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Abstract

The pre-failure stress-strain behaviour of post-glacial lacustrine soils was
investigated through an extensive triaxial testing programme conducted on natural
block samples of Kloten clay. A detailed study of the role of stress path history and

anisotropy on the non-linear elasto-plastic stiffness behaviour was performed.

Distinct horizontal stratification of clay and silt layers, due to the annual fluctuation
in the deposition mode in lakes, is typical for lacustrine deposits. This inherent
anisotropy of the subsoil influences its mechanical behaviour significantly.
Consequently, natural block samples were taken using a newly developed tube

with a design based on extensive literature studies and testing programmes.

Pre-failure stress-strain behaviour was investigated in the triaxial apparatus with a
novel measurement system, specifically designed to perform direct measurements
of axial and radial displacements. Two miniature submersible LVDT’s are fixed
directly onto the soil specimen with a pair of mountings for the axial displacement
measurement. This device is capable of recording displacements accurate to
within 5 microns, corresponding to 0.01 % axial strain, over a range of 14 %. The
radial displacement measurement is accomplished by a newly designed laser
scanning device consisting of three lasers mounted inside the triaxial cell around
the test specimen. This device is moved in the axial direction over the entire
specimen height and provides the absolute and relative radial sample dimension
during the test performance, determined without contact, with an accuracy of 10
microns, which corresponds to 0.04 % radial strains over a range of 20 %. A
circular slice approach is proposed for the calculation of the specimen volume

from the laser scan data.

A multi-stage stress path test programme was conducted in which each specimen

was one-dimensionally reconsolidated beyond the in-situ pre-consolidation stress
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state and permitted to swell back along this stress path to an over-consolidation
ratio of two before the drained probing stress path, with a stress ratio varying
according to the specimen, was applied. Therewith, the non-linear elasto-plastic
stiffness behaviour, within the entire triaxial stress space, was observed and
analysed by means of kinematic hardening theory, establishing the existence,
shape and extent of kinematic yield surfaces and the bounding surface from

examination of the shear and volumetric stress-strain curves.

The analyses of the experimental test results from the probing stress path showed
non-congruent elliptical shapes for the history and the yield surface, with a
proportion of around 6 on the longitudinal axis. With the application of an
anisotropic elastic stiffness matrix, modified for use in the triaxial stress space, the
ratio of the axial to the radial stiffness was determined as 1.7. Bender element
measurements provided the reference values for the small strain elastic shear
stiffness. Plastic strain vectors were evaluated and indicated that associated flow

rules are mostly valid for the history and yield surfaces.

The evaluation of the laser scan data highlighted the different behaviour of silt and
clay layers in the natural lacustrine clay specimens. Investigation of the
development of necking in extensional shear tests showed that necking develops
after the peak failure stress was reached and confirmed the applicability of a

cylindrical specimen shape up to failure for data evaluation.

The introduction of these findings into geotechnical design, especially for
serviceability limit state (SLS), is performed by Finite Element simulations applying
the following constitutive models: Modified Cam Clay, 3-SKH, S_CLAY1 and Soft
Soil. Comparison of the simulations to the test results showed that each model has
preferential stress ratios where they perform best but none of the models is
capable of simulating the deformation response of the entire stress space. The
location of the yield state influences the quality of the deformation predictions
significantly next to the definition of the plastic potential. However, further
investigations are necessary in order to formulate the stress-strain response
observed for lacustrine clays into a constitutive model that will be universally
applicable for the simulation of boundary value problems in the everyday design of

Swiss engineers.



Zusammenfassung

In diesem Forschungsprojekt wurde das Verformungsverhalten von nacheis-
zeitlichen feinkdrnigen Gletscherablagerungen untersucht. Dabei wurde vor allem
auf den Einfluss der Spannungsgeschichte und der natlrlichen Anisotropie auf
das nichtlineare elasto-plastische Steifigkeitsverhalten eingegangen. Dafir wurden
drainierte triaxiale Spannungspfadversuche an Seebodenlehmproben von Kloten
durchgefuhrt. Seebodenlehm ist aufgrund seiner Entstehungsgeschichte aus
wechselnden Lagen von duannen Silt- und Tonschichten aufgebaut. Deshalb
wurden flir diese Untersuchungen natirliche Blockproben verwendet, die mit

einem speziell dafur entwickelten Probenrohr entnommen wurden.

Fir die experimentellen Untersuchungen wurde ein triaxialer Versuchsapparat
entwickelt, mit dem die axialen und radialen Verformungen direkt an der
Bodenprobe gemessen werden kénnen. Die axiale Dehnungsmessung erfolgte mit
einem Wegaufnehmer (LVDT), der mit zwei Halterungen an der Probe fixiert war
und eine Messgenauigkeit von 5 Mikrometer erreichte, was einer axialen
Dehnungsgenauigkeit von 0.01 % entspricht. Fiur die radiale Verformungsmessung
wurden drei wasser- und druckdicht verpackte Laser in der Versuchszelle an einer
gemeinsamen Platte montiert, die in vertikaler Richtung bewegt werden kann und
die Oberflache der Probe mit einer Genauigkeit von 10 Mikrometer, oder 0.04 %
radialer Dehnung, beruhrungsfrei Uber die gesamte Probenhdhe scannt. Fur die
Bestimmung des Probenvolumens aus den Laserscanndaten wurde ein

Kreisscheiben-Ansatz verwendet.

Mit diesem Apparat wurden drainierte Spannungspfadversuche durchgefihrt.
Dabei wurden die Proben bis zu einem Spannungszustand Uber den In-situ-
Spannungen eindimensional konsolidiert und anschliessend entlang desselben

eindimensionalen Spannungspfads drainiert entlastet, bevor der drainierte



Xii Zusammenfassung

Versuchsspannungspfad auf die Probe aufgebracht wurde. Mit diesem
Versuchsprogramm war es moglich, das nicht-linear elasto-plastische
Steifigkeitsverhalten im gesamten triaxialen Spannungsraum zu untersuchen. Die
Auswertung wurde unter Anwendung der kinematischen Verfestigungstheorie
durchgefuhrt, wobei die Lage, Grosse und Form der kinematischen Flachen und
der Fliessflache durch Evaluierung der deviatorischen und volumetrischen

Spannungs-Dehnungskurven ermittelt wurde.

Die Auswertung ergab eine nicht-kongruente, elliptische Form der Fliessflache und
der kinematischen Flache, die aus dem Einfluss der Spannungsgeschichte
resultiert, mit einem Gréssenverhaltnis von circa 6. Mit der Einflhrung einer
modifizierten anisotropen Steifigkeitsmatrix wurde das Verhaltnis von axialer zu
radialer Steifigkeit mit 1.7 ermittelt. Die elastische Schersteifigkeit wurde mit
Benderelementen gemessen. Die Evaluation der plastischen Dehnungsvektoren
zeigte, dass eine assoziierte Fliessregel sowohl das Dehnungsverhalten an der

Fliessflache als auch an der Flache der Spannungsgeschichte gut reprasentiert.

Die Auswertung der radialen Probenverformung aus den Lasermessungen hob
das unterschiedliche Verformungsverhalten der einzelnen Ton- und Siltschichten
hervor. Die Untersuchung der Entwicklung des Einschnurungsbereiches von
Proben, die in Extension abgeschert wurden, zeigte, dass sich die Einschnurung
erst nach dem maximalen Versagens-Spannungszustand ausbildet und somit die

Datenauswertung unter Annahme einer zylindrischen Probenform anwendbar ist.

Die Uberflihrung dieser Erkenntnisse in die geotechnische Bemessung der
Gebrauchstauglichkeit wurde mit der Finite-Element-Methode erreicht, wobei
Simulationen mit folgenden Stoffgesetzen durchgefuhrt wurden: Modified Cam
Clay, 3-SKH, S_CLAY1 und Soft Soil. Der Vergleich der Simulationsergebnisse
mit den Versuchsresultaten zeigte, dass es fur jedes Modell Spannungsbereiche
gibt, in denen das Verformungsverhalten gut simuliert wird, aber kein Modell in der
Lage ist, das Verformungsverhalten im gesamten Spannungsraum mit akzeptabler
Genauigkeit zu simulieren. Fir die Einbindung des ermittelten Verformungs-
verhaltens in ein Stoffgesetz mit dem Ziel, alltagliche geotechnische Gebrauchs-
tauglichkeitsbemessungen in Seebodenlehm durchzufuhren, ist noch einiges an

Forschungsarbeit notwendig.
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1 Introduction

Intensive development of structures and the necessary supporting infrastructure is
ongoing in and around large cities. Although these urban areas are already
densely settled with buildings above and below the ground, there is still a pressing

need to build new structures between or beneath the existing ones.

1.1 Design in geotechnical engineering

Designing such a major structure requires fulfilment of the design conditions at
ultimate limit state (ULS) as well as at serviceability limit state (SLS). The ULS is
dependent upon the strength properties of the construction material, while the
deformations needed for the SLS are primarily determined from the stiffness
properties®. Consequently, both material properties, the strength and the stiffness
respectively, of all the relevant construction materials have to be established within
the appropriate boundary conditions. While the properties of manufactured
materials, such as steel or concrete, are well known and do not change very much
from their specification, the strength and stiffness properties of geo-materials
including soils or rocks are different for each construction site, and vary
significantly as a function of stress history and stress state, amongst other
influencing factors. As a result, they have to be investigated for each major

structure or for those associated with high risks.

One of the major challenges in designing and building in urban areas, apart from

designing the new infrastructure, is the protection of the existing surroundings.

* Unless otherwise defined as shear or bulk modulus for the shear stiffness and compressibility

respectively, stiffness will be referred to more generally as any combination of the two components.
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Magnitudes of deformation, which are within the SLS of the new construction, can
still exceed the serviceability limit of buildings and infrastructure nearby. Common
examples are cracks in underground piped services or differential settlements of
neighbouring buildings (e.g. Burland & Hancock, 1977; Burland et al., 1979;
Addenbrooke & Potts, 1996; Dimmock et al., 2002). In this respect, proof of the
serviceability limit state becomes a most challenging part in the design of

infrastructure in urban areas.

1.2 Stiffness of geomaterials

The serviceability of the interaction between soil and structure is, as mentioned
above, primarily described by the stiffness properties of the materials. For geo-

materials, the stiffness behaviour is highly nonlinear (Fig. 1.1).

normalized
shear modulus shear modulus
A A
small strain stiffness
4 | stiffness degradation
4 N\ ' A )

__________ . e.g. increasing soil plasticity
D

e.g. increasing degree of change in

stress path direction

J

shear strain shear strain

(a) (b)

Fig. 1.1:  Typical shear stiffness behaviour of soils at stress path reversal: a) variation of
the initial shear stiffness, depending on the degree of stress path reversal; b)

variation of the shear stiffness degradation, depending on the soil plasticity.

It is dependent on the soil type, and is highly influenced by current soil conditions
such as the stress state, stress history, degree of overconsolidation or the

magnitude of applied strains, to point out only a few (Richardson, 1988; Burland,
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1989; Simpson, 1992; Atkinson, 2000). The stiffness is high when the load path
reverses or changes direction significantly. This value is called “small strain
stiffness” (Fig. 1.1).

The magnitude of stiffness at small strains depends on the soil type in particular,
as well as on the stress state and on the degree of change in the load path
direction (Richardson, 1988) among other variables. With ongoing straining along
a stress path constant gradient, the initial small strain stiffness decreases
continuously to values an order of magnitude smaller. The rapidity in stiffness
decrease depends, for example, on the plasticity of the soil. For low plasticity soils,
the shear stiffness decrease starts at a shear strain level of 10° %. With
increasing plasticity, the shear stiffness starts to decrease at increasing shear
strains of up to 102 %, (Vucetic & Dobry, 1991). An intensive investigation on
factors affecting the initial stiffness and stiffness degradation is given in Santagata
(1999).

1.3 Modelling of small strain deformation behaviour

The importance of considering such behaviour in the design of urban areas was
put forward e.g. by Cole & Burland (1972), Burland & Hancock (1977), Simpson et
al. (1979), Burland & Karla (1986), Burland (1989) and was a key topic at the
European Conference on Soil Mechanics and Foundation Engineering in Florence,
Italy (1990) as well as in the Symposiums on “Pre-Failure Deformation
Characteristics of Geomaterials” in Torino, Italy (1999) and in Lyon, France (2003).
Consequently, a series of constitutive models has been developed that incorporate
one or several of the discussed features of nonlinear soil stiffness behaviour: e.g.
the multi surface models proposed by Mr6z (1967) and Prévost (1977 & 1978), the
kinematic hardening models by Dafalias & Popov (1975 & 1976) and Mro6z et al.
(1978 & 1979), the brick model of Simpson et al. (1979), the logarithmic nonlinear
elastic model of Jardine et al. (1986), the two surface bubble model by Al-Tabbaa
(1987) and Al-Tabbaa & Wood (1989), the three surface kinematic hardening
model by Stallebrass (1990), or the MIT-E3 model of Whittle & Kavvadas (1994).
These models apply different, more or less empirical and curve fitting, methods in

order to simulate the soil stiffness response more realistically.
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On the basis of laboratory investigations of high quality samples (e.g. Jardine,
1985) and with the analysis of soil investigations presented in the literature (e.g.
Hardin & Drnevich, 1972; Smith et al., 1992), Jardine (1992) proposed a
framework (Fig. 1.2) for the description of the non-linear elastic soil stiffness

behaviour based on physical observations.

v

Fig. 1.2:  Definition of yield surfaces (after Jardine, 1992).

