties with time in the laboratory was observed foremost concerning the
sensitivity of the highly sensitive clays, which decreased as the very low remoulded
strength slowly increased. A slight increase in liquid limit with time in the laboratory
was also observed in some of these clays. Figure 6.10 shows an example of variation in
some basic properties with time in one of the Fultaga samples observed in a test series
performed to illustrate the effect of storage time in the laboratory. The scatter in results
reflects natural variations between different parts of the sample.
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Figure 6.10. Variation in water content and consistency limits with time for storage of
Fultaga clay specimens from 6.40-6.90 m depth tested 0-90 days after sampling.
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Figure 6.11. Variation in sensitivity and strength with time for storage of Fultaga clay
specimens from 6.40-6.90 m depth tested 0-90 days after sampling.
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6.2

Cyclic shear testing in laboratory

6.2.1

General

All cyclic triaxial tests and the belonging static reference tests were performed on samples taken with the large diameter sampler. In spite of the great care taken taken in obtaining as identical specimens as possible, a certain variation still occurred due to presence of gravel size particles, root threads, shells, inclined varves and thin coarser layers
and channels in the clay. Apart from affecting the properties of the specimens, these
inclusions may to some extent also have affected the quality of the trimming of the
specimens.
6.2.2

Stress-controlled cyclic loading

6.2.2.1 General response

The stress controlled cyclic tests were performed as anisotropically consolidated active
undrained triaxial tests with an initial static shear stress and an additional cyclic stress
oscillating around this initial stress state. The tests were performed with different sizes
of the cyclic stress components, different frequencies and different overconsolidation
ratios.
The test specimens were first consolidated for about 80% of the estimated preconsolidation stresses in both vertical and horizontal directions, giving an overconsolidation ratio
of 1.3. An overconsolidation ratio of about 1.3 or slightly lower is typical for soft clays
in Sweden. In tests with higher overconsolidation ratios, the specimens were then unloaded to the estimated stress conditions after a corresponding unloading in the field.
After consolidation, the shear stresses were increased statically to an undrained stress
state corresponding to a factor of safety of 1.3, after which the additional cyclic stresses
were applied in undrained conditions. The cyclic stresses were selected so that the maximum sum of static and cyclic stress, tmax-cycl, corresponded to different percentages of
the undrained static shear strength. The cyclic loading was for most part performed with
a frequency of 1Hz, but some tests were also performed at slower rates (lower frequencies) to study the influence of frequency. The tests were normally continued for 1000
cycles or until failure occurred. However, a number of specimens were cycled continually up to 50000 cycles or until failure occurred. In tests where failure had not occurred,
the specimens were left to rest undrained for 1 hour and the creep deformations for the
static shear stress were registered during this period. The tests were then continued as
normal static undrained compression tests with constant rate of deformation.
At cyclic loading, the deformations in each load cycle first decreased with number of
load cycles until the accumulated deformations reached the failure deformations in the
undrained static tests. They then accelerated and failure occurred after a limited number
of further load cycles. After failure, the stress strain relations at further deformations
approached those that had been obtained in the preceding static tests, Figure 6.12a-d. In
test where no failure had been obtained, the stress strain curves in the static tests after
the rest periods closely followed those in the ordinary static tests, Figure 6.13. This is in
accordance with the general pattern outlined by Andersen (2009).
The change in behaviour when the static failure deformation is reached is better illustrated in Figure 6.14, where the deformations are plotted against number of load cycles.
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It can then be seen clearly that the accumulated deformations with number of cycles
increase when the failure deformation in static tests is passed. Also the excess pore
pressures follow a similar trend with a pore pressure build-up with number of cycles
that first decreases and then accelerates after the failure deformation has been passed.
The pore pressure measurements in the cyclic tests may be more or less inaccurate regarding the peak values in the cycles due to the response time in the measuring system,
but the measured trend for the mean value should be relevant, Figure 6.15.
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Figure 6.12. Examples of measured stress-strain response in static and stresscontrolled cyclic triaxial tests on three clays. The two upper diagrams show results
from the same type of clay but with different cyclic shear stresses.
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Figure 6.15. Example of measured pore pressure vs. number of cycles in a stresscontrolled cyclic triaxial test.

The rate effects entail that the sum of static and cyclic shear stresses in the cyclic tests
can be considerably higher than the static failure stress for a number of cycles. They
also entail that the momentary maximum effective vertical stresses can be considerably
higher than the preconsolidation pressures. However, the accumulated increase in pore
pressure entails that the effective stresses gradually become lower and that the stress
combinations approach the failure line, Figure 6.16. It should be observed that the failure line for cyclic tests at high frequencies is located parallel to but higher than the failure line for ordinary static tests due to a higher c´-value as a result of the rate effects,
see chapter 3.2.3.
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6.2.2.2 Strains at failure and number of cycles to failure

The shear strains accelerate when the accumulated strains exceed the failure strain at
static loading. However, the cyclic loading can then continue for a number of cycles
with further increasing strains until a more abrupt failure occurs The strain at which
this abrupt failure occurs was in most cases found to be between 1.2 and 3.5 times the
failure strain for static loads with an average of about 2 times. The exceptions were
clays taken at shallow depths and most likely affected by weathering. The organic clay
from Mellösa also showed a relatively high relation between the failure strains at cyclic
and static loading. No clear influence of the cyclic stress ratio max-cycl/cu, (where cu is
the undrained shear strength in static triaxial compression tests), could be observed,
Figure 6.17.
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Figure 6.17. Failure strains at stress-controlled cyclic loading in relation to the failure
strain at static loading.

In the stress-controlled cyclic tests that did not lead to failure within 1000 cycles, the
shear strains at 1000 cycles generally remained below the failure strains at static loading
or only marginally exceeded these. The creep deformations during the following 1 hour
rest period with only static load only marginally increased the accumulated permanent
shear strains. The shear strains increased with increasing cyclic stress levels but the results also indicated that there were different cyclic shear stress levels below which there
were no significant accumulated permanent strains. This stress level was particularly
high for the organic clay from 5 m depth at Mellösa, Figure 6.18. It should also be observed that much lower threshold levels than those indicated in the figure could be inferred from the tests on clays that failed more rapidly.
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Figure 6.18 Permanent strains after 1000 cycles of cyclic loading with different cyclic
stress levels in tests that did not lead to failure. For two types of clay the additional
creep deformations during the 1 hour rest period afterwards are also shown.
In the tests where failure occurred, there was an almost linear relation between cyclic
stress ratio and log number of cycles to failure. In tests where the total shear stresses
corresponded to the undrained shear stress at static loading the clays could withstand
between about 5000 to 50000 cycles until failure occurred. The results also indicate that
the organic Mellösa 5 m clay could withstand many more cycles at this condition. When
the total shear stresses amounted to 1.5 times the static shear strength, the number of
cycles to failure was between about 1 and 10, Figure 6.19.
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Figure 6.19 Number of cycles to failure versus cyclic stress level in stress-controlled
cyclic tests.
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6.2.2.3 Influence of cycling frequency