He establishes that when a soil sample is loaded from an overconsolidated stress
state, the stress path moves through three stiffness zones before reaching the
bounding surface. The first zone is the linear elastic region, the second zone is the
non-linear elastic region and the third zone is the region inside the bounding
surface where non-recoverable “plastic” strains develop already. These three
zones were defined by three yield surfaces (Fig. 1.2) and the zones 1 and 2
represent the recoverable elastic region, as discussed above. Therefore, the
strains are fully recoverable in both zones but the behaviour does not have to be
isotropic. These two zones move together with the current stress state when a
stress path is applied. Irrecoverable strains develop in zone 3 and these increase

in magnitude as the stress state approaches the bounding surface, Y3, whereupon
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the plastic strains dominate the deformation behaviour. The boundary of the zones
is usually detectable in the stress-strain plots of a corresponding stress path test.
Each intersection of the stress path with a yield surface is represented by a kink in
the stress-strain curve. While the stress states of the yield surfaces 2 and 3 are
generally clearly visible, the size of the Y1 yield surface is especially difficult to

define for soft soils (Jardine, 1992).

Some parts of this framework have been observed previously and described in
other ways, such as the Y2 surface, which was also named the history surface,
and was investigated by Richardson (1988) and modelled e.g. by Stallebrass
(1990). A bounding surface with inclined elliptical shape in the q — p’ stress
invariant space was determined experimentally e.g. by Graham et al. (1983), Diaz-
Rodriguez et al. (1992) and was applied to model anisotropy, e.g. by Whittle
(1987), Dafalias (1987), Wheeler (1997). The achievement of this framework is

that it delivers a comprehensive description of the elastic stress-strain behaviour.

1.4 Investigation of small strain stiffness response in

geomaterials

To compile this description of stiffness behaviour for a particular soil type,
laboratory investigations have to be performed first. The necessity of making
accurate strain measurements up to a strain magnitude of 102 to 10 % has to be
taken into account when choosing testing methods and setting them up.
Correspondingly, accurate displacement measurement methods are necessary.
The laboratory and field methods that are feasible for these investigations can be
divided into two groups. Those that determine the stiffness exclusively at strain
levels of 10 % and less, and those methods that are additionally able to measure
the change in stiffness with increasing strain level. Methods included in the first
group are bender elements e.g. as installed in the platens of triaxial test apparatus
in the laboratory, or seismic measurements applied in field tests to measure the
travel time of a seismic wave along a known distance to estimate the material
stiffness with the aid of the material density. The measured strain level of this
stiffness value corresponds to the strains applied by the seismic wave. This

measured strain range is around 10° % and below (Atkinson & Sallfors, 1991;
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Burghignoli et al., 1991; Lo Presti, 1991; Tatsuoka & Kohata, 1995). Methods
represented by the second group include local displacement measurement
devices or image-based systems. Local displacement measurement devices, for
example included in triaxial test apparatuses, are mounted directly on the sample
over the central two thirds (e.g. Jardine et al., 1984; Costa-Filho, 1985; Burland,
1989; Atkinson & Sallfors, 1991). This direct mounting improves the measurement
accuracy by excluding errors due to bedding and compliances of the test
apparatus, and the stiffness over a strain range of 10> % up to 1 % can be
investigated. The image-based deformation measurement method observes the
movement of single particles of the soil (e.g. particle image velocimetry (PIV),
White et al., 2003) or the distortion of a grid e.g. drawn on the rubber membrane of
a triaxial sample with video cameras (e.g. Sture et al. 1999). This method is
especially suitable for granular soils but has also been applied successfully for
clays (White et al., 2003). In field investigations, the self boring pressuremeter test

is one of the methods adopted to investigate the stiffness over a wide strain range.

In addition to data provided by experimental investigations, it is possible to
estimate soil stiffness by high quality back-calculation of deformation
measurements, obtained from previous constructions (e.g. Cole & Burland, 1972;
or Burland, 1989), which consider the entire system behaviour and the
construction progress. Back-calculations are applied, in particular, in urban areas
with fairly uniform and homogeneous soil conditions, where extensive

development is going on.

However, determining the soil stiffness in the small strain range is still a challenge
and requires sophisticated methods. So far, various specific aspects of small strain
stiffness properties have been investigated on reconstituted samples for several
regionally typical soil types or for natural marine clay samples, either by
performing fundamental studies of the soil behaviour (e.g. Richardson 1988, Smith
et al., 1992; Pennington et al., 1997; Callisto & Calabresi, 1998; Lings et al., 2000;
Callisto & Rampello 2002) or to improve the constitutive models used in design
(e.g. Stallebrass, 1990; Simpson, 1992; Whittle & Kavvadas 1994).
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1.5 Lacustrine soils in Switzerland

In Switzerland, lacustrine clay represents one of the most challenging soils with
respect to foundations and construction. The most significant difference of natural
lacustrine clay compared to reconstituted samples is the distinct layered structure,
which originates from seasonal variations in deposition mode. Postglacial
lacustrine clays are mainly normally consolidated and hence very soft over depths
of interest for construction, with significant potential for irreversible deformations.
These lacustrine clays are located primarily around lakes, which are also the
regions where cities and large communities have developed. Consequently, there
was, and still is, a distinct need for the investigation of the failure and deformation
behaviour of this soil. In 1975, Bucher investigated the peak and residual shear
strength of various lacustrine clays. Heil (2006) discussed their strength and
stiffness parameters determined mainly from triaxial and piezocone tests (Heil et
al., 1997). Trausch Giudici (2004) investigated the initial stiffness of lacustrine
clays in the laboratory with bender element tests and insitu geophysical field
measurements (Maurer et al., 2000). Additionally, the plastic anisotropy of
lacustrine clays was studied by Trausch Giudici (2004) based on triaxial stress
path tests. Summarizing the investigations performed on Swiss lacustrine clays so
far, it can be said that work has been carried out to investigate the failure, the yield
and the initial stiffness characteristics. The aspect that is still missing is the
stiffness degradation with shear strains. Neither the stress path dependent
variation in the initial stiffness nor the shear stiffness decrease with ongoing
straining has yet been investigated. But these are aspects of soil behaviour that
should be known for geotechnical design in urban areas for accurate prediction of

deformations, to confirm that these will be within the SLS.

1.6 Objectives of this thesis

Consequently, the aim of this research was to investigate the stiffness response
and, in particular, the initial stiffness and shear stiffness decrease with increasing
shear strain, of Swiss lacustrine clays. The investigation was performed in the
laboratory with triaxial tests on natural clay samples, which were sampled as block

samples using a 200 mm diameter thin walled sampler tube. A triaxial apparatus
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was equipped with local strain measurement devices. Local LVDTs were used for
axial deformation measurements and a laser scanning device was developed to
measure the radial deformations over the entire sample height. Drained triaxial
stress path tests were performed and all test samples were consolidated and
unloaded along the same stress path. The reloading was done for each test along
a different stress ratio. Therefore the variation of the initial stiffness due to the
stress history as well as the stiffness degradation for stress path all over the
elastic region was investigated. Two stiffness zones, based on the framework of
Jardine (1992), could be established for soft Swiss lacustrine clay as well as the

anisotropic characteristics of the small strain stiffness region.

Consequently, a further step has been made towards the successful modelling of
the deformation behaviour of Swiss lacustrine clays. With the investigation of the
elasto-plastic soil stiffness behaviour, more complex design methods together with
better defined soil parameters can be used, which may lead to more accurate
predictions of structural response and allow an optimization of design and

construction costs.

1.7 Layout of this thesis

The literature review on the main research topics involved in this thesis is
compiled in Chapter 2. A state-of-the-art report of research performed on Swiss
lacustrine clays is given, followed by a summary of the challenges of taking high
quality block samples. The most significant and recent improvements in sampling
techniques are discussed. The key points in performing laboratory tests on clays
are summarized together with recent developments in local strain measurement
devices. Finally, common constitutive models and some of those that include
aspects of the soil behaviour following stress reversal are discussed, and their

parameter determination is described.

A detailed description of the soft Swiss lacustrine clay investigated in this thesis,
is given in Chapter 3. The techniques of deriving natural block samples are
described as well as the preparation procedures for the reconstituted test

specimens. The results of the classification tests and mineralogical analyses are
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presented and the general properties of Swiss lacustrine clay are summarized and

discussed.

The laboratory testing equipment, which was developed within this thesis, is
described in Chapter 4 on triaxial test equipment. The construction details of the
test apparatuses and the measurement devices are illustrated. The monitoring
system is shown and a detailed description of the calibration process and the

accuracy is given.

The triaxial testing programme is presented in Chapter 5. The test setup
procedure is illustrated and the evaluation procedure adopted for processing the
results is discussed. Finally, the testing programme of the test series performed,

and the test results of the particular test series, are presented.

The analysis of the triaxial test results is discussed in Chapter 6. From the first
test series, the effect of varying the drained loading ratio is explored and the
results are compared to theoretical solutions. Subsequently, the stiffness variation
for each stress reversal load path is investigated. The stiffness at small strains is
determined together with the strain range at which this high stiffness appears. The
anisotropic effect of the natural clay samples on the stiffness parameter for the
different load directions is also investigated. The failure behaviour is observed with
the laser scanning device in the three test series and the effect of local necking on

the stress distribution over the sample height at failure is explored.

The simulation results of the numerical modelling of the triaxial stress path tests
are presented in Chapter 7. Firstly, the model parameter determination for a range
of constitutive models is shown in detail, followed by an overview of the numerical
codes applied. Then the results of the simulations of the triaxial tests of the test

series are presented.

The 8" Chapter gives remarks and conclusions about the investigations. The
sampling technique, typical properties of Swiss lacustrine clays, the new laser
scanning device, triaxial testing of lacustrine clays and the constitutive models
applied to Swiss lacustrine clays are discussed. This Chapter gives an overview of
the investigations performed and points out the major findings of this research,

with the aim to provide assistance for ongoing research.
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2 Literature review

2.1 Swiss lacustrine clay

An overview of the formation of lacustrine clays in Switzerland and the resulting

typical properties is given in this paragraph.

2.1.1 Geological formation

Switzerland was covered several times by glaciers during the last 1.5 million
years. A detailed picture of the occurrence of ice ages and the extent of the alpine
ice shield in Switzerland is given in Labhart (1995). However, the last ice age in
which Switzerland was widely covered with glaciers was the Wurm ice age (Penck,

1925), which ended at the end of the Pleistocene age, about 10,000 years ago.

During an ice age, glaciers continuously flow downwards from the Alps in valleys.
The flowing occurs in several stratums as shown in Fig. 2.1 and ends at the
tongue of the glacier where the ice melts. When the melting rate is lower than the
flow rate, the glacier is expanding, and when the melting rate is higher than the

flow rate, the glacier is retreating.

When the melting rate is in equilibrium with the ice movement rate, the tongue of
the glacier remains stationary but the laminar flow in the glacier continues. If this is
the case for a long enough period, the glacier scrapes out a basin of the bed rock,
due to the enormous erosional power of a moving ice mass, up to 1,500 m thick,
which is called an end-basin (Fig. 2.2a). At the end of the ice age, when the glacier
retreats, the end-basin remains and becomes filled with water. Initially, the water
source is the melting glacier and subsequently rivers are formed, which transport

the melt water as well as rainwater from the Alps and enter the newly formed lake.
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Fig. 2.1: Anatomy of a glacier: (N) Collecting basin: region were new ice mass (1) is

built. (Z) Glacier wastage: region where ice is melting (melt-out) (3). (2)

Boundary between region Z and N. (4) Laminar flow of the glacier. (van Husen,
1987).

nm “’i\p\/ N
\7/ RN

(a)

Fig. 2.2: (a) Formation of the end-basin and end moraine (2) behind a barrier of rock
(1). (b) Glacial lake (3) in which lacustrine deposits sediment as foreset (5) and
bottomset (4) (van Husen, 1987).
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The last ice age in Switzerland was the Wurm ice age (Penck, 1925), which
shaped the earth's surface to its recent morphology. Since then, rivers have
transported enormous amounts of sediment and suspended sediment into lakes
where they have been deposited (Fig. 2.2b). The sedimentation rate in the lake
depends on the petrology of the drainage basin of the rivers. If the drainage basin
was primarily built up by crystalline rocks, the corresponding end basins were
often filled soon after their formation because of the great amount of suspended
sediments available (van Husen 1987) compared to drainage basins built up by
calcareous rocks. Due to this and also depending on the size of the end basin and
the water supply, some lakes were filled in a relatively short time, whereas others

are still remaining as lakes.