In the tests with different frequencies, the results showed similar relations between
stress level and number of cycles to failure, but with fewer cycles to failure the lower
the frequency, Figure 6.20. This is in accordance with what can be expected from the
strain rate dependency of the static shear strength where a lower rate entails a lower
strength (cf. Fig 3.10) and a lower frequency entails a lower rate of stress application
and a longer duration of the cyclic load. The results also indicate that the influence of
the frequency on the (log) number of cycles to failure at a certain stress level (or the
stress level at a certain number of cycles to failure) may be related to log frequency,
which is exemplified in Figure 6.21.
Rate effects are discussed further in section 6.2.3 and 6.2.4.
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Figure 6.20. Number of cycles to failure in stress-controlled cyclic tests with different
frequencies of the cyclic loading.
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6.2.2.4 Influence of storage period

The classification tests had shown that the soil properties, and particularly the sensitivity, could change with time when the samples were stored in the laboratory. The extensive triaxial testing programme entailed that the samples were tested after different storage times. A series of comparative stress-controlled cyclic triaxial tests were therefore
performed on samples taken in the same sampling operation but tested after different
times; soon after their arrival in the laboratory, i.e. 3-5 days after taking, and after being
stored 3 months in their unopened seal of reinforced paraffin-wax cover in the climate
controlled store room in the laboratory. No significant effect of the storage period could
be observed on the results of these tests, Figure 6.22.
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Figure 6.22. Number of cycles to failure at different cyclic stress levels on Fultaga clay
using “fresh” samples and samples stored for 3 months respectively.
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1

10

6.2.3

Strain-controlled cyclic loading

6.2.3.1 General response

The specimens for the strain controlled cyclic tests were consolidated in the same way
as those for the stress controlled tests and started at the same initial static shear stress
conditions. Most of the tests were also performed with a frequency of 1 Hz.
The strain controlled cyclic tests were performed with two levels of strain; up to the
failure strain at static loading and two times this strain. The specimens were subjected
to this enforced deformation 100 times. At the first strain level, the shear stress at the
peak deformation, tcycl, decreased gradually from values considerably above the shear
strength in static tests to values close to or somewhat below this shear strength, Figure
6.23a and Figure 6.24a. At the return of the deformations to the start values, the shear
stresses gradually approached zero and in some cases became slightly reversed. At the
second strain level, the maximum shear stresses decreased more rapidly from similar
values in the first cycle to considerably lower values in the following cycles, Figure
6.23b and Figure 6.24b. At return of the strains to the starting values, the shear stresses
became significantly reversed.
After the cycling, the specimens were allowed to rest in undrained conditions with the
initial shear stress applied for 1 hour. The undrained creep deformations during this period were moderate in the cases with cycling up to the static failure strain but considerable and in some cases leading to creep failure in the cases with larger cyclic strains. In
the latter cases, creep failure would probably also have occurred in more tests if the duration of the creep period had been longer. The specimens were then subjected to further
deformation at the normal rate of strain. The stress strain curves in these phases relatively rapidly adhered to those obtained in the normal static tests. At the first strain level,
there was no or only a moderate reduction in shear strength due to the cycling, whereas
there was a considerable reduction at the second strain level. However, this reduction
was not quite as large as the decrease in stress level during the cycling. This can be
interpreted as that the failure strain had changed significantly in all tests where the shear
stress during cycling had decreased below the undrained shear strength and that the decrease in shear stress was then partly due to the fact that the shear strength was only
partly mobilized in the strain-controlled cycles.
The pore pressure measurements turned out to be unreliable at the fast testing rate, particularly when the shear stresses became reversed.
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Figure 6.23. Examples of measured stress-strain response in the cyclic strain-controlled
and static triaxial tests, with maximum cyclic strains corresponding to a) the failure
strain in static tests and b) two times the failure strains in static tests.
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Figure 6.24. Examples of measured reduction in shear stress vs. number of cycles in the
cyclic strain-controlled triaxial tests, for maximum cyclic strains corresponding to a)
the failure strain in static tests and b) two times the failure strains in static tests.
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6.2.3.2 Reduction in shear stress during cycling

The reduction in shear stress in the cycles to the first strain level corresponding to the
failure strain in static tests was very similar for all types of clay except one. The reduction in maximum shear stress with increasing number of cycles is shown in Figure
6.25a, with the uppermost diagram showing the ratio between the maximum cyclic
shear stress in the cycle and the undrained shear strength, the middle diagram showing
the cyclic shear stress normalized to the maximum cyclic shear stress in the first cycle
and the lower hand diagram showing the percentage of reduction in maximum cyclic
shear stress to the total reduction after 100 cycles. At the first strain level, the stress
generally decreased from values between 1.3 to 1.9 times the undrained shear strength
to values close to the undrained shear strength. The decrease was largest during the first
cycles and almost evened out towards the end of the cycling after 100 cycles. The exception was the clay from 5 m depth at Norrköping where the decrease was very rapid
to end at a value of about 75% of the undrained shear strength. The discrepancy may be
related to the varved nature of this clay with embedded closely spaced thin silt layers.
At the second cyclic strain level of twice the static failure strain, the shear stresses decreased more rapidly to values between about 90 and 30% of the undrained shear
strength, Figure 6.25b. The highest remaining proportion of the undrained shear strength
was found in the organic cay from Mellösa. In these tests, two patterns were found for
the stress reduction; one where the stress decreased rapidly to even out and become almost constant after 10 – 20 cycles and one where the stress decreased more gradually
and had not evened out fully at the end after 100 cycles. The first group contained many
of the extreme quick clays and the Norrköping clay with its thin silt layers. Also the
clay from Torpa 5.5 m with frequent open water-filled vertical and horizontal channels
fell into this group. As previously stated, the measured stress reduction is not equal to a
corresponding decrease in shear strength. Nevertheless it can be seen as an indirect
measure of the breakdown of the structure and strength of the clay.
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Figure 6.25. Degradation of maximum shear tress in the cyclic strain-controlled triaxial
tests. Cyclic strains corresponding to a) the failure strain in static tests and b) two times
the failure strains in static tests.
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6.2.3.3 Influence of cyclic strain frequency

The influence of the frequency at the cyclic loading was investigated also for the straincontrolled cyclic tests. Additional series of tests were thus performed with frequencies
of 0.1 and 0.01 Hz. The results were in principle similar to those from the tests at 1Hz
but the maximum shear stresses in the cycles were lower and the shear stress reversal at
return to the deformations at start was less pronounced, Figure 6.27.
The pore pressure measurements appeared to be more reliable. They indicated a rapid
increase in average pore pressure during the first cycles which then gradually evened
out. The stress paths showed effective vertical stresses going up to around the preconsolidation pressures in the first cycle and then decreasing. In the slowest tests, the values
concerning undrained shear strength, effective vertical stress and effective strength parameters in the first cycle were similar to those obtained in ordinary static tests. In the
further cycles, the effective stresses and thereby the shear stresses decreased and also
the effective stress parameter c´ appeared to decrease, Figure 6.28. However, it should
be observed that failure is not reached in these cycles.
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Figure 6.26. Examples of measured stress-strain response in strain-controlled cyclic
tests at 0.01Hz with cyclic strains equal to a) the failure strain in static tests and b) two
times this strain respectively.
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Figure 6.27. Examples of results from strain-controlled cyclic tests at 0.01Hz with cyclic strains equal to a) the failure strain in static tests and b) two times this strain respectively.
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Figure 6.28. Examples of pore pressure measurements and stress paths at straincontrolled cyclic tests at 0.01Hz with cyclic strains equal to a) the failure strain in static
tests and b) two times this strain respectively.

Apart from the maximum shear stresses in the cycles being lower in the tests with lower
frequencies, there was no difference in the relative decrease with number of cycles as
long as the shear strains did not exceed the failure strains in static tests. On the other
hand, there was a pronounced difference in the rate at which the maximum shear stresses decreased in the tests with larger shear strains in the cycles, Figure 6.29. In principle,
the decrease was faster the higher the frequency was. This in turn may more or less be
related to the more pronounced reversal of the shear stresses in the faster tests. As
shown by Andersen (2009), a reversal of the shear stress direction has a dramatic effect
on the breakdown of the resistance against cyclic loading.
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Figure 6.29. Examples of reduction of maximum shear tress at strain-controlled cyclic
loading at different frequencies in tests with cyclic strains equal to a) the failure strain
in static tests and b) two times this strain respectively.

In tests where the cyclic strains equal the failure strains at static loading, the shear
stresses were depending on frequency (or rate) in a similar way as the results of static
tests are strain rate dependent. This applied to the results after any given number of
cycles within the testing range up to 100 cycles. In the tests with cyclic strains amounting to two times the static failure strains this only applied to the stresses in the very first
cycle. Thereafter, the maximum shear stresses in the cycles were less affected by the
frequency and the small effects were in the opposite direction and rather related to the
faster break down at higher frequencies mentioned above, Figure 6.30. This is also in
agreement with the general behavior of clay at static loading, where the rate effects are
most pronounced regarding peak effects at the failure strain and become less significant
at larger strains (e.g. Torstensson 1973).
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Figure 6.30. Examples of effects of frequency on the maximum shear stresses in certain
cycles in strain-controlled cyclic tests with different frequencies and with cyclic strains
equal to a) the failure strain in static tests and b) two times this strain respectively.

6.2.3.4 Effects of storage time on the results of strain controlled cyclic tests

A possible effect of the time for storage in the laboratory on the results was also
checked by comparative tests with strain-controlled cyclic tests. As for the comparative
tests with stress-controlled cyclic tests, tests were performed on samples as soon as possible after their arrival in the laboratory, in this case less than a week after sampling, and
after 3 months storage of sealed unopened samples taken in the same sampling operation. As for the previous tests, cf. Figure 6.22, no significant effect of storage on the
results from the strain-controlled cyclic tests could be observed, Figure 6.31.
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Figure 6.31. Effect of storage period on results from strain-controlled cyclic triaxial
tests.

6.2.4

Observed strain rate effects in the first load cycle.

That the undrained shear strength in static tests is strain rate dependent is well established. Significant rate (and frequency) effects were also observed in the cyclic tests
results. Since the rate of strain in the strain-controlled cyclic tests is known, it is possible to compare the maximum shear stresses in the first cycles with typical test results
from static tests at constant rates of strain. In Figure 6.32 a comparison is made with the
typical rate effects reported by Lunne and Andersen (2007), cf. Figure 3.10.
The results presented by Lunne and Andersen (2007) were normalized against the present normal testing rate in undrained triaxial tests at the Norwegian Geotechnical Institute of 4.5%/h. The normal testing rate at SGI is 0.6%/h, and the data from Lunne and
Andersen (2007) have been adjusted accordingly. The data from the cyclic tests in the
present investigation are taken as the maximum shear stress in the first cycle of cyclic
strains.
The results show that the observed rate effects in the first load cycle in the cyclic tests in
the present investigation fall within the same range as that presented for static tests by
Lunne and Andersen (2007). The rate effects concerning maximum shear stress in cyclic and static tests may thus be expected to be about the same.
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Figure 6.32. Comparison between rate effects in the first load cycles in the straincontrolled cyclic tests and those reported for static tests by Lunne and Andersen (2007).

6.2.5

Influence of clay properties

6.2.5.1 General

When studying the influence of different clay properties, it must be considered that
many of the properties determined in different classification tests are linked more or less
directly. An apparent influence of a certain parameter may therefore be an effect of that
it is related to another parameter that has the real influence.
In this investigation, the parameters bulk density, water content, plastic limit, liquid
limit, undrained shear strength, remoulded shear strength and sensitivity, (the latter four
parameters determined by the fall-cone test) have been determined according to Swedish routine testing for classification. They have also been supplemented by determinations of organic content, clay content, soil resistivity and pH.
The clays in this investigation have been completely water saturated and the mineral
composition, and thereby the density of the solid particles, has been fairly uniform. The
bulk density of the soil is thereby almost directly linked to the water content, and vice
versa, and also to the porosity and void ratio of the soil. The organic content and the salt
content in the pore water may have some minor but normally negligible influence on
these relations. Since the water content in soft clays is highly dependent on the liquid
limit, both bulk density and water content are strongly linked to this parameter.
The plastic limit is related to parameters such as clay content, organic content and salt
content, among others. The variation in this investigation was moderate, between 21 and
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28% except for the organic Mellösa clay where it was 35%. It has here only been used
in determinations of the liquidity index and the plasticity index.
The liquid limit is also related to parameters such as clay content, organic content and
salt content, among others. Many empirical relations for clay properties and behavior
are linked to the liquid limit or the plasticity index (wL-wP). However, the influence of
these parameters is often obscured by other factors and for example the properties and
behavior of an inorganic clay and an organic silty clay with the same liquid limits are
normally very different.
The undrained shear strength of a soil is a result of its composition and effective stress
history. The shear strength measured by the fall cone-test is an average strength which
for Swedish clays can be linked to the liquid limit (or plasticity) of the soil. In most profiles, the liquid limit decreases with depth at the same time as the effective stresses and
the undrained shear strength increases. An apparent effect of the level of the undrained
shear strength may thus be a result of the latter factors. Also other parameters such as
the salt content often vary with depth.
The remoulded shear strength varies, as shown in Section 6.1, mainly with the relation
wN/wL. The sensitivity is the relation between undrained and remoulded shear strength
and is linked to the same parameters.
The organic content, the clay content and pH can be seen as independent parameters.
However, their influences can be mixed up since they affect many of the other parameters and some of the effects are already included in these.
The resistivity is an indirect measure of the salt content in the clay. It is influenced not
only by the salt content but also by the water content (porosity) of the soil and the
chemical and mineral compositions of the salt and solid particles. The salt content is an
indicator of the possibility for the clay to be quick.
Great care must therefore be taken when analyzing what factors affect the soil behavior
at cyclic loading. Some strong relations, for which there is a logical explanation and for
which there is support from other investigations and experience can be considered as
established. Other apparent relations, for which such support is missing, should only be
seen as tentative indications that need further confirmation and may be looked into in
further investigations. Multivariable analyses may give similar tentative indications, but
may be misleading and give very different results with other sets of data.
6.2.5.2 Static tests

The modulus of elasticity and the failure strain in undrained static tests is usually related
to the plasticity of the soil or, in the case of organic soils, to the organic content (e.g.
Bjerrum 1973, Larsson 1990). This was the case also in this investigation, even if the
spread in the results in the low-organic low-plastic region was considerable, Figure 6.33
and Figure 6.34. The failure strain in static tests thus generally increases with increasing
organic content and plasticity. When considering the possible influence of low organic
contents, it should be born in mind that the contents are expressed in per cent of dry
weight and the volumetric shares in the soil mass are much larger. A certain relation
between void ratio and failure strain could also be detected, which could be expected
from the link between void ratio and plasticity mentioned above.
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Figure 6.33. Failure strain in static triaxial compression tests as a function of a) organic content and b) liquid limit and c) void ratio.
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Figure 6.34. Comparison with failure strain in static triaxial compression tests reported
in literature as a function of a) organic content and b) liquid limit.