The remaining post-glacial lakes are still entered by rivers, which are formed of
rain, melt water and suspended sediments. During spring and summer, when
rivers display their maximum run-off, the greatest amount of till reaches the post-
glacial lakes. For example, the river Rhine transports 3 to 6 million tonnes of
suspended particles per year into Lake Constance (Konig, 1978). These tills can
be split into gravels and sands, which are usually deposited in the delta to form a
foreset (Fig. 2.2), and the silts and clays which are spread over the entire lake
area due to their low sinking velocity before they sediment out as lacustrine clays
to form the bottomset! (Fig. 2.2). While the silts deposit during the summer period,
the clay particles sediment out more slowly and deposit mainly in the winter
period, after the silt fraction. The result is a distinct stratification (varving) of the

sediment (Fig. 2.3), which is the most significant characteristic of lacustrine clays.

" Foreset bed: “Inclined layers of a cross-bedded unit, specifically on the frontal slope of a delta.”
(Bates & Jackson, 1984)

T Bottomset bed: “Horizontal or gently inclined layers of sediment deposited in front of the

advancing foreset bed of a delta.” (Bates & Jackson, 1984)

* Varve: “A sedimentary lamina or sequence of laminate deposited in a body of still water within
one year’s time; specif. a pair of layers seasonally deposited in a glacial lake. A glacial varve
normally includes a lower “summer” layer consisting of light-colored sand or silt, which grades
upwards into a thinner “winter” layer, consisting of clayey, often organic, dark sediment.” (Bates &
Jackson, 1984).

13
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The thickness of the annually sedimented layer depends on the amount of
suspended material inflow and the area of distribution and is typically in the range
of millimetres (Kénig, 1978) in Switzerland. The overall thickness of these glacial
and post-glacial deposits can nowadays reach up to 200 metres (e.g. Lake
Constance: Konig, 1978).

143 L Ol

€l

Fig. 2.3: Varved texture of natural lacustrine deposits shown on a sample from Wauwil.
The sample is taken from a borehole at a depth of 27 m and broken into two

halves to observe the stratification (ruler unit in centimetres).

Most of these deposits from the last ice age have not been loaded by ice or further
sediments since then. They are only loaded by their self weight. A small degree of
overconsolidation may result from the increase of the effective stresses due to
subsequent changes in the water table and from secondary consolidation (creep)
(Parry & Wroth, 1981). Consequently, these post-glacial deposits are called

normally consolidated lacustrine clays or ,soft Swiss lacustrine clays®.

14
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The formation of local lacustrine clay deposits in Switzerland and their properties
are described in more detail e.g. by Rey (1994), who investigated the geology and
formation of varved clays in Flurlingen-Schaffhausen and Dietlikon, which are two
regions of the Swiss Mittelland or by Gyger et al. (1976), who gave a general
overview of the sedimentation in the lake of Zirich since the last glaciation. An
investigation of lacustrine clay from Lake Constance in terms of strength and
stiffness properties was performed by Scherzinger (1991) and a state-of-the-art
report on geology and engineering properties of lacustrine and varved clays was
given at the Conference on “Characterisation and Engineering Properties of
Natural Soils” in Singapore by DeGroot & Lutenegger (2003), Diaz-Rodriguez
(2003), Long (2003) and Soccodato (2003).

2.1.2 Geographical location

The deposits of lacustrine clays in Switzerland are mainly concentrated in the
Mittelland (Fig. 2.4), which is located between the Alps and the Jura mountains.
This region is at the same time the most densely populated and fastest developing
area in terms of infrastructure and construction. Therefore, understanding the
geotechnical properties of Swiss lacustrine clays is of special interest (see also

Chapter 1: Introduction).

2.1.3 Former research

Due to the pressing need to design structures in urban areas founded on
lacustrine clay deposits, the investigation of soft lacustrine clay has a long tradition
at ETH Zurich and especially at the Institute for Geotechnical Engineering, e.g.
(Bucher, 1975; Amann et al., 1992; Heil et al., 1997; Springman et al., 1999).
While investigations were mainly related to expertise work done by the Institute
during the earlier stages, e.g. Lang (1976), the recent research projects focus
more on the investigation of fundamental soil behaviour, e.g. Trausch Giudici
(2004) or Heil (2006).

The main focus of these research projects on Swiss lacustrine clays was on the
investigation of their failure properties. Determination of the undrained shear
strength was investigated by insitu tests with a van der Berg piezocone (Cone

Penetration Testing device with pore pressure measurement, CPTU; Amann et al.,

15
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1992; Amann & Heil, 1995; Heil et al., 1997; Springman et al., 1999; Trausch
Giudici 1999; Panduri, 2000). Laboratory studies were also performed by means of
undrained triaxial shear tests (Heil, 2002 & 2006)

Zurich : Lake Constance

!
% o

B Fine sands, silts, clays

Geneve ‘L{/-’ E Alternating layers of peat,
clays, silts, sands and
gravels as a non-
homogeneous filling of
former lake basins

Fig. 2.4: Occurrence of fine grained and soft clayey and peaty deposits in Switzerland

(source: Hydrogeological map of Switzerland) after Amann & Heil (1995).

An additional emphasis was put on the investigation of the pre-failure behaviour by
Trausch Giudici (2004). A geophysical investigation programme was initiated to
investigate the elastic stiffness properties. The determination of the shear modulus
at various stress and strain states of the soil was of particular interest (Maurer et
al., 2000) and the elastic stiffness properties of Swiss lacustrine clays were
investigated by bender elements in the laboratory with the triaxial test apparatus
(Trausch Giudici, 2004). The elasto-plastic behaviour was also investigated with
extensive triaxial stress path tests on natural samples (Trausch Giudici, 2002 &
2004).

Another research interest at the Institute is the influence of mineralogical

composition on the mechanical properties of the clay. The peak as well as the
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residual shear strength of different clay minerals (e.g. Kaolinite, lllite,
Montmorillonite) was investigated, mainly with respect to the determination of

slope stabilities (Muller-Vonmoos et al., 1985; Muller-Vonmoos & Loken, 1988).

2.2 Sampling of natural clays

A summary of the most important aspects of soft clay sampling is given, followed
by a presentation of recently developed sampling techniques. The influence of the
sampling technique on the material parameters derived in laboratory investigations
is discussed, and finally recommendations for the block sampling of natural soft

clays are outlined.

2.2.1 Introduction

One of the major impacts on the results of laboratory investigations is due to test
specimen quality and the degree of disturbance. Natural samples taken from the
field undergo a multitude of handling, packing and storage events, which influence
the response of the sample in terms of the properties derived. These influences
affect the sample either as stresses or as strains or both. The two main effects on
a laboratory sample in comparison to the equivalent soil in-situ are stress release
due to excavation, and the strains applied due to the sampling technique. A
detailed list of sample disturbances that may be imposed on soil samples, from
taking the sample in the field to setting up the sample in the test apparatus, is

given in Jamiolkowski et al. (1985).

The sample quality of structured soils is governed by the magnitude of strains
applied to the sample during sampling. If the applied strains are larger than the
strains necessary to break up the structure, the derived samples become
destructured (La Rochelle & Lefebvre, 1971). Most strain applied during sampling

is caused by the sample device.

An analytical investigation of the sample disturbance due to tube sampling was
performed by Baligh (1985). He studied the deformations that occur in soil
samples due to undrained penetration of a rigid “object” in to saturated clays using

the strain path method. This method assumes that the soil deformations are
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independent of the shear resistance, which is applicable to deep penetration

problems.

The strain history of a soil element at the centreline of a sampler during sampling
was determined (Baligh, 1985). The tip of the sample tube applied in this
calculation is rounded (Fig. 2.5c). The vertical strains (e,) that occur in the soil are
given in Fig. 2.5a depending on the vertical location of a cylindrical sample
orientated in the axial direction (Fig. 2.5b).
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Fig. 2.5: Clay disturbance during sampling: (a) strain history of the sample at the
centreline; (b) sample tube with the relative location of the soil specimen
investigated; (c) close-up view of the tube tip applied in the simulations (Baligh,
1985).

Results for three different ratios of sample diameter (B) to sampler wall thickness
(t) are presented and show that a significant amount of compressive strain is
generated in the soil in front of the sample tube due to displacement occurring
during insertion. This is followed by a similar amount of strain in extension after the

soil sample enters the sampling tube. Although the magnitude of strains reduces
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with the increase of the B/t ratio, the sample still undergoes a sequence of

compressive and extensive strains of a magnitude of around 1 % or more.

A followup study was done by Baligh et al. (1987) in which the strain distribution of
the whole sample cross section and the surrounding soil is determined by the
strain path method (Fig. 2.6). The results show that a distinct smear zone in the
soil sample is formed along the walls of the sample tube. Significant straining is
developed in this zone mainly due to the friction between the wall of the sample
tube and the adjacent soil, the stress concentration at the sample tube tip and the

movement of the soil around the tip.

G
|

(a) [I(b) ~0.5

Fig. 2.6: Strain contour lines due to undrained penetration of a sample tube with B/t =
40 (Fig. 2.5): (a) radial strain; (b) vertical strain (Baligh et al., 1987).

But this smear zone occurs in the outer 20 % of the sample diameter (Fig. 2.6),
and the applied strains reduce towards the centre. In the middle region, a more or
less constant amount of strain is developed over the whole sample cross-section,
which is mainly due to compression beneath the sample cross section.
Consequently, a significant improvement in the quality of the test specimen can be

achieved when the compressive stress induced as the sample tube penetrates is
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minimized and when the sample diameter is large enough that the smear zone can

be discarded during the test specimen preparation.

Subsequently, Clayton et al. (1998) used the strain path method to investigate the
influences of area ratio, cutting-edge angles and inside clearance on the sample

disturbance in more detail. A definition of the various ratios is given in Fig. 2.7.

R?-R?
Ry

Area ratio AR =

Inside clearance ratio ICR = M

1

Inside cutting-edge angle ICA =a = arctan(%j
1

Outside cutting-edge angle OCA = p = arctan(R;l R1j -« R »|

2

Fig. 2.7: Definition of sampler parameters after Clayton et al. (1998).

The strain evaluations of Clayton et al. (1998) were done for a soil element along
the centre line of the sample tube as well. The results are summarized in Fig. 2.8.
The numerical study showed that the inside clearance has the most potential to
generate axial strains and corresponding sample distortion. The inside clearance
was originally introduced to reduce the shear stresses between the inside of the
sample tube and the soil to prevent sample jamming. But La Rochelle et al. (1981)
had already stated that sample disturbance due to friction between the soil and the
inside of the sampler is comparably small and can be neglected. La Rochelle et al.
(1981) further contended that inside clearance of a sample tube will subsequently
permit lateral expansion of the sampled soil, which enlarges the area ratio effect
and supports the statement of La Rochelle (1973) that sampling with sample tubes
with inside clearance is like ,squeezing” the soil into the tube. These suggestions
and assumptions of La Rochelle have finally been supported by the numerical

investigations of Clayton et al. (1998).
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La Rochelle et al. (1981) comment that during the penetration of the tube, soil of
the thickness of the tube wall has to be removed. If there is no cutting edge, the
soil is squeezed similarly inside and outside of the tube. If the tube has cutting
edges, the soil is squeezed towards the outside and this is increased as the
cutting edge angle becomes smaller, so that the sample inside the tube will be
less influenced by volume changes. La Rochelle et al. (1981) further stated that

the effect of the area ratio can be minimized by small cutting edge angles.

Peak axial strain (%)
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Fig. 2.8: Effect of tube geometry on peak axial strains in the centreline of a tube sample
(Hight & Leroueil, 2003 after Clayton et al., 1998).

The results of the numerical study (Clayton et al., 1998) show that the area ratio of
the sample tube and the outside cutting edge angle have a similar impact on
sample disturbance with increasing values of the corresponding ratios. There was

no indication that the effects exclude each other. Both, the area ratio and the
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cutting edge angle have an influence on the sample quality, although the distortion
that can occur from the area ratio and the outside cutting edge angle is small

compared to the effect of increasing inside clearance.

These investigations show that the magnitude of axial strains caused by sample
disturbance even for good quality tube samples still cannot be below about 0.5 %,
and to achieve this requires a sample tube with an area ratio of below 20 % and

an outside cutting edge angle of around 8° (Fig. 2.8).