6.2.5.3 Stress-controlled cyclic tests

Failure strain
After passing the failure strain in the static tests, the strains in the stress-controlled cyclic tests increased at an accelerating rate but real failure occurred first after a certain
further deformation. As an average, the real failure occurred at a strain twice as large as
the static failure strain. This means that the real failure strains, as well as the margin
between the start of accelerating strains at the static failure strain and the real failure
strain, could also be related to the organic content and increased with these parameters.
The largest margins were found for relatively low-sensitive clays. A certain decrease in
the relation between cyclic and static failure strain could be observed with increasing
void ratio, e, indicating that a higher void ratio would facilitate a faster breakdown of
the soil structure, Figure 6.35. No significant differences from these patterns were observed in tests with other overconsolidation ratios or frequencies.
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Figure 6.35. Failure strain in stress-controlled cyclic tests expressed as a) failure strain
versus organic content, b) margin between failure strain in cyclic and static tests versus
organic content and c) relation between cyclic and static failure strain versus void ratio.

A multi-variable analysis with the spread-sheet program EXCEL indicated that apart
from the organic content and void ratio, also pH might affect the failure strain at stresscontrolled cyclic loading, Figure 6.36.
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Figure 6.36. Result of a multi-variable analysis of factors affecting the failure strain in
stress-controlled cyclic tests.

Comparison with classification charts
The risk of liquefaction of clays at earthquakes is often estimated from charts based on
the water content and consistency limits of the soil. These charts and other empirical
relations of this kind are usually supplied with a caution that other criteria may apply to
highly sensitive clays. The soils in the present investigation are much more sensitive
than those forming the basis for the charts presented in literature. Since they are sensitive, they also have high liquidity indices and from that criteria fall into the category of
easily liquefiable soils.
A check was made if such charts could be used to distinguish which soils would fail
after a limited number of cyclic loads which exceed the static failure load by a certain
margin. The results showed that also some high-plastic clays could be broken down
fairly easily and that there was no simple relation based on the plasticity alone, Figure
6.37.
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Figure 6.37. Susceptibility to degradation in stress-controlled cyclic tests compared to
proposed charts for evaluation of liquefaction risk at earthquakes, expressed as stress
ratio leading to failure at 10 cycles.

Cyclic stress level leading to failure at a certain number of cycles and number of cycles leading to failure at a certain cyclic stress
The cyclic stress level leading to failure at 10 cycles was found to be related to the sensitivity of the soil and to some degree to organic content. The same was found for the
number of cycles leading to failure at a cyclic stress level of 1.3 times the static failure
stress. The organic clay from Mellösa was forming a “group” of its own with significantly higher values of both cyclic stress leading to failure at 10 cycles and number of
cycles to failure at a cyclic stress level of 1.3 times the static failure stress but a certain
influence of the organic content was indicated also for the clays with lower contents,
Figure 6.38 and Figure 6.39.
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Figure 6.38. Cyclic stress level leading to failure at 10 cycles versus a) sensitivity and
b) organic content.
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Figure 6.39. Number of cycles to failure at a cyclic stress level of 1.3 times the static
failure versus a) sensitivity and b) organic content..

Multivariable analyses also indicate that sensitivity and organic content are the main
governing factors for the stress level leading to failure at a certain number of load cycles
and number of cycles to failure at a certain cyclic stress level. However, they also indicate that factors as the liquid limit and undrained shear strength might play roles, Figure
6.40. The latter parameters would be more difficult to explain if their relations to other
parameters are not taken into consideration.
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Figure 6.40. Results of multi-variable analyses of factors affecting a) cyclic stress level
leading to failure at 10 load cycles and b) number of cycles to failure at a cyclic stress
level of 1.3.
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3

6.2.5.4 Strain-controlled cyclic tests

Comparison with classification charts
A similar check as for the stress-controlled tests was made for the applicability of the
charts for liquefaction risks for susceptibility to fast degradation in strain-controlled
tests. The criterion used was how much of the total reduction at 100 cycles had occurred
already after 10 cycles in the strain-controlled tests with 2 times the static failure strain.
The results, like those for the stress-controlled tests, showed that there was no simple
relation based on the plasticity alone, Figure 6.41.
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Figure 6.41. Susceptibility to fast degradation in strain-controlled cyclic tests with
maximum strains equal two times the failure strains in static tests, expressed as stress
reduction after 10 cycles in percent of total reduction after 100 cycles, compared to
proposed charts for evaluation of liquefaction risk at earthquakes.

Maximum shear stress in the first load cycle
The maximum shear stress in the first cycle in the tests performed at 1 Hz varied between about 1.4 and 2.0 times the undrained shear strength in normal static tests. As
demonstrated earlier, this can be attributed to rate effects. A small part of this variation
could be related to the fact that the strains in the tests and thereby the strain rates varied.
However, this effect was minor for the tests performed at the same frequency and the
main differences were related to other factors. The main affecting factor was found to
be the water content (or void ratio), Figure 6.42. The rate effects thus increased with
increasing water content (void ratio) which is in analogy with previous findings that
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Figure 6.42. Maximum cyclic shear stress in first load cycle in strain-controlled cyclic
tests with strains exceeding the static failure strain versus void ratio.

rate (or creep) effects in saturated Swedish soft soils are related to the water content (or
void ratio) (Larsson 1986, 1990). In a first load cycle, the soil can thus mobilize a shear
resistance that is higher than the static undrained shear strength and this difference increases with increasing void ratio. The void ratio in soft soils is related to the plasticity
of the soil and consequently high-plastic soils can generally withstand higher single
cyclic loads than low-plastic soils before they fail.
Multi variable analyses of the maximum cyclic shear stress in the first load cycle in relation to the shear strength in ordinary static undrained triaxial compression tests indicated that apart from the void ratio, there might be influences of the organic content, the
average undrained shear strength and the resistivity.
Stress reduction with number of cycles
In the cyclic tests that were performed with strains up to the static failure strain but not
exceeding this, there was no failure or significant strength reduction. The only factor
that significantly affected the results was the frequency which entailed that the maximum shear stress in the cycles decreased with frequency like normal rate effects. The
maximum stresses in the cycles decreased with number of cycles to gradually even out
towards the end of the tests. A certain tendency for a more rapid decrease in maximum
shear stress with increasing sensitivity could possibly be detected.
In the cyclic tests performed with strains equal two times the static failure strain, the
maximum shear stress in the cycles decreased more rapidly than in the previous tests. It
should be observed that this did not correspond directly to a decrease in shear strength,
since this was only reached in the first cycle(s), but is still an indirect measure of the
breakdown of the soil structure. It should also be observed that the amount of remoulding in this way varied with the failure strain. The amount of remoulding (or accumulated straining) thus in principle increased with increasing organic content and plasticity of
the soil.
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There was a clear influence of the sensitivity, and the related liquidity indices, on the
rate of decrease of the maximum stress in the cycles. The relative decrease in maximum
stress was most pronounced in the first cycles but continued also at the end values after
100 cycles. The organic content also affected, and the relative decrease in maximum
stress was least for the organic Mellösa clay in spite of the fact that it was subjected to
the largest strains. The relative decrease in maximum shear stress appeared to be somewhat lower in tests with lower frequencies. That the relative decrease in maximum
stress was related to the sensitivity and most pronounced in the first cycles means that
also the decrease at a limited number of cycles relative to the total decrease after 100
cycles was largest for the most sensitive clays, Figure 6.43. Any relation to the plasticity, apart from that in the applied remoulding work, was difficult to detect.

2
max = 2*f-static

tcycl/cu

1,5

East coast clay - 2 cycles
10 cycles
100 cycles
West coast clay - 2 cycles
10 cycles
100 cycles

1

0,5

0
0

50

100

150

200

250

300

St

Figure 6.43. Maximum stress in cycles 2, 10 and 100 in strain-controlled cyclic loading
to two times the static failure strain versus sensitivity.

Multi-variable analyses of the maximum shear stress after 10 and 100 cycles in the
strain-controlled tests with 2 times the static failure strain indicated that the main affecting factors were water content and liquid limit with possible influences of average undrained shear strength and resistivity, Figure 6.44. This is the same combination of parameters that affect liquidity indices, remoulded shear strength and sensitivity and is
thereby in correspondence with the observed influence of sensitivity or liquidity index
when the influence of different parameters were studied separately.
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Figure 6.44. Results of multi-variable analyses of factors affecting the maximum shear
stress in load cycles at strain-controlled cyclic tests with 2 times the static failure strain.

6.2.5.5 Influence of overconsolidation ratio OCR

Most tests were performed on specimens with the typical overconsolidation ratio of 1.3
for soft Swedish clays. However, a number of tests were performed at overconsolidation
ratios of 2 and 4 in order to investigate the possible effect of OCR. The tests were performed with both stress-controlled and strain-controlled cyclic loading.
In principle, the results from the tests were the same. The results from the stress controlled cyclic tests scattered somewhat but a certain trend of a moderate decrease in
number of cycles to failure at the same relative shear stress level with increasing OCR
could be observed, Figure 6.45 and Figure 6.46. In the results from the strain-controlled
cyclic tests there is only a small tendency for a faster degradation with increasing OCR.
The same two groups of behavior regarding breakdown of strength and structure could
be observed but no difference related to OCR within these groups, Figure 6.47.
The effect of overconsolidation ratio in the range of OCR = 1-4 is thus limited. Apart
from a certain decrease in undrained shear strength at static loading, the influence of
OCR within the given range on the normalized results is relatively small. This is also in
accordance with the general behaviour of clays at cyclic loading as outlined by Andersen (2009).
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Figure 6.47. Effect of overconsolidation ratio on the results of strain-controlled cyclic
tests.
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6.3

T-bar testing in situ

6.3.1

General

T-bar tests were performed at all 12 test sites and altogether 23 cyclic T-bar tests were
carried out. Soil properties and measured data in the cyclic tests are presented in Table
6.2.
Among the data presented in the table, qnetREM is the evaluated net tip resistance after 10
full cycles of remoulding in the cyclic T-bar tests and q/qin is the relation between evaluated net tip resistance after the given number of cyclic remouldings and the net tip resistance at the first penetration of the T-bar tip in undisturbed soil.

Table 6.2. Soil data and measured values in the cyclic T-bar tests.
Test site

Depth
m

St

Mellösa

5
10
8.5
10
Strängnäs
5.8
49
Norrköping
5
21
Linköping
5
16
Gläborg
4.5
185
6
180
9.9
180
Munkedal
5
28
10
253
Fultaga
6.5
94
10.5
95
Onsjö
3.6
25
7
219
Torpa
3.5
41
5.5
42
8
26
Fråstad
6.5
49
Äsperöd
2.7
10
7
108
Kattleberg
4.5
151
8
224
12
203
1)
Determined by the fall-cone method

6.3.2

wN/wL

1.07
0.99
1.29
1.12
1.03
1.58
1.63
1.48
1.08
1.36
1.39
1.19
1.05
1.22
1.19
1.11
1.04
1.29
1.00
1.14
1.57
1.47
1.44

1)

cuREM
kPa

1.02
1.58
0.20
0.81
1.25
0.08
0.11
0.11
0.86
0.12
0.21
0.37
0.96
0.14
0.50
0.48
0.93
0.47
2.10
0.27
0.08
0.07
0.07

qnetREM
kPa

NTbarREM

24.2
26.9
6.6
32.6
34.1
15.7
13.1
22.2
23.1
6.2
15.2
25.0
21.2
14.8
30.4
25.6
38.1
27.5
61.5
25.4
8.4
12.8
14.8

23.7
17.0
33.5
40.2
27.3
207.1
119.1
201.6
26.9
54.1
75.8
67.5
22.1
105.9
60.8
53.3
40.9
58.6
29.3
94.1
105.4
191.2
211.7

q/qin
1cycle
%
40.4
41.9
30.6
45.5
44.9
30.5
26.6
30.4
32.2
19.3
29.0
28.2
36.1
23.9
35.1
35.9
39.6
38.1
42.8
35.8
26.5
28.6
21.8

q/qin
10cycles
%
17.3
16.9
7.8
22.3
19.9
10.2
9.0
11.4
11.9
2.7
8.3
9.0
8.3
5.4
12.7
12.3
15.6
12.7
20.5
12.3
8.3
8.7
10.4

Results of static tests

The curves for the T-bar penetration test results resembled those obtained in CPTs although the absolute sizes of the measured data differed. The evaluated net tip resistances
and generated pore pressures were thus generally lower than those measured in CPTs
nearby. T-bar tests are normally expected to yield more even results (i.e. less jagged
curves) than CPTs. This could not be observed in the present results. One reason for this
may be the poorer resolution, which resulted in extra jaggedness for the relatively low
measured values and the fact that the clay in most cases contained significant amounts
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of shells and other embedded particles which the enlarged tip was more likely to hit
during the penetration.
Another general observation was that the net tip resistance did not increase with depth at
the same rate as the undrained shear strength. This entailed that the factor NTbar decreased with depth. In the Swedish clays, the overconsolidation ratio and the liquid limit
normally vary with depth. In the soft clays, the overconsolidation ratio varies primarily
in the zone affected by dry crust effects closest to the ground surface but a certain less
pronounced decrease often continues further down. In many profiles, the composition of
the soil changes gradually from partly organic soil at the top to clay, silty clay and
varved silty clay with silt layers further down. This is mirrored by a gradual decrease in
liquid limit with depth. In other profiles the soil composition and liquid limits can be
almost constant down to the bottom layers. Figure 6.48 shows the results of T-bar tests
in two profiles; Mellösa with a continuously decreasing liquid limit and Linköping
yacht harbour with an almost constant liquid limit with depth. The reference undrained
shear strength has been determined by CPTs evaluated according to SGI Information
No. 15 (Larsson 2007) and verified by field vane tests and direct simple shear tests. The
shear strength from the T-bar tests in the figure is calculated with a constant
NTbar-factor of 11.5.
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Figure 6.48. Example of results from T-bar tests compared to undrained shear strength
from CPTs.
a) Mellösa with continuously decreasing liquid limit with depth
b) Linköping with almost constant liquid limit with depth
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6.3.3

Evaluation of undrained shear strength

A direct comparison between the evaluated net tip resistance in the T-bar tests and the
reference shear strength yielded NTbar-factors varying between 6.5 and 19.
Experience from CPTs (Larsson and Åhnberg 2003, 2005) has shown that the results in
Swedish clays have to be corrected for overconsolidation ratio according to
 OCR 
N kt  N kt (OCR1.3) 