2.2.2 Sampling techniques

The most common procedure to obtain natural samples from the field is to take
tube samples from boreholes. This is done by pushing a tube into the ground and

withdrawing the sample in its tube from the ground with assistance of a vacuum.

Lefebvre & Poulin (1979) found, by analysing laboratory test results of specimens
obtained by different sampling techniques in the years between 1960 and 1970,
that test results from specimens extracted from blocks show a significantly higher

effect of structure than those obtained from tubes.

Another comparative study of soil parameters derived from block samples and 54
mm high quality tube samples was done by La Rochelle and Lefebvre (1971). This
investigation showed that the undrained shear strength and the modulus of
elasticity had values that were twice as high for tests on block samples compared
with those on tube samples. The block samples were carved out of a shallow
deposit, as shown in Fig. 2.9. This is a cheap and straightforward sampling
method for stiff clays in trenches close to the surface. One of its major
disadvantages is the sampling depth, which is limited by the trench depth as well
as by bottom heave occurring in the trench. Therefore, the maximum depth of the

sampling trenches is restricted to 3 to 4 metres.

To remedy this, Levebvre and Poulin developed a block sampling technique with
which samples from greater depth could be taken. The new apparatus, which is
shown in Fig. 2.10, was named the Sherbrooke sampler after the University of
origin. The idea is to carve blocks out of the bottom of boreholes, as was done
previously in trenches. A device (Fig. 2.10a) is lowered into the borehole to carve

a cylinder with a diameter of 25 cm out of boreholes of diameter of 40 cm. The
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borehole is supported by bentonite slurry. The carving device consists of three
vertical steel rods, which are mounted together (Fig. 2.10a). On the bottom of each
of the three rods, small vertical steel plates, called ,cutting tools®, are situated,
which carve a cylinder of 25 cm diameter in the soil. Additional bentonite is
pumped through the three rods to the cutting edges to help the excavation

process. The sample height is expected to be about 35 cm.

Fig. 2.9: Carving of block samples at the bottom of an opened trench (Lefebvre &
Poulin, 1979).

Additionally, horizontal diaphragms are fixed on each cutting edge to separate the
sample from the deposit. These can rotate towards the sample centre to close the
bottom, as shown in Fig. 2.10b. The diaphragms are released with pins, operated
from the surface, and powered by springs situated in the three vertical rods. These
diaphragms also provide support under the sample whilst lifting it out of the
borehole. Afterwards the samples are coated with paraffin and cotton strips and

stored in containers for transport.

Any compression arising from pushing a device into the soil is avoided with this

sampling technique. Due to the diaphragm, which cuts off the sample and creates
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bottom support during removal from the borehole, no vacuum has to be applied to
the sample and samples may be extracted from various depths. Therefore, many
sampling influences due to taking the sample out of the in-situ deposit are reduced
or completely avoided with this method. For layered soils, the only disadvantage is
the unsupported cylindrical surface of the sample which leads to different drainage

conditions between silt and clay layers, resulting in suction developing within the

clay layers.

Pins to release the diaphragm

i

Cutting tools Horizontal diaphragm

(a) (b) (c)

Fig. 2.10: Sherbrooke sampler (a) bottom diaphragm opened; (b) bottom diaphragm
closed; (c) cylindrical sample extracted with the Sherbrooke sampler (Lefebvre
& Poulin, 1979).

Simultaneously, another sampler has been developed at the University of Laval
using a larger diameter tube, which is called the ,Laval sampler® and was first
presented by La Rochelle et al. (1981). This sampler consists of a tube of length of
66 cm, an inner diameter of 208 mm and a wall thickness of 5 mm. The accuracy
of the sample tube dimensions (in terms of diameter and shape) is required to be +
0.03 mm. The cutting edge angle is 5° therefore the effect of the tube thickness is

assumed to be minimized (La Rochelle et al., 1981). This sample tube is fixed on
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the sampler head and moves inside the coring tube, as shown in Fig. 2.11 b. The
sampler is used in boreholes, usually supported by a bentonite slurry. The sampler
is lowered in the borehole to the base of the existing borehole, where the sample
tube is pressed into the soil and the bentonite slurry in the sample tube can flow

out through the top of the sampling tube.

(a) (b) (c) { (d)

Fig. 2.11: Operation of the Laval sampler: (a) sampler is lowered into the borehole; (b)
sample tube is pushed into the soail; (c) coring tube overcores the sample tube
and injects bentonite slurry; (d) sampler with the soil sample is extracted from
the borehole (La Rochelle et al., 1981).

Subsequently, the core tube cuts the sample tube out of the soil, by cutting a
trench around the tube (Fig. 2.11 c). Two centimetres beyond the end of the
sample tube the core tube is stopped, and valves at the top of the sampler are
closed and sealed, so that no bentonite suspension can flow back to the sample
tube during extraction of the sample. Bentonite suspension is pumped in between

the core and the sample tube to clean the cutting devices and to separate the
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sample from the deposit. By rotating the sample tube through 90° and lifting, the
sample is separated from the parent soil and removed. Thereafter, the sample is
extruded from the tube because it is assumed that samples stored in rigid steel
tubes are more sensitive to vibrations or shocks imposed during transport than
samples which are extracted from the tubes. Then the sample is cut into horizontal
slices, and packed in layers separated by a Paraffin wax and Vaseline mixture,

with Saran paper in between.

Although a tube is still pushed into the soil with the Laval sampler, the small angle
of the cutting edges and a nearly perfectly circular shaped sample tubes mean that
the volume change of the soil in the sample tube should be minimized. By over-
coring the tube afterwards, and injecting bentonite slurry at the bottom, suction in

the sample is reduced during extraction from the soil deposit.

2.2.3 Influence of sampling technique on the mechanical response of

soil

Next to the fact that sampling changes the stress as well as the strain state, the
most important question is how much this affects the shear and compression
parameters of the soil that are subsequently determined by laboratory tests.
Lacasse et al. (1985) describes an intensive study of the different behaviour of
block samples derived by the Sherbrooke sampler and 95 mm tube samples. The
aim of this study was to investigate whether the degree of sample disturbance
depends on the clay type, and how the mechanical parameters determined by the
different laboratory tests are affected. Two quick clays (Sensitivity: > 60, Plasticity
index: 3 to 12, Grain content > 60 um: 9 to 10 %, < 2 um: 37 to 40 %) and one
plastic clay (Sensitivity: 6 to 9, Plasticity index: 30 to 44, Grain content > 60 um:
0 %, < 2 um: 60 %) were investigated. Lacasse came to the conclusion that in
tests where the samples are restrained on the radial boundaries, such as in
oedometer tests, sample disturbance influences the results less compared to tests
where the soil is partly or wholly unsupported, as for example in the unconfined
compression test. The effect of sample disturbance on triaxial test results lies
somewhere in between the rigidly supported and the free radial boundary case. It

was clear that quick clays are more influenced by disturbance than the plastic clay.
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This was explained by the sand and gravel contents, which are higher in quick clay
than in plastic clay and which can generate horizontal movement of the sample

tube, if it hits a sand or gravel grain during penetration into the deposit.

Another method of investigating the quality of a current sample is to determine the
yield points from the stress-strain plots. If yield points are clearly visible, the

sample is of high quality (Jamiolkowski, 2003).

Tanaka & Tanaka (1999) compared the results of unconfined compression tests
on samples of Ariake clay, taken from a depth of 10 m. The samples were
extracted using the following methods:

- Laval sampler, which has a 660 mm long sample tube with a diameter of 208
mm, no inside clearance, a cutting edge of 5° and 5 mm wall thickness (AR =
4.9 %; ICR=0;ICA=0° OCA=4.4°).

- Sherbrooke sampler, which carves a cylindrical samples of approximately
250 mm diameter and 350 mm height from a borehole.

- Japanese Standard Piston sampler, using a 1 m long tube with an internal
diameter of 75 mm, with no inside clearance, a cutting edge of 6° and
1.5 mm wall thickness (AR = 4.3 %; ICR = 0; ICA = 0°; OCA = 5.3°).

- NGI 54 (Norwegian piston sampler), with a 768 mm long sample tube, which
has an inner diameter of 54 mm and wall thickness up to 13 mm (AR =
53.9 %; ICR =6 %)

- ELE100 piston sampler, with a 500 mm long tube having an internal diameter
of 101 mm, no inside clearance, a cutting edge of 30° and 1.7 mm thick wall
(AR =3.4 %; ICR=0; ICA=0° OCA=28.7°).

- Shelby tube, which has an internal diameter of 72 mm, a wall thickness of
1.65 mm and is 610 mm long (AR = 4.6 %).

The results (Fig. 2.12) point out that the highest failure stress was achieved on
Sherbrooke samples followed by those from the Japanese Standard Piston
sampler and the Laval sampler. Comparing the 4 tube samplers with internal
diameters of 100 mm and smaller, it can be seen that the diameter is not the only
factor that influences the sample quality. The Japanese Standard sampler has an
extremely low cutting edge angle of 6° and samples of high quality have been

taken, although the diameter of 75 mm is similar to that of the Shelby tube. The
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NGI54 sample tube has the smallest diameter of 54 mm but higher failure stresses
could be achieved than for the samples from the ELE100 sampler with a sample

tube diameter of 101 mm.
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Fig. 2.12: Unconfined compression tests on samples of Ariake clay (Tanaka & Tanaka,
1999).

The sampler parameters (Fig. 2.5) are summarized in the table in Fig. 2.12. The
comparison shows that when all parameters have a value close to zero for a
specific sampler, high sample qualities are achievable. As soon as the value of

one of the four parameters increases, the sample quality drops.

2.2.4 Discussion

Not only the quality, but also the designation of the sample, is determined based
on the tube diameter. While samples with an internal tube diameter of 100 mm and
below are called tube samples, those obtained from the Laval sampler (after La
Rochelle et al., 1981) with a diameter of 200 mm or above are called block

samples (even though they are cylindrical and not cubical), as are those extracted

28



Literature review

by the Sherbrook sampler (Lefebvre & Poulin, 1979), where no tube is used for the

sample extraction.

Relating the sample quality to the sampling apparatus, it is seen that the tube
should have:
- no inside clearance (La Rochelle, 1973; La Rochelle et al., 1981; Clayton et
al., 1998; Tanaka & Tanaka, 1999),
- asmall area ratio (Clayton et al., 1998; Tanaka & Tanaka; 1999),
- alarge sample diameter (Baligh et al., 1987),
- a small outside cutting-edge angle (La Rochelle et al., 1981; Clayton et al.,
1998; Tanaka & Tanaka, 1999).

The sampled soil properties also have an influence on the subsequent sample
quality. It is easier to obtain good quality samples if the soil is:
- plastic but not sensitive (Lacasse et al., 1985),

- without sand or gravel inclusions (Lacasse et al., 1985).

Subsequently, packing and storage processes should be reviewed to cause
minimum disturbance. Leroueil (2003) suggested using cling wrap instead of
cotton strips for the packing, to avoid air inclusions as much as possible. And he

stated that, during storage, the temperature is more important than the humidity.

Sample preparation and test setup can cause various degrees of damage to the
sample. Absorption of water and consequent swelling has to be considered
because it can cause very large deformations (Lo Presti et al., 1999a). Berre
(1982) suggested that the natural specimen should be set up in the triaxial
apparatus without adding water (e.g. dry filter stones) to overcome this problem.
Another possibility is to reconsolidate the sample to stress levels greater than 1.5
to 2 times the in-situ stress (Ladd & Foott, 1974). But the application of
reconsolidation is limited for structured soils, as any stress increase results in

volumetric straining and consequently in destructuration (Lo Presti et al., 1999b).

These are only a few points that can cause sample disturbance, but it shows
already that all test specimens in laboratory investigations have a certain degree
of disturbance. In the previous paragraphs, the influence of this disturbance on the

soil parameters was shown by comparing the results of laboratory tests performed
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on specimens sampled with different methods. Jamiolkowski (2003) presented the
Messina Bridge project where samples from both abutments were investigated in
the laboratory and comparable field tests were carried out. The results of the
laboratory investigations and the cone penetration tests gave similar mechanical
properties for both soils. Also the insitu CPTU tests gave the same response for
both materials. Only the insitu geophysical investigations indicated a significantly
stiffer response for the much older Messina gravel compared to the younger
coastal deposit. This example highlights that any kind of physical changes in the
soil cause disturbance and subsequently a change to the original properties.

2.3 Laboratory testing

This project will focus on the investigation of the small strain stiffness behaviour
(e.g. Burland, 1989; Simpson, 1992; Atkinson, 2000). For this purpose, accurate
methods of measuring displacement in the testing apparatuses are necessary, as

discussed in the introduction.

The investigations are performed in triaxial testing apparatuses, therefore the most
recent developments and the most significant error sources related to stress path
testing are summarized. Finally, an overview of the developments in local strain
measurement methods is given and the most appropriate methods for local

displacement measurement in triaxial tests on soft clays are highlighted.