 1.3 

0.2

where Nkt(OCR=1.3) is the cone factor at a normal overconsolidation ratio of about 1.3 in
Swedish clays classified as normally consolidated to slightly overconsolidated. No correction is made for overconsolidation ratios below 1.3. The principles for CPTs and Tbar tests are similar and judging from the test results a corresponding correction with
regard to overconsolidation ratio should be made of the results from the T-bar tests.
The spread in NTbar-factors decreased considerably after a such correction. The variation was still large, between 6.5 and 15.5, but had then changed from an apparently random variation to a function that could be clearly related to the liquid limit, Figure 6.49.
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Figure 6.49. Evaluated NTbar-factors after correction for overconsolidation.
Some of the spread in factors in Figure 6.49 may depend on an uneven quality of the
reference shear strengths. The CPT- and T-bar values have also been evaluated for each
0.2 m depth interval and a slight discrepancy in absolute level between the tests may
also have contributed to the spread. The results from field vane tests are often uneven
with somewhat jagged relations with depth. Profiles from both CPTs and field vane
tests are usually more or less smoothed at the subsequent engineering judgment of the
undrained shear strength. No such attempts to even out the profiles have been made in
this case but the values have been used as measured. Nevertheless, there is a clear relation which shows that the results from T-bar tests in Swedish clays should be corrected
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with regard to the liquid limit similar to the results from CPTs. According to the results
a rough estimate of the NTbar-factor can be made as
N Tbar(OCR1.3)  4.4  8.4wL

In literature, the NTbar-factor has been proposed to vary with the sensitivity. No such
relation could be found from the results in this investigation. Previous investigations
have as a rule been performed on clays which in Sweden would have been classified as
low and medium sensitive with accentuation on the former. The present investigation
has primarily involved medium and high sensitive clays and quick clays with a pronounced stress on the latter types. However, the sensitivity is not a good measure of the
degradation of the strength that occurs when a T-bar tip passes the level during a first
penetration. Although the remoulding is large, there always remains a shear strength
that is considerably higher than the completely remoulded shear strength according to
the results from the cyclic tests. Investigations of how fast the shear strength is broken
down at remoulding have shown that this in principle becomes faster with decreasing
liquid limit and increasing sensitivity (Andersen 2009, Larsson and Jansson 1982, Tavenas et al. 1983). However, at the interpretation of the results from the static T-bar tests
no corresponding relation for the NTbar-factor to that with the liquid limit could be obtained with sensitivity. Neither could an influence of sensitivity be detected for if the
values were located above or below the average relation in Figure 6.49.
6.3.4

Results of cyclic tests

The remoulded shear strength is normally evaluated from the net tip resistance after the
tip has been cycled 10 times up and down at the actual level and the net tip resistance is
assumed to have reached its minimum, Figure 6.50.
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Figure 6.50. Example of reduction in net tip resistance in a cyclic T-bar test.
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The remaining net tip resistances after 10 cycles, qTbarREM, varied between about 6 and
60 kPa or about 2 to 20% of the original net tip resistance at the first penetration. It
should be observed that the lowest values were of approximately the same size as the
inaccuracy of the probe, which may be expected to have contributed to the spread in the
results. In spite of this, a clear trend could be found where the net tip resistance increased about linearly with the remoulded shear strength determined in the laboratory,
Figure 6.51.
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Figure 6.51. Measured relation between remoulded shear strength and net tip resistance after 10 cycles in cyclic T-bar tests.

According to the results from the cyclic T-bar tests, a rough estimate of the remoulded
shear strength cu,REM in soft Swedish clays could be made from
cu , REM 

qTbarREM  12.8
18.3

The relation does not pass through origin and indicates that a certain net tip resistance
would occur even at zero remoulded shear strength. This in turn suggests that an extra
viscous resistance occurs at the penetration of the tip in addition to that created by the
remoulded shear strength. As a result, the factor NTbarREM decreases from very high values of several hundreds in quick clays with low remoulded shear strength to gradually
approach values that have previously been reported in literature for clays with higher
remoulded shear strengths and lower sensitivities, Figure 6.52. The scatter at high sensitivities depends partly on the measuring accuracy of the probe and partly on the very
low remoulded shear strengths and thereby high sensitivities that are referred to. In the
quick clays, the remoulded shear strength is often at the border of what can be measured
with ordinary geotechnical test equipment.
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Figure 6.52. Measured relations between factor NTbarREM and sensitivity from fall-cone
tests in the laboratory.

The factor NTbarREM is often related to the sensitivity St and could according to the test
results for soft Swedish clays be roughly estimated from
N TbarREM  14.5  0.8S t

NTbarREM increases with increasing sensitivity similar to what has been proposed by
Yafrate et al. (2009), but the values obtained in this investigation are considerably higher.
Since the remoulded shear strength and the sensitivity can be related to the liquidity
index and quasi liquidity index wN/wL (e.g. Göta-älv Committee 1962, Larsson and
Åhnberg 2003) it is also possible to link factor NTbarREM to these parameters, Figure
6.53. However, an additional spread then occurs due to minor errors in the determinations of both natural water content and consistency limits and the applicability of these
values to the actual test point, and also to the fact that the relations between liquidity
indices and sensitivity differ somewhat for different clays and undrained shear
strengths.
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Figure 6.53. Evaluated relations between NTbar,REM and quasi liquidity index wN/wL.
The sensitivity is the relation between undisturbed and remoulded undrained shear
strength cu/cu,REM. It has previously been suggested to be evaluated from cyclic T-bar
tests as the net cone resistance at the first penetration divided by the net cone resistance
after 10 full cycles of remoulding. However, this does not correspond to the sensitivity
since the factors NTbar and NTbarREM for evaluation of undrained and remoulded shear
strength differ. Yafrate et al. (2009) proposed an exponential relation between this quotient and the sensitivity. None of these methods proved to be applicable to the results in
the present investigation.
The sensitivity has been compared to how much of the original net tip resistance that
remains after the soil has been remoulded by 1 and 10 cycles in the cyclic tests respectively. In both cases there is a semi-logarithmic relation, Figure 6.54. However, the scatter is too large for a direct evaluation of the sensitivity. It could possibly be inferred that
the clay is probably quick if the remaining net tip resistance after 1 cycle of remoulding
is less than about a third of the initial value or alternatively less than about an eight of
this after 10 cycles.
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Figure 6.54. Relations between remaining net tip resistance after 1 and 10 cycles of
remoulding and sensitivity.