2.3.1 Triaxial testing

The popularity of performing triaxial tests to determine mainly the strength but also
the stiffness properties of soils started in the 1950s following the establishment of
the relevance of effective stresses in geotechnical design (Terzaghi, 1923). The
triaxial test is a very convenient way to determine design parameters for effective
stresses with the measurement and control of pore water pressures. Major steps
in the development of triaxial testing techniques have been made at Imperial
College (e.g. Bishop & Henkel, 1957; Bishop & Wesley, 1975; Jardine et al., 1984;
Cuccovillo & Coop, 1997). With the requirements of increasing the accuracy of soil

parameter determination in laboratory tests, e.g. Burland (1989) discussed
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possible measurement errors that occur due to the triaxial test apparatus design,

in addition to reviewing the effects of sampling technique and sample preparation.

2.3.2 Strain-measurement error sources

Intensive strain measurement accuracy investigations have been performed, e.g.
by Germaine & Ladd (1988) or Baldi et al. (1988). The latter identified the sources
of errors in the deformation measurement as seating, alignment, compliance and

bedding errors, which are outlined as well in Fig. 2.13:

Seating errors caused by gaps closing between:
- ram or internal load cell and top platen,

- platens and porous stones.

Alignment errors resulting from equipment and specimen non-conformity,
specifically:

- porous stones of non-uniform thickness,

- loading ram not vertical or centred,

- platen surface not horizontal,

- tilt of specimen.

Bedding errors are caused by surface irregularities and poor fit at the interfaces

between the specimen and porous stone.

Compliance errors may occur because:

- the tie bars, which connect the bottom and the top plate of the triaxial cell,
extend and cause relative displacement of the top of the cell with respect to
the piston,

- the internal load cell deflects,

- the lubricant is compressed, in systems using lubricated ends,

- the porous paper is compressed.

This highlights that most errors in strain measurement occur around the edges of
the sample in the device. Costa-Filho & Vaughan (1980) showed in an
experimental laboratory study that a strain measurement made locally on the
sample gives a much larger stiffness at small strains than a strain measurement

across the end platens. The local strain measurement on the sample in this study
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was done with LVDT’s (Costa-Filho, 1985). As the LVDT’s are cumbersome and
difficult to use (Burland, 1989), a programme was initiated at that time to develop

new simple and precise strain measurement devices for local use on the sample.
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Fig. 2.13: Sources of errors in external axial deformation measurements (after Baldi et al.
1988).

2.3.3 Local strain measurement

A series of internal strain measurement devices were developed. Initially the
displacements were measured with the inclinometer level proposed by Burland &
Symes (1982), which was further modified to become the electro-level inclinometer
(Jardine et al., 1984; 1985a; 1985b) and the pendulum inclinometer (Ackerly et al.,
1987). The strain measurement principle of the electro-level inclinometer is the

measurement of the rotation of the level due to the axial strains. This inclination is
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measured by the change of impedance between electrodes in an electrolyte during
change of inclination. The change in inclination in the pendulum inclinometer is
measured by the pendulum, which is mounted on a strain-gauged spring. The
advantage of the inclinometer levels is that they are inexpensive and that they are
stable at large strains. Strain measurement accuracies of + 0.0005 % for the
pendulum inclinometer (Ackerly et al., 1987) and + 0.001 % for the electro-level
inclinometer (Jardine et al., 1984; 1986) can be achieved. A disadvantage is the

complicated and time-consuming calibration procedure.

Another strain measurement device from this period is the Hall effect transducer
(Clayton & Khatrush, 1986; Clayton et al., 1989). The strain measurement
principle of the Hall effect transducer is to measure the flux density between a
magnetic field and a semiconductor plate placed in the magnetic field. The flux
density varies depending on the relative position of the semiconductor sensor in
the magnetic field. This principle can be used for local axial as well as radial strain
measurement, up to an accuracy of + 0.002 %, but for radial strain measurements
on soft clays, difficulties were experienced due to the need to mount the
transducer on the sample (Clayton et al., 1989). One of the major disadvantages is

the limited operation range of a few millimetres.

Tatsuoka (1988) and Goto et al. (1991) developed the local deformation
transducer (LDT), which consists of two thin strips of bronze that are mounted on
the sample. Two strain gauges are attached to each strip and connected up to
measure the change in bending, and the axial strains are calculated. Although the
device is inexpensive and simple to use, disadvantages are the axial operation

range, which is limited to 1.5 mm, and mounting the strips on to the sample.

A measurement device used primarily for measuring local radial strains is the
proximity transducer e.g. Cole (1978) and Hird & Yung (1989). The displacement
measurement of the proximity transducer is based on the eddy current loss
principle. A coil in the transducer, which is mounted at a certain distance from the
sample, induces an eddy current to a conductive target, which can, for example,
be an aluminium foil between the rubber membrane and the soil. As the distance

between the transducer and the target changes, the magnitude of the induced

33



Non-linearity and small strain behaviour in lacustrine clay

eddy current varies. As the impedance of the coil depends on the magnitude of the

eddy current, the coil impedance is a function of the transducer — target distance.

An extensive comparison of the measurement accuracy, usability and further
advantages and disadvantages of these transducers was made by Scholey et al.
(1995) and showed that the LVDT’s (Linear Variable Displacement Transducer)
give high accuracies that they are stable in temperature and pressure and have a
linear calibration range. The disadvantages are the size of the transducer, the
necessity to fix the transducer on the sample and the possibility of damaging the
transducer when the sample fails. Cuccovillo & Coop (1997) presented a design of
a local LVDT transducer and a mounting which overcomes most of the

disadvantages of LVDT’s mentioned (Fig. 2.14).
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Fig. 2.14: Local LVDT transducer with mounting (Cuccovillo & Coop, 1997).

The LVDT is fixed to the sample with the upper and the lower mount, which are
glued on the rubber membrane with flexible contact adhesive. In clays and
uncemented soils, additionally four pins per mounting are pushed through the

membrane into the soil and the holes caused by the pinhead are sealed with
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vulcanizing solution. The LVDT has the cable connected to the side of the housing
so that a through-bobbin bore is possible. This ensures that the transducer does

not become jammed when the sample approaches failure at large axial strains.

Some additional uncertainties are generated by mounting with pins. The steel pins
can reinforce the soil sample, and even more importantly, the hole in the rubber
membrane is a potential leaking point. Gens (1982) investigated the possibility of
slipping between the rubber membrane and the soil sample. He deduced that the
rubber membrane does not slide on the sample surface, and so the displacement
measurement is not improved by putting pins through the rubber membrane into
the soil sample. Miller (1980), after Burland & Symes (1982), found that small
relative displacements between the membrane and the soil occur only at strains
close to, or beyond, failure. Since the small strain response is of most interest, the

membrane slipping at large strains can usually be neglected and the pins omitted.

These developments concentrate mainly on the local axial strain measurement. To
complete the observation of the deformation behaviour of a sample, the radial
strains also need to be measured. This can be done with the Hall effect transducer
(Clayton & Khatrush, 1986; Clayton et al., 1989) or even more conveniently with
proximity transducers (e.g. Cole, 1978; Hird & Yung, 1989). Horizontally mounted
LVDT’s have also been used for local radial strain measurement, e.g. by Brown &
Snaith (1974). Common disadvantages of these methods are the need to fix them
on the sample by a mounting (less of an influence with the proximity transducer)
and the fact that the transducer measures the radial strains at one particular point
only, which is reasonable for remoulded samples but less applicable for natural,
rather inhomogeneous, samples. Romero et al. (1997) constructed a triaxial
device to test unsaturated soils under non-isothermal conditions. Amongst other
features, they implemented a laser scanning system to measure the radial
deformations over the entire specimen height. This strain measurement method
overcomes the two main disadvantages of the previously mentioned measurement
methods. The deformation can be measured without contact and over the whole
sample height. Disadvantages can arise from the refraction of the laser beam on
the Perspex wall of the triaxial cell. A sketch of the complete triaxial test apparatus

designed by Romero et al. (1997) is given in Fig. 2.15.
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Fig. 2.15: Triaxial testing device for unsaturated soil samples (Romero et al., 1997).
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The local radial displacement measurements are accomplished by two lasers (3),
which are mounted outside the Perspex wall (17) of the triaxial cell. The lasers can
be moved in an axial direction by a stepping motor and the vertical movement is
registered by LVDT’s (7). The lasers have a measurement range of +10 mm, a
stand-off distance of 45 mm and a resolution of 2 um, which results in a measured
radial strain resolution of 5:107° for specimens 38 mm in diameter (Romero et al.,
1997).

2.4 Constitutive modelling

2.4.1 Introduction

Since finite element analysis (Clough, 1960; Zienkiewicz, 1967) was introduced
into the field of geomechanics, the formulation of suitable constitutive relationships
for geomaterials has become a necessity in geotechnical research. One of the
major steps in constitutive modelling was the development of the critical state
concept (Roscoe et al.,, 1958; Roscoe & Schofield, 1963; Roscoe et al., 1963;
Roscoe & Burland, 1968), which is based on previous fundamental investigations
of the stress-strain relationship of soils (e.g. Hvorslev, 1937; Rendulic, 1937;
Haefeli, 1951). Since then, numerous constitutive models have been developed to
describe the behaviour of soils, with the aim of modelling typical phenomena such

as small strain stiffness, stress path dependency or anisotropy.

Parallel to the critical state concept, other families of constitutive relationships
have been introduced to geomechanical applications. Zienkiewicz & Pande (1977)
formulated the first elasto-plastic constitutive model for rock in the Multilaminate
framework based on the Multilaminate concept proposed by Taylor (1938) for
metals. Kolymbas (1977) introduced the idea of describing the non-linear elastic
mechanical properties of soils by unique functions over the whole stress-strain
range, instead of introducing yield and potential functions that are necessary for
elasto-plasticity. He called this concept hypoplasticity. The range of elastic, ideal-
plastic models like the Mohr-Coulomb model were improved as well by
incorporating e.g. non-linear elastic behaviour by adding the hyperbolic model of

Duncan and Chang (1970) or by applying an anisotropic linear elastic stiffness
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matrix. Next to these models that are based on continuum mechanics, discrete
element models have been introduced into soil mechanics too (e.g. Cundall &
Strack, 1979; Thornton, 2000). These models are more suitable for granular soils

and will therefore not be discussed further herein.

A few of the relevant continuum models, which can be used to model either small
strain stiffness, stress path dependency or anisotropy, are discussed in the
following section specifically, their advantages and disadvantages for modelling
soft soil behaviour in general, and non-linear elastic and anisotropic soil behaviour
in particular. A detailed description of the model formulation is subsequently given
in Chapter 7 for the selection of constitutive models that are used for numerical

simulations of the lacustrine clay investigated.

2.4.2 Modified Cam Clay model

The elasto-plastic Modified Cam Clay model (MCC) was proposed by Roscoe &
Burland (1968) as an improvement to the Original Cam Clay (OCC) model
developed by Roscoe & Schofield (1963). Both models are derived from triaxial
test results of “ideal” soil and are based on the critical state concept* (e.g. Roscoe
et al., 1958). The logarithmic yield surface of the OCC model, which has a
discontinuity when it meets the isotropic stress path, is replaced in the MCC model
by an elliptical yield surface. The other features of the OCC model such as
isotropic hardening controlled by the plastic volumetric strains, the associated flow
rule or the Drucker-Prager failure criterion are kept the same in the MCC model. A

detailed presentation of the models formulation is presented in Chapter 7.

The OCC and the MCC models were the first two elasto-plastic models for fine-
grained soils formulated within the critical state concept, and the MCC model has
been widely used for practical applications and is the basis of many subsequent

models. One of them is the 3_SKH model, which will be discussed next.

t The loading path after reaching the yield surface traverses this surface until the constant void

ratio line is reached. The soil then continues to deform at constant stress and constant void ratio.”
(Roscoe et al., 1958; p. 43).

N.B.: The constant void ratio line was subsequently renamed as critical state line.
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2.4.3 Three surface kinematic hardening model

The three surface kinematic hardening model (3-SKH) was developed
(Stallebrass, 1990; Stallebrass & Taylor, 1997) specifically to predict the behaviour
of overconsolidated soils starting from small strain or stress changes. The model is
an extension of the two surface kinematic hardening model proposed by Al-
Tabbaa (1987) and Al-Tabbaa & Wood (1989). A second kinematic surface is
incorporated inside the yield surface in order to simulate the influence of recent
stress history. A detailed description of the model formulation is outlined in
Chapter 7. Due to the translation and hardening rules of the two kinematic
surfaces, the model predicts a non-linear elastic stress — strain response, which is
dependent on the angle of stress path rotation and the amount of stress change.
Other features of the Al-Tabbaa model such as the elliptical state boundary
surface, the same as in the Modified Cam Clay model (MCC) (Roscoe & Burland,

1968), the associated flow rule and the failure criterion were preserved.