As pointed out above, the quotient between the net tip resistances in undisturbed and
remoulded soil is not a direct measure of the degradation in shear strength unless the
factors NTbar and NTbarREM would be equal. The relation becomes further complex when
these factors also vary in different ways. According to the relations found in this investigation, the sensitivity evaluated from the measured net tip resistances would be

q net
 OCR 


(4.4  8.4wL )  1.3 
St 
(q netREM  12.8)
18.3

0.2

This entails that the degradation in shear strength that is indicated by the decreasing net
tip resistance depends on the absolute size of the net tip resistance in the undisturbed
soil, the liquid limit, the overconsolidation ratio and how large the relative decrease is.
As an example, a remaining net tip resistance of 20% of the initial value in a normally
consolidated soil with an initial net tip resistance of 200 kPa and a liquid limit of 50%
would correspond to a remaining shear strength of only 6% of the undisturbed. The corresponding remaining strength at a remaining net tip resistance of 10% would be less
than 2%. This applies to “complete” remoulding after 10 cycles. Since a passage of the
T-bar tip at a level corresponds to about 400% shear deformation (Einav and Randolph
2005, Zhou and Randolph 2009, Yafrate et al. 2009) similar dependencies can be expected to apply already after a single cycle of remoulding.
The remoulding after a single passage of the T-bar tip is thus so great that it is doubtful
if the tip resistances measured at further cycling can give any indication about the degradation process at relatively limited strains that starts already after some per cent of
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shear deformation. This is confirmed by the experience from the strain-controlled cyclic
triaxial tests. The results from such tests, in which the specimens were subjected to cyclic shear strains of two times the failure strains in static tests, showed that the degradation measured in the first repeated downward loading in the T-bar tests corresponded to
approximately that indicated after 100 cycles of twice the failure deformation in the
triaxial tests, Figure 6.55. The smaller but much more varied degradation for different
types of clay found in the triaxial tests after deforming the specimens two times the failure strain was not mirrored in the results of the T-bar tests. A measuring of the pulling
force at withdrawal of the T-bar tip in the cyclic test would probably not improve this
very much.
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Figure 6.55. Remaining net tip resistance after 1 and 10 cycles in T-bar tests compared
to remaining cyclic triaxial shear stress after 1 and 100 cycles of shearing to two times
the static failure strain vs. sensitivity.
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6.4

Calculations of dynamic impact from typical construction works

6.4.1

General scope

The calculations were made for simple cases with heavy traffic on flat ground without
any pre-existing surface load. The dry crust has been assumed to be homogeneous without cracks and the clay below has been assumed to be homogeneous and only slightly
overconsolidated. The undrained shear strength below the dry crust has been assumed as
10 kPa + 1.2 kPa/m depth and the modulus of elasticity as 250 cu, which are typical values for Swedish soft clays at static loading. The Poisson ratio  has been set to 0.49.
The dry crust was given a thickness of 1 – 2 m, an initial elastic modulus of 10 - 20
MPa, drained shear strength parameters of c´=2 kPa and Ø´=30° and  = 0.3.
At the typical stress situation in natural ground, the undrained shear strength at dynamic
loading is normally somewhat higher than for static loads at a limited number of cycles
and then decreases if the dynamic load cycles are so large and frequent that permanent
excess pore pressures are built up (Andersen 2009). The elastic modulus varies with
stress and deformation level from very high values at small strains to considerably lower values at higher strains. The -value in the crust may also be affected. The soil model
with constant parameters in the calculations is thus very simplified.
6.4.2

Estimated level of impact from heavy dumpers

For heavy traffic, a typical Swedish heavy dumper of today was simulated, considering
its weight, speed, load capacity, geometry, bumpers, pressure in the tyres, etc. The worst
scenario for an uneven track was found to be similar to the dumper bouncing up and
down with contact pressures varying from practically zero to corresponding to full load.
For a maximum load on the dumper, this corresponded to a cyclic load of 0 to 120 kPa
at a frequency of approximately 1.4 Hz, Figure 6.56.
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Figure 6.56. Tentative estimation of stress levels at 0-5 m depth for the case of dumpers
running on a rough surface. Dry crust 1 m with a modulus of elasticity of 20 MPa. Xaxis = Time (s); Y-axis = Load (Pa).
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In the first calculations with a thin dry crust of just 1 m thickness and a Young’s modulus of 20 MPa, significant load pulses reached down to about 5 m depth. The calculated
deformations showed that the dry crust was successively broken up with continuously
increasing deformations. This was also the case for the clay directly beneath the dry
crust and down to almost 5 m depth. The cyclic and permanent deformations were so
large (more than about 1%) that degradation in shear strength could be expected down
to about this depth. A weaker dry crust, with a Young’s modulus of 10 MPa, either from
the start or due to degradation, resulted in larger deformations at the larger depths, Figure 6.57. The deformations rapidly decreased when the load was decreased and became
fully elastic at a load corresponding to about half of the maximum load.
A thicker dry crust of 2 m significantly reduced the initial deformations and a significantly larger number of load cycles were required before the dry crust started to deteriorate and the deformations started to increase.
In practice, the deterioration of a dry crust usually causes such problems for the traffic
that some kind of remedial measures are taken in the form of a low embankment fill,
crawler mats etc. However, if the problem is not observed in time, a significant reduction in shear strength in the underground may already have occurred.
The dumping of fill material can have very different impacts depending on the fill material itself, how it is dumped and how the fill is built up. The dynamic impacts of the
dumping for a fill that is built up in layers with moderately sized particles in the bottom
layers can normally be neglected. Even larger blocks dumped after the fill has been given a certain thickness have little effect. However, large blocks being dumped directly on
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Figure 6.57. Calculated deformations from heavy traffic at 0-5 m depth assuming a 1 m
layer of weakened dry crust with a Young’s modulus of 10 MPa, on top of the soft clay.
X-axis = Time (s); Y-axis = Deformations (m).
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a thin dry crust in such way that the “free” fall is large can have large impacts. A tentative calculation for a round block with 1 m radius falling from the maximum length of
the dumpers platform showed deformations in the underground which would be expected to have caused deterioration of the shear strength down to at least 5 m depth,
Figure 6.58.
The worst case of dumping is when the fill is built up to full height in one step by successively dumping the fill material at the end of the fill and letting it roll down the
slope. If the fill particles are large and fairly round, the impact energy can be very large
when they hit the ground. This can result in a successive degradation of the strength
below the fill as it progresses forward at the same time as the overall stability decreases
due to the static load from the fill and the allowable margin for extra dynamic loads
decreases. There are several cases where fills that have been built up in this way have
failed. However, the failures have usually been attributed only to the weight of the fills
together with insufficient soil investigations and stability calculations.
Recently, a fair amount of effort has been made to estimate the possible effects for
overall stability of plastic deformations and shear strength reduction due to local overstraining caused by static loads (e.g. Hanssen et al. 2011). The same effects can obviously be caused by local dynamic loading.
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Figure 6.58. Calculated deformations at 0-5 m depth from a piece of rock discharged
off a dumper flatbed. Dry crust 1 m, Young’s modulus 20 MPa. Assumed rock radius
1m. X-axis = Time (s); Y-axis = Deformations (m).
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There is thus reason to be cautious and take possible dynamic impacts into consideration at construction works in cases and areas with low overall stability and particularly
in soils whose shear strength is relatively easily broken down. Possible problems normally occur during or just after the construction work. Thereafter, there will be a regain
of shear strength and often also an increase due to consolidation. This gain can also often be utilised when old embankments and other constructions are to be subjected to
higher loads from e.g. faster and heavier traffic.
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7 SUMMARY AND CONCLUSIONS
The present investigation has tried to simulate a case were a considerable part of the
available shear strength in clay is already mobilized by static forces and cyclic loads or
additional strains are imposed in addition. This is a common situation in natural slopes
and during the building phase of many constructions. Other cases, such as earthquakes,
wind- and wave loads and other combinations of static and cyclic stresses as well as
other types of enforced deformations can give very different results regarding the sizes
of the stresses, strains and deterioration of the shear strength. Nevertheless, the general
pattern for what soil properties affect the behaviour and susceptibility for strength degradation can be expected to be about the same.
The investigations have been made on a number of Swedish soft clays with the typical
environments at deposition, mineral compositions and types of organic matter in this
region. A special emphasis has also been made on highly sensitive and quick clays
which are common and constitute special problems here. The results may therefore not
be fully applicable in other regions.
The investigations required large uniform samples with preserved properties also in the
“elastic” small strain region. The size of the samples should allow taking out a fairly
large number of “identical” test specimens. A new large diameter sampler and the belonging sampling and handling techniques were developed on the basis of previous experience at SGI and other institutions. Checks of the sample quality have shown that the
set goals were fulfilled. Comparative tests also showed that the Swedish standard piston
sampler St II normally provides samples of sufficient quality for common geotechnical
investigations, with the exception that “elastic” properties then to a larger degree have
to be estimated from empirical relations or field measurements.
T-bar testing was tried out with the main purpose of testing the rate of shear strength
degradation during cyclic tests. The results have led to new interpretation methods for
Swedish clays similar to those used for CPTs. New correlations for interpretation of
remoulded shear strength and sensitivity have also been brought forward. However, the
measuring accuracy of the equipment was found to be insufficient for accurate determinations in the soft sensitive Swedish clays where the remoulded shear strength often is
very low.
The laboratory investigations together with tests in the field directly after the samples
had been taken showed that the parameters liquid limit, remoulded shear strength and
sensitivity can change with time of storage in the laboratory. This is in agreement with
previous experience (e.g. Larsson 2011b). Since only a small increase in the remoulded
shear strength has a large effect on the sensitivity in quick clays, it is important that
these properties be determined as soon as possible. However, further control tests
showed that a storage time of up to three months had little influence on other properties
or the behaviour during static and cyclic strength and deformation testing.
The classification tests in the laboratory largely verified earlier established correlations
between properties found for Swedish clays and similar soils. In Swedish practice, the
plastic limit of the soil is seldom determined and empirical relations are usually linked
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to the liquid limit instead of plasticity index. Correspondingly, the liquidity index of the
soil is usually replaced by a quasi liquidity index wN/wL. For the Swedish soils included
in this investigation, which all had water contents higher or almost equal to the liquid
limit, a relation between the indices of