Although the 3_SKH model can describe some aspects of the behaviour of fine
grained soils generally well, several shortcomings of the bubble model were
identified. Stallebrass (1990) observed that for stress states on the history surface,
the model predicts a fairly rapid stiffness decrease as the history surface
approaches the yield surface, which was not seen in the experimental data. This
problem can be improved by modifying the hardening modulus. Additional
disagreements between model and experimental results have been found for
stress paths on the dry side of critical state. Concerning the stress domain, which
is influenced by the recent stress path, the experimental data showed that the bulk
stiffness decrease takes place within a smaller stress domain than the shear
stiffness decrease. The two latter points are inherent characteristics of the 3 —
SKH model. While these shortcomings are due to the incorporation of the second
kinematic surface (the “history surface”), the following problems are due to
incorporating the kinematic surfaces into the Modified Cam Clay model. The
coefficient of earth pressure at rest during one-dimensional compression is over-
predicted as the associated flow rule within the Modified Cam Clay model predicts

extensive shear strains for yield at the K, stress ratio. This is especially significant

for cyclic loading, where too much shear strain is accumulated based on the
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model. For the generalization of the failure criterion to the full stress space, the
shape of the yield and plastic potential surface and consequently the failure
surface in the deviatoric plane are circular in the Modified Cam Clay model. This
assumption implies that the angle of shearing resistance varies with Lode angle
(Potts & Zdravkovic, 1999).

These latter problems were overcome e.g. by McDowell & Hau (2003), who
incorporated a non-associated flow rule within the three surface kinematic
hardening model. They scaled down the shear strains by a factor, retained
associated flow under isotropic conditions and at critical state, and assumed a
Lode angle dependent failure criterion. Another possibility was found by Masin
(2003), who defined the 3—-SKH model for anisotropic clays (AlI3—SKH) with a
plastic potential surface in triaxial compression, which has a more vertically
elongated shape compared to the shape of the MCC yield surface. The shape of
the plastic potential is directly derived from test results of anisotropically
consolidated clays. In triaxial extension, the plastic potential surface is kept the
same as in the MCC model (associated flow). The Matsuoka & Nakai (1974)

failure criterion was used in the deviatoric plane.

Other aspects have not been included in the 3 — SKH model, such as time
dependent aspects incorporating creep or secondary consolidation, or natural soil

features such as anisotropy or structure.

2.4.4 Strain Dependent Modified Cam Clay model

The Strain Dependent Modified Cam Clay (SDMCC) model was proposed by
Dasari (1996) and Bolton et al. (1994), to improve the numerical analyses of
ground movements associated with the construction of diaphragm walls or tunnels.
The aim was to simulate non-linear elasticity and stress history dependent
stiffness. The elastic formulation of the model is incorporated into the Modified
Cam Clay (Roscoe & Burland, 1968) yield surface. The non-linear elasticity was
modelled by varying the shear and bulk moduli as a function of mean effective
stress, overconsolidation ratio and the corresponding strain increment since the
last reversal. The hysteretic stress-strain behaviour for unloading and reloading is

modelled by the Masing rule (Masing, 1926). The stress history dependent
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stiffness was formulated in the strain space. The direction of the vector for the
previous and for the current strain increment is calculated and the angle between
these vectors is determined. If the angle is larger than 90°, the model assumes
that the stress path changed direction and simulates higher stiffness. The model
was evaluated on laboratory tests on Gault clay and centrifuge tests on Speswhite
kaolin and applied for numerical analyses of an excavation in Boston Blue Clay
and a tunnel in London (Dasari, 1996). The comparison of the measurement data
to the simulation results for the excavation showed that the settlements, and
especially the settlement concentration behind the wall, could be predicted very

well while the lateral wall movement is slightly overpredicted by this model.

2.4.5 BRICK model

The BRICK model (Simpson, 1992) was developed to model the deformation
behaviour of retaining walls in stiff clays. Based on the shear stiffness analyses of
the triaxial stress path tests on reconstituted London Clay by Richardson (1988)
and on kaolin by Stallebrass (1990), Simpson introduced the physical analogue of
“a man walking around a room and pulling behind him a series of bricks, each on a
separate string” in his Rankine lecture (in 1992), to model the non-linear and strain
history dependent elastic behaviour. This analogue was formulated in the strain
space. The plastic strains are represented by the movement of the bricks and the
elastic strains are the difference of the overall strains, given by the movement of
the “men”, which represents the current strain state, and the sum of the plastic
strains. This model behaviour can be described as a kinematic hardening model
with multiple yield surfaces, which model a stepwise stiffness reduction with
increasing strains. These yield surfaces have no preferred direction therefore the
model behaves isotropically. To complete the model for elasto-plastic soll
behaviour, some assumptions from critical state soil mechanics (Schofield &
Wroth, 1968) were also adopted.

The evaluation of the model response confirmed that the model simulated the
stiffness decrease with straining, the stiffness increase for changes in the stress
path direction, the failure stress states and strain ratio for one-dimensional

consolidation paths well although neither the friction angle nor the K, value are
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input parameters of the model. Puzrin & Houlsby (2001) proved that the BRICK
model, as formulated by Simpson (1992) within conventional plasticity in the strain

space, is consistent with the laws of thermodynamics.

The model has been applied successfully for several numerical analyses of deep
excavations in overconsolidated clays. In the numerical case study of a
multipropped deep excavation at Lion Yard in Cambridge, Ng et al. (1998) showed
that the model is able to simulate the lateral wall movement as well as the
settlements behind the excavation quantitatively. Qualitatively, the lateral wall
movements were slightly overpredicted at the toe of the wall and the settlements

behind the excavation were distributed more widely than observed.

2.4.6 MIT-E3 model

The MIT-E3 model was developed by Whittle (1987) to study the performance of
offshore friction piles supporting tension leg platforms for normally to lightly
overconsolidated recent marine sediments without structure, subjected to cyclic
loading. Subsequently, the model was presented in Whittle (1993) and Whittle &

Kavvadas (1994), where it was applied to overconsolidated clays.

The model uses an inclined ellipsoid as a bounding surface (Dafalias & Herrmann,
1982), which was originally introduced in the MIT-E1 model by Kavvadas (1982),
to model anisotropic elasto-plastic behaviour. The yield surface is derived from the
Modified Cam Clay vyield ellipse (Roscoe & Burland, 1968) and the inclination as
well as the ratio of the semi-axes of the ellipsoid are dependent on the applied
stress path and can change during loading. A cone is defined in the three
dimensional stress space with the apex at the origin and the orientation according
to the defined anisotropic failure criteria of the soil. As these criteria are not
determinable by triaxial tests, Whittle (1987) suggested keeping the orientation
along the isotropic axis, which reduces the failure cone to an isotropic Drucker-
Prager failure surface. The failure cone does not intersect at the apex of the yield

ellipsoid, therefore the model needs a non-associated flow rule to fulfil the critical
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state criterion. The non-associated flow rule is also necessary to fulfil the K,

conditions* for plastic strains.

The anisotropic elasto-plastic model introduces two hardening rules, which control
the changes in the size and orientation of the yield surface, respectively. Both

rules depend on the plastic volumetric strain increments.

The non-linear elastic behaviour inside the yield surface is described by a closed
symmetric hysteretic loop based on the formulation of Hueckel & Nova (1979),
which consists of a criterion for identifying the load reversal point and an
expression for the decrease of the tangent bulk modulus, which is a function of the
current stress state and the load reversal point. The shear stiffness is described by
assuming a constant void ratio, which implies decoupled volumetric and shear
behaviour. The stiffness values are dependent on the OCR but not on the stress
direction, therefore the formulation is isotropic, non-linear elastic and does not
include stress history dependency. Additionally, the concept of bounding surface
plasticity (Dafalias, 1975; Krieg, 1975; Dafalias & Popov, 1976; Dafalias &
Herrmann, 1982) is implied within the MIT-E3 model, to simulate the non-
recoverable strains within the yield surface, which are important for cyclic loading.
The bounding surface plasticity allows plastic straining for stress states within the
bounding surface if loading occurs, for unloading it behaves elastically. The
magnitude of these strains depends on the plastic behaviour defined at the image
point on the bounding surface and the proximity of the current stress state to the
image point on the bounding surface. This image point can be obtained by
constructing a line through the current stress state and the origin. Where this line
intersects the bounding surface defines the position of the image point. Therefore,
the image point can change when the stress path within the bounding surface
changes, which guarantees, together with the defined hardening modulus, a
smooth transition from the elastic to the plastic behaviour when the stress state
reaches the bounding surface. In the MIT-E3 model, the bounding surface is

defined to be equal to the yield surface as well as the plastic potential.

* The term K, condition is used for the one-dimensional stress ratio for which axial strains develop

at zero radial strains.
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The key features of the MIT-E3 model are an anisotropic yield surface, kinematic
plasticity, strain softening under undrained conditions, small strain non-linear
elasticity and bounding surface plasticity. Not included in the non-linear elastic
formulation is the influence of the recent stress history and any anisotropic
aspects. Additionally, natural soils often show distinct structural and creep effects

and these are not modelled either.

Although the 15 material parameters that are required for the MIT-E3 model are
challenging to determine, Whittle (1993) demonstrated the ability of the model to
represent the behaviour of different laboratory tests and various stress paths for
different types of clays. Investigations on several boundary value problem have
been performed, mainly on excavations (e.g. Whittle et al., 1993) in which the
deformation measurement data are compared to the corresponding analysis
results obtained using the MIT-E3 model. Comparison of the lateral wall
deflections showed that in the first stages, deflections are well simulated, while
with ongoing excavation and support, the deflections are underpredicted. This is
assumed to be due to the simulation of the struts by elastic springs, which do not
represent any creep, shrinkage or temperature effects of these concrete struts.
Comparison of the lateral movement of the soil behind the wall showed that the
analysis underpredicts soil displacements close to the wall and overpredicts
movements at locations further away. Comparison of the settlement profiles
implied that the settlements close to the wall, as predicted in the analysis, are less

concentrated and spread over a wider region.

With some modifications, as described in Ganendra & Potts (1995), the MIT-E3
model was implemented in the Imperial College finite element code (ICFEP) and
used for the analysis of different boundary value problems (Potts & Zdravkovic,
2001). Susequently, Pestana & Whittle (1999) presented the MIT_S1 model, which
is a generalised form of the MIT-E3 model applicable for clays as well as for sand.
The MIT-S1 model uses a modified form for the bounding surface plasticity and
the rotational hardening law is additionally dependent on the plastic shear strains.
An isotropic cone after Matsuoka & Nakai (1974) is introduced as a failure
criterion. The nonlinear elasticity formulated by a perfectly hysteretic loop and the

bounding surface plasticity are the same as in the MIT-E3 model. The model
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needs 13 parameters for simulating clays and 14 parameters for sands and was
used for extensive comparison with measurement results of undrained triaxial,
plane strain and direct simple shear tests on K; consolidated specimens (Pestana
et al., 2002). It was shown that the model represents the non-linear elastic as well
as the anisotropic plastic soil stiffness behaviour. It is able to simulate the
response of highly overconsolidated soils as well as dilation for shearing in

extension.

In summary, it can be said that the MIT-E3, and the ensuing MIT-S1, model can
model many typical natural clay features. Unfortunately the model itself and the

soil parameter determination are complex.

2.4.7 S_CLAY1 model

The anisotropic elasto-plastic S_CLAY1 model was proposed by Wheeler (1997)
and subsequently slightly modified by Naatanen et al. (1999). The model was
introduced to simulate the initial plastic anisotropy as well as the change in
anisotropy during plastic straining for normally consolidated or lightly
overconsolidated soft clays. An aim was to keep the model relatively simple, so
that there would be a chance of widespread application in geotechnical design.
The model is an extension of the Modified Cam Clay model (Roscoe & Burland,
1968), where the initial anisotropy of the plastic behaviour is represented by an
inclined yield surface, similar to that proposed by Dafalias (1987). As the plastic
straining conditions at critical state and at one-dimensional consolidation are
fulfilled by the shape of the yield surface, the S_CLAY1 model uses an associated
flow rule. The volumetric hardening rule and the failure criterion are the same as in
the Modified Cam Clay model, but a rotational hardening law is introduced
additionally to simulate the change in anisotropy during plastic straining. This
rotational hardening law incorporates the effects of plastic volumetric strains as
well as plastic shear strains. The model is described by the 5 conventional
parameters from Modified Cam Clay and two additional parameters related to the

rotational hardening. A detailed description of the model is given in Chapter 7.

The model was evaluated on triaxial test results of Finnish clays (e.g. Wheeler et
al., 1999; Messerklinger, 2001; Koskinen, 2001) of Bothkennar clay (McGinty et
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al., 2001) and of Kreuzlingen clay (Messerklinger & Springman, 2003). The
results pointed out that for certain stress paths the plastic flow direction
determined in the laboratory tests differ significantly from the predicted ones. The
model was subsequently implemented into the Finite Element code CRISP (Britto
& Gunn, 1987) and in a benchmark exercise, compared to the behaviour of other
recently developed anisotropic elasto-plastic models (Wiltafsky et al., 2003).
Recently, the influence of bonding and destructuration was incorporated (Koskinen

et al., 2002) by introducing an intrinsic yield surface.

2.4.8 Multilaminate Model for Clay

The Multilaminate Model for Clay (MMC) was developed by Wiltafsky et al. (2002),
Wiltafsky (2003a) and is based on the Multilaminate concept (Zienkiewicz &
Pande, 1977). The MMC model is one of a series of Multilaminate models (Pande
& Sharma, 1983; Krajewski, 1986; Sadrnejad & Pande, 1989; Karstunen, 1998;
Schuller, 2000). The basic assumption of the Multilaminate concept is that a set of
“integration planes” is defined in each integration point of the Finite Element (FE)
analysis, on which the constitutive relationship (e.g. the MMC model) is described
in terms of normal and shear stresses. During the FE analyses, the applied
stresses of each integration point are transformed to the integration planes as well
in terms of normal and shear stresses. Therefore the corresponding strains can be
determined on each plane due to the constitutive relationship. To obtain the
response at the integration point, the strain components are summarized over all
integration planes by specific integration rules and weighting coefficients (e.g. after
Bazant & Oh, 1986). Initial anisotropy, as well as a change in anisotropy during
plastic straining, is simulated as the yield surfaces on the planes can develop

independently of each other.

The MMC model described on the integration planes is an elasto-plastic model.
The yield surface is composed of a yield cone and a yield cap. The yield cone
allows deviatoric hardening with a non-associated flow rule, using a mobilized
dilation angle according to the stress-dilatancy theory proposed by Rowe (1972),
until the Mohr Coulomb failure criterion has been reached. The yield cap has an

elliptical shape with the apex on the deviatoric stress axis. The yield cap allows
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volumetric hardening described by an associated flow rule. Additionally, a tension
cut-off criterion is incorporated. In the MMC model, only the plastic strains are
derived from the contact planes, the elastic strain part is calculated globally by an
isotropic, linear elastic stiffness matrix. Therefore the model just simulates plastic
anisotropy. Due to the composition of the yield surface of two components with an
intersection point, the plastic potential has a discontinuity at this point. An intensive
evaluation of the MCC model on triaxial test results (e.g. Messerklinger, 2001;
Wiltafsky et al., 2002; Neher et al., 2003) showed that the direction of the plastic,
strain increments, simulated with the current definition of the plastic potentials
corresponds well with the test data, although the amount of plastic strains tend to
be underpredicted. The evaluation of the simulation of anisotropy due to one
dimensional consolidation indicated that the MMC model simulates less distinct
anisotropic behaviour compared, for example, to the S_CLAY1 model. Further
investigations on the response envelopes of the model have been done by
Scharinger (2004).

2.4.9 Discussion

These six advanced constitutive models for fine grained soils simulate one or more
of the following soil behaviour properties: non-linear elasticity, stress path
dependency, non-recoverable strains within the yield surface and plastic initial and

induced anisotropy.

Different approaches have been proposed for modelling the non-linear elasticity.
The 3-SKH model introduces one kinematic surface, while the BRICK model
assumes a multitude of kinematic surfaces within the yield surface. The MIT-E3 as
well as the SDMCC model applies a closed hysteretic loop for the simulation of the
non-linear elastic behaviour by mapping the stress reversal points and defining a
function for the stiffness decrease. The evaluation of the previously discussed
models (in particular the 3-SKH model), showed that the definition of one
kinematic surface can introduce shortcomings due to the introduced translation
law for the surface, which may not represent the real soil behaviour for all stress
paths. A more successful definition of these translation laws for non-linear elastic

soil behaviour in the whole stress field was proposed by Puzrin & Burland (1996).
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they suggested a logarithmic stress-strain function, either derived from small strain
measurement data, or if these are not available, from data of standard tests. On
the basis of that assumption, Puzrin & Burland (1998) proposed a model that
incorporates non-linear stress strain behaviour, stress path dependency and

cross-anisotropy in the small strain region.

Modelling of the non-linear elasticity by mapping stress states and assuming a
stiffness degradation curve, as done in the SDMCC and MIT-E3 models, is a more
empirical way of formulating the soil behaviour. This needs a certain amount of

calibration and so it is less applicable to different soil types.

By defining a multitude of kinematic surfaces, as in the Brick model, the
shortcomings due to formulating translation rules can be avoided and the soil
behaviour is described more consistently. A multitude of isotropic and anisotropic
kinematic hardening models have been successfully introduced already for the
simulation of the deformation behaviour of different materials (e.g. Mroz, 1967;
Prevost, 1977; Mroz et al., 1979). Prevost (1982) concluded in his comparison of
the multi-surface models to the two surface models, that the multi-surface models
suffer in storage capacity, while the two surface models may suffer in the selection

of the translation rule of the kinematic surface.

The stress history dependency is either modelled with kinematic surfaces (3-SKH
and BRICK model) or by the explicit calculation of the change of the stress or, as
in the SDMCC model, the strain path.

The tendency for non-recoverable elastic strains to be generated for any unload
and reload loop was only considered by the MIT-E3 model, as this model is
especially made for cyclic loading. For applications to excavations for example, the
successful simulation of the development of strains during one stress path is more

important.

That the effect of anisotropy needs to become successfully incorporated in the
constitutive model, especially for natural soils, was recognized a long time ago.
The models presented simulate the plastic anisotropy either by using an inclined
yield surface (MIT-E3 and S_CLAY1 models) or the Multilaminate framework

(MMC model). The approach of introducing an inclined yield surface was derived
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from the intensive evalution of test results on different natural soils (e.g. Tavernas
& Leroueil, 1977; Diaz-Rodriguez et al., 1992). A series of models was developed
subsequently that considered the initial anisotropy as a first step followed by the
change in anisotropy during plastic straining (e.g. Dafalias, 1987; Yu & Axelsson,
1994; Banerjee & Yousif, 1986; Davies & Newson, 1993). Two of these models
are the MIT-E3 and the S _CLAY1 model. The quality of the plastic strain
prediction mainly depends on the definition of the plastic potential. While the MIT-
E3 model, with a non-associated flow rule, simulated the amount and direction of
plastic strains very well for all different stress paths (Whittle & Kavvadas, 1994),
the S_CLAY1 model predicted the plastic strains less well for certain stress paths
(Wheeler et al., 1999).

The Multilaminate concept was initially used for simulating joint sets in rock
(Zienkiewicz & Pande, 1977), and was extended subsequently for use with soils.
One of the major advantages of the Multilaminate model is that the anisotropic
behaviour is implied within the concept therefore no additional material parameters

are necessary.

Anisotropy of the elastic behaviour was not modelled by any of the six previously
discussed models. Evaluation of the effect of anisotropic elastic soil behaviour in
laboratory tests is now possible thanks to the introduction of the bender element
method a few years ago. Basic laboratory investigations to determine the
difference between horizontal and vertical shear stiffness using bender elements
have been done by Jamiolkowski et al. (1995) with oedometer tests on six natural
deposits. Pennington et al. (1997) performed triaxial stress path tests on
reconstituted and natural clay samples to investigate the ratio of the initial
horizontal and vertical shear stiffness and to compare the laboratory results to field

measurement data.

The modelling of anisotropic elasticity is done by simulating cross-anisotropic
(transverse isotropic) behaviour with an anisotropic stiffness matrix (e.g. Graham
& Houlsby, 1983). They incorporated the anisotropy with the “anisotropic factor”,
which is the ratio of the horizontal to the vertical stiffness (Houlsby, 1981) to derive
the parameters from standard triaxial stress path tests. Lings et al. (2000)

performed sophisticated triaxial tests with bender element measurements, to
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derive all five parameters necessary to describe anisotropic elastic material
response. Puzrin & Burland (1998) also modelled the anisotropic behaviour within

the small strain region by defining an anisotropic stiffness matrix.

The evaluation of the failure criteria for the 3-SKH model showed that a Lode
angle dependent failure criterion is necessary to simulate the failure in three-

dimensional stress space.
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3 Swiss lacustrine clay

3.1 Investigated soils

The Swiss lacustrine clay investigated in the following study was taken from a
highway building site in Opfikon, adjacent to Kloten. Kloten is an industrial suburb
to the north-east of Zurich, next to the airport (Fig. 3.1 & Fig. 3.2). Due to the
proximity of Kloten to Zurich airport, the properties of “Kloten clay” have been
investigated over a long period, e.g. from Lang (1976) to Dr. von Moos AG (1995),

and so this generic terminology will be used in this thesis.

The geological site investigations reported by Dr. von Moos AG (1995) showed
that Kloten and the surrounding region is situated on post glacial lake deposits of
the Rhine-Linth glacier in the Glatt valley. The lacustrine clay is found at the
surface has a thickness of up to 20 m and is deposited on top of glacial moraines.
This lacustrine clay in Kloten has a particle size content < 2 um of about 20 % and
plasticity investigations classified it as low plasticity clay. In all natural samples
taken in Kloten, a significant and very regular stratification of clay and silt layers is

visible.

The highway building site in Kloten from which the block samples were obtained
was a tunnel project on the A1 highway. At present, this highway leads through the
village of Kloten before arriving at Kloten airport. Due to the high noise pollution in
the centre of the village, a project was initiated to bury the airport highway. This
project consisted of a cut and cover tunnel on the southern approach of the
highway (from Zurich). Block samples were extracted during the construction of
the foundations of this tunnel. A detailed description of the sampling techniques is

given in the following paragraphs.
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Additionally, samples from Birmensdorf were taken with the aim of performing a
comparative study on qualities of samples derived with different sample tubes.

Birmensdorf is located to the south-west of Zurich (Fig. 3.1).
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Fig. 3.1:  Section of the geological map of Zurich and environs (Geologische Karte der
Schweiz, 1980).

A detailed description of the project and the various aspects of construction is
given in Franz & Gobbels (2000). The behaviour of Birmensdorf clay was
investigated by Panduri (2000) and Trausch Giudici (2004). The soft post-glacial
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clay deposit in Birmensdorf has a thickness of 30 m in the middle of the field,

thinning to 5 m at the edge of the valley.
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Fig. 3.2: Location of the sampling site for natural Kloten clay (Landkarte der Schweiz,
1994).

3.2 Block sample extraction

The first attempt at sampling blocks in Swiss lacustrine clay following the methods
of Lefebvre & Poulin (1979) was done in Kloten. A trench of about 1.5 m depth
was excavated by machine at the bottom of the excavation pit and blocks of size
20 x 30 cm, with a height of 20 cm were carved out of the deposit. The base of the
block was cut off with a steel plate with which the block was lifted out of the trench.
The blocks were immediately packed in cling film wrap, waxed and placed in
boxes that were filled with wet sawdust. These samples were given the internal

laboratory number 46762.
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Additionally, disturbed sample clay (46764) was taken by the excavator and stored

in plastic boxes. This material was used for the preparation of reconstituted

samples (46810). These sample numbers are also used in this thesis.

During sampling of the blocks of Kloten clay, several disadvantages of this

sampling technique after Lefebvre & Poulin (1979) were recognized.

During carving around the desired samples, the normally consolidated and
hence very soft clay stuck to the tools. Even for this low plasticity Kloten
clay, carving the samples out of the deposit was not straightforward and
resulted in imperfectly geometric clay blocks, as shown in Fig. 3.3a.

Consequently, these difficulties may have led to significant horizontal

strains in the sample.

Fig. 3.3: Block samples from Kloten clay (46762) a) unpacked block b) cross section

through the block sample (dimension unit in centimetre).

No handling was necessary as the block was being carved out of the
deposit or when the block was separated from the underlying soil with the
steel plate. But to pack the sample into cling film wrap and wax it, the
sample had to be turned around. The blocks with dimensions of about 20 x
20 x 30 cm had a self weight of more than 20 kg. Despite a careful
approach in order to minimize disturbance, some deformations were
applied to the block samples during turning and lifting. This observation was
confirmed later in the laboratory, when one sample was unpacked and cut
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(Fig. 3.3b). The horizontal layering is clearly visible in the cross section of
the sample, especially on the top side of the sample. However, several
vertical staggers along the horizontal layers are also recognizable. These
vertical offsets have not been found in-situ, but must have been caused

during sampling, packing and handling.

- Distinct varving of the deposit was visible, as already mentioned and
alternating silt and clay layers, with a thickness of 2 — 4 mm, could easily be
recognized. It took approximately 10 minutes to carve the blocks out of the
deposit and pack them into cling film wrap. During this time, drainage along

the silt layers to the side of the sample was possible.