showed a high correlation.
The remoulded shear strength was found to be directly related to the liquidity indices.
The sensitivity is the relation between undrained and remoulded shear strength and for a
good correlation with a liquidity index, the value of the undrained shear strength should
also be considered.
The tests showed that cyclic loads or imposed deformations that do not cause strains
larger than the failure strains at static loading do not cause any significant reduction in
undrained shear strength. This is in agreement with a general behaviour outlined by e.g.
Andersen (2009). The failure strain at static loading, and thereby the “safe” limit, is
related to the soil plasticity and the organic content and increases with these parameters.
Rate effects entail that a limited number of cyclic loads can expose the soil to higher
shear stresses than the static failure load without leading to failure. The size of the rate
effects depend on the frequency (or duration) of the cyclic load and the soil properties.
The frequency of wave and wind-loads is normally assumed to be about 0.1 Hz, which
brings fairly long durations of the loads and moderate rate effects. Traffic and other
cyclic loads during construction are normally assumed to have frequencies of about 1
Hz, which gives higher rate effects, and blasting normally gives vibrations with even
higher frequencies. Subsequent vibrations from road and railway traffic after construction also often have higher frequencies. The size of the rate effects is also influenced by
the same parameters that affect creep rates, which are linked to the void ratio of the soil,
(e.g. Larsson 1986, 1990). The rate effects thus increase with increasing void ratio.
Since the void ratio in soft clays is more or less linked to the liquid limit, this generally
means that the rate effects increase with increasing plasticity, but the relation is complex
and depends on more factors.
At continued stress-controlled cyclic loading after passing the static failure strain, the
build-up of strains and pore pressure accelerates and failure occurs after about twice the
static failure strain. There is a certain scatter in the results, but the real failure strain and
the margin between passing the static failure strain and actual failure at cyclic loading
generally increase with mainly plasticity and organic content.
The cyclic stress level leading to failure at a certain number of load cycles and the number of cycles leading to failure at a certain cyclic stress level both increased with decreasing sensitivity and increasing organic content.
The strain-controlled tests showed that both the total decrease in maximum shear stress
after passing the static failure strain and the rate for this degradation generally increased
with sensitivity and the corresponding liquidity indices. Both types of tests also showed
that clays with embedded loose silt layers and clays with frequent open water-filled
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channels can rapidly lose their strength. The same can be assumed for clays with embedded loose sand layers. The tests showed that both static and cyclic strains are larger
in organic soils, but on the other hand they can withstand cyclic loads and large deformations better than clays. This is in agreement with earlier findings by e.g Vucetic
(1994).
The results in this investigation generally confirm earlier indicative findings in Sweden
and Canada by Larsson and Jansson (1982) and Tavenas et al. (1983) regarding influence of plasticity and sensitivity, but the behaviour in different phases is here investigated in more detail.
The general influence of different soil properties outlined above is by necessity simplified. To discern the effect of the various parameters in greater detail, more tests would
be required and possibly also tests on artificial soils enabling a more systematic study of
the influence of various parameters separately.
The tentative calculations made in connection with this project show that high traffic
loads, dumping of large boulders, rockfall etc. in certain cases can result in large deformations and significant strength reductions in the underground. Enforced deformations
that exceed the static failure strain always bring a strength reduction.
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8 GENERAL RECOMMENDATIONS
Based on the findings in this project the following recommendations can be made.
Before a construction work is started in areas with soft sensitive soils, the construction
process should be considered with regard to the soil conditions. All design and stability
calculations are normally based on the intact strength of the soils and are valid only as
long as this is unaltered. If the strength for some reason is reduced, and this is not accounted for, failures may occur and in areas with highly sensitive clays this may also
develop into large scale landslides.
The soils most susceptible to degradation are low-plastic, low-organic and highly sensitive clays, particularly very quick clays, and clays with embedded loose silt layers,
which constitute a special risk. In these soils, the extra shear strength at cyclic loading
due to rate effects is relatively small, the strains up to failure are small, the possible
warning signals in terms of ocular observations of movements or more elaborate systems measuring pore pressures and/or deformations are limited and the effects of exceeding the limits may be drastic.
Remedial measures for heavy traffic during construction are for example to ensure that
the dry crust is thick and stiff enough or to improve it by crawler mats or thin embankments to spread the loads. Construction of fills should be made in stages with the material carefully distributed without heavy dumping. Dumping at the end of fills with free
fall along the slopes should not be allowed without ascertaining that it is safe. Also in
other types of construction work in these types of soil, care should be taken to avoid
large cyclic loads or impacts leading to excessive deformations.
Several common types of construction work bring enforced deformations. Piling and
sheet piling entail that the soil is pushed away and that excessive deformations occur in
a certain zone in the surrounding soil. This means that the shear strength is reduced
within this zone, which if possible should be minimized, and the shear strength reduction has to be taken into account when considering the stability, both locally and for the
surroundings. Also other methods such as installation of lime-cement columns and jet
grouting bring deformations which should be minimized and accounted for.
Blasting, within limits, is normally not a problem in clays. The exceptions are clay with
embedded loose silt and sand layers, and blasting causing side effects that are not foreseen or accounted for. Such effects are rock masses being pushed into the clay by the
blasting or rock falls caused by the blasting and landing on the clay. Such effects can be
disastrous and have caused major landslides.
The above guidelines are generalized. In cases where more precise information is required, the actual soil has to be tested for the actual case. It is important to use high
quality undisturbed samples and that the testing as far as possible simulates the actual
case both in mode of loading, loading frequency and combinations of static and cyclic
loads.
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