All of these observations led to the conclusion that carving is not a suitable method
for layered soft Swiss lacustrine clays. Of the two alternative block sampling
methods discussed in Chapter 2, Sherbrooke, (Lefebvre & Poulin, 1979) and Laval
(La Rochelle et al., 1981), the latter was the most promising for extracting varved

clays from the base of a pit.

Therefore it was decided to design and construct a device, similar to the Laval
sampler, to obtain block samples in soft Swiss lacustrine clays, with consideration
of the most important aspects for obtaining good quality undisturbed samples, as
discussed in Chapter 2. A sketch of the sampling tube is shown in Fig. 3.4a. A
tube with an outer diameter of 200 mm was used. The wall thickness of the tube is

2 mm and the outside cutting edge angle is 11°. The tube has no inside clearance.

Additionally, a device to overcore the tube whilst pressing it into the soil was
considered. Overcoring was suggested by La Rochelle et al. (1981) as well as by
Leroueil (2003), with the aim of minimising the pressure beneath the tube and to
make sure that the soil that becomes replaced by the sampling tube moves
towards the outside of the sample tube. But after consideration of early sampling
experience with this very sticky soil, it was decided that any kind of carving would
not work and consequently the idea of an overcoring device was set aside. But to
minimize the pressure in front of the tube, the length of the sample tubes was
chosen to be shorter than would usually be expected for a 200 mm diameter tube.
Short sample tubes have the additional advantage that the necessary external

force to press them in is smaller.
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Having several short samples next to each other also gives many test specimens
with the same layering. Extraction of the sample tubes from the deposit is easier
as well. In contrast to normal tube samples or Laval samples, these sample tubes
were not pulled out of the soil by rotation and vacuum, but were separated from
the deposit by digging the surrounding soil away until it was possible to cut the
tube off from the underlying soil. Therefore no vacuum had to be applied to the
sample. Another advantage of short sample tubes is that smaller portions of soil
can be extruded in the laboratory. Contrary to the techniques adopted by La
Rochelle et al. (1981) in respect of the Laval samples, it was decided to leave the
soil samples in the steel tubes to overcome the distortions due to packing and to

minimize any drainage.
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Fig. 3.4: Sample tubes used for the comparative study on sample quality (dimensions in

millimetres).

A device was constructed to extrude the soil from the tube (Fig. 3.5a&b),
consisting of two parts, a circular steel plate, which a diameter of 195 mm, and a

steel ring with an inner diameter of 196 mm (Fig. 3.5a). The plate is placed on the
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bottom and the ring on the top side of the sample tube. The sample is then

extruded from the tube in a press.
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Fig. 3.5:  Extrusion device.
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To get an indication of the relative sample quality achieved, samples were taken
additionally with two standard sample tubes. A silty clay in Birmensdorf was
selected where samples were taken already for a former project (Trausch Giudici,

2004). A trial pit was dug to a depth of 0.85 to 1.0 m and samples were taken.

It was decided to perform unconfined compression tests to evaluate the sample
quality, as recommended by Lacasse et al. (1985). This type of test provides no
radial support and consequently the soil reacts more sensitively to sample
disturbance. The samples were extracted from the tubes with the aforementioned
press. Immediately afterwards, test specimens with a diameter of 50 mm and a
length of 80 mm were cut out, the dimensions of each sample were accurately
measured and the weight was determined. Each sample was placed in the
unconfined compression apparatus (Farnell, 1980), and loaded with a constant
rate of strain (1.5 crank revolutions per second, as recommended in the instruction
manual). The unconfined compression test apparatus spring was calibrated as
4.22 N/mm. The test results were evaluated after the recommendations of Jaecklin
(1964), where it is assumed that the specimen volume remains constant during
test performance until failure. Therefore the cross-sectional area of the specimen

(A) can be calculated as:

Eq. 3.1

A=p T

h, — Ah

where: A, s the initial sample cross sectional area determined from sample

diameter in [mm?],

h, is the initial sample height determined before the test in [mm],

Ah is the deformation of the sample in millimetres at peak stress,
taken from the test data sheet in [mm].
Consequently, the deviator stress (q, ) is calculated from Eq. 3.2 where 4.22 is the

spring resistance in N/mm.

g 4.22Ah
f A

Eq. 3.2
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The results of the unconfined compression tests on the three different types of
specimens are presented in Fig. 3.6. It can be seen that the samples from the
larger tubes were able to mobilise greater peak deviator stresses in all cases than
those from the 65 mm diameter ones. Although the unconfined compression test is
not a highly sophisticated means of investigation and the effective stresses can
not be determined, it is still visible that the shear resistance varies when the same

soil is sampled with different sample tube diameters.
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Fig. 3.6: Results of the unconfined compression tests on natural Birmensdorf clay with

specimens from three different sample tube diameters.

3.2.1 Natural block samples of Kloten clay

For further research on the non-linear elastic stiffness behaviour of Swiss
lacustrine clays, block samples with the 200 mm sample tubes were taken at the

construction site near Kloten (Fig. 3.2).
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A trench of about 4 metres depth was excavated at the site and the samples
(46862) were taken at the bottom of the trench (Fig. 3.7 a) in November 2003.

Top plate

Sample tubes

Fig. 3.7: a) Sample tubes pressed into the soil at the bottom of the trench; b) excavating

the sample tubes in the trench.

Five tubes were statically pressed into the deposit by an excavator shovel. A steel
plate was placed on top of the tube to protect the sample against disturbance from
pieces of soil falling into the trench from the surrounding area and the excavator
shovel. This plate assured that the force applied during pressing in was uniformly

distributed over the cross section of the sample tube. The distance of the tubes
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from each other was about twice their diameter. The sample tubes were excavated
by hand with a shovel, as shown in Fig. 3.7b, to a depth of 5 — 10 centimetres
below the tube. Afterwards the tube was separated easily from the deposit along

one of the silt layers.

The samples were lifted out of the trench, cleaned, covered with plastic caps and
placed in plastic boxes with wet sawdust. The top and the bottom of the tube was
covered with layers of wax mixed with paraffin (1:1) and cling film wrap as soon as
the samples were taken to the laboratory. The samples were stored in plastic

boxes in the climate controlled room at a constant temperature of 10 °C.

3.3 Reconstituted sample preparation

Burland (1990) defined reconstituted clay in his Rankine lecture “as one that has
been thoroughly mixed at a water content equal to or greater than the liquid limit.”
The major difference between reconstituted and remoulded clay is the mixing
technique and the water content at mixing. While the reconstituted samples are
mixed by a mechanical mixer at a water content of 1.1 — 1.5 of the liquid limit, the
remoulded samples are homogenized by hand mixing at a water content of around
the liquid limit. The type of mixing influences the mechanical properties of the

sample.

Mitchell (1976) comments that the magnitude of this change of soil properties
depends on the strength of the pre-existing fabric and the mixing effort. A
comprehensive study of the influence of sample preparation on the mechanical
properties of a clay was performed by Fearon & Coop (2000). They showed that
the more energy applied to the specimen in terms of mixing effort, the higher its
plasticity index, compressibility index and void ratio at the same consolidation
stress. This highlights that the comparison of test results derived from natural and
remoulded samples can lead to false interpretations. But also in the comparison of
the behaviour of remoulded samples, the homogenisation effort applied to different

reconstituted samples has to be taken into account.

Consequently, it was optimal to produce a large number of reconstituted samples
within one mixing and reconsolidation process. The samples were prepared from

clay that was extracted by an excavator and stored in plastic boxes until its use.
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The plastic boxes were kept humid, so that the soil did not dry out. Significantly
visible stones and organic constituents were separated before the sample
preparation. Deionised water was added to the soil and it was mixed mechanically
until the materials became a homogeneous suspension. This took from two hours
to up to a half day. This suspension was put through a filter with a 1 mm mesh size
to remove all remaining constituents, as shown in Fig. 3.8a. Afterwards, the
suspension was put into a vacuum mixer, which continuously mixed and deaired it
for 24 hours. Finally, the slurry was filled into the 250 and 400 mm diameter
oedometer tubes directly from the vacuum mixer with the contractor method as
shown in Fig. 3.8b. The clay was incrementally loaded up to a consolidation
pressure of 200 kPa. Afterwards, the reconstituted sample blocks were extruded
from the consolidometer as done with the natural samples, described in the
previous Chapter (Fig. 3.5). The triaxial specimens were prepared immediately

after extrusion. A more detailed description of the preparation of the reconstituted

samples is given in Kueng (2003).

(b)

Fig. 3.8: Reconstituted sample preparation: a) sieving the slurry; b) filling the slurry into

an oedometer tube.

Reconstituted samples were prepared from Birmensdorf clay (46707) and (46810).
The Birmensdorf soil used for this preparation was sampled by J. Laue and P.
Nater at the site described in Trausch Giudici (2004) and was also used in

reconstituted form for investigations with the ETHZ Geotechnical Centrifuge (e.g.
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Zist, 2000; Fauchére, 2000; Nater, 2006). The reconstituted samples of Kloten
clay (46809) were prepared from the first block samples (46762).

3.4 Mineralogical investigations

The typical properties of clayey soils, such as plasticity, permeability,
compressibility or shear resistance are among other characteristics such as
texture or structure that are mainly influenced by the type and amount of clay
minerals. The most common clay minerals are kaolinite, illite, smectite and
chlorite. Although the mechanical properties (strength and stiffness) of the various
clay minerals are quite different, the chemical compositions are fairly similar. A
detailed description of the chemical structures of clay minerals can be found in
Heim (1990), Jasmund & Lagaly (1993) or Plotze et al. (2002). A short summary of
the chemical composition and the main properties of the typical clay minerals

found in Swiss lacustrine clays is given in the following sections.

3.4.1 Chemical composition of clay minerals

The chemical components of clay minerals are silicon (Si**) and aluminium (AI**)
cations as well as various forms of oxygen (O® and OH’) anions (Fig. 3.9).
Depending on the type of clay mineral, magnesium (Mg®), iron (Fe®") or
manganese (Mn?*) cations can be included as well. The cations are arranged
either in sheets of SiO4 tetrahedrons, which are subsequently named (T), or in
sheets of Al(O,OH)s octahedrons, which are named (O). These tetrahedron and
octahedron sheets sit on top of each other and are connected through shared
oxygen anions. Two-sheet (TO), three-sheet (TOT) and four-sheet minerals
(TOT O) can be observed (Tab. 3.1). A group of tetrahedron and octahedron
sheets connected to oneanother is called a layer and several layers attracted or

connected to each other are called platelets.

In the sheets, some silicon and aluminium cations may be replaced by other
cations, e.g. aluminium may replace the silicon in tetrahedron sheets. In
octahedron sheets, aluminium may be replaced by Mg?*, Fe?* or Mn?* cations.

This replacement causes a permanent excess negative charge of the layer
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surface, in contrast to the charge at the edges of the layers, which is pH

dependent; positive for low and negative for high pH values.

Interlayers are arranged between the single layers of a platelet. These interlayers
can be empty, as is the case for kaolinite where the single layers are connected to
each other with hydrogen bonds. Alternatively, counter ions can be attracted into
the interlayer. The type and amount of counter ions that can be bound in the
interlayer depend on the charge of the layers. Highly charged layers, such as e.g.
in illites, form strong bonds between the layers and the potassium counter ions of
the interlayer. Consequently, these counter ions become non-exchangeable. In
lightly charged layers, such as in montmorillonites, the counter ions in the
interlayers are weakly bonded to the layer surface and are therefore exchangeable
and hydrateable. In the latter case, the thickness of the interlayer is variable, which

results in a high potential for volume change, causing the mineral to swell.
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Fig. 3.9: Chemical structure of clay minerals (Picture: Glnter Kahr after Hofmann et al.,
1933).

Around the platelets, counter ions are attracted as well, which again attract water
molecules. This formation of layer surface, counter ions and water molecules
around the platelets is called an electric double layer. The thickness of this double

layer depends on the type of the counter ions (defining their valence and the size;
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common types are calcium (Ca?*) or sodium (Na*)) and on the concentration of
electrolytes in water. The lower the negative charge of the layers, the valence of
the counter ion and the concentration of electrolytes in the water, the thicker is the

double layer.

The thickness of the double layer primarily defines the structure in which the
platelets are arranged, next to additional forces acting between the platelets such
as the Van-der-Waals force or the attraction induced by the edges due to their
varying charge. Platelets with thick double layers generally form disperse
structures, while platelets with thin double layers, where Van-der-Waals forces and
the forces arising from the edge charge may also contribute to the formation of the

structure, form flocculated structures.

3.4.2 Typical clay minerals

Some characteristics of typical clay minerals that are of interest to soil mechanics
are summarised and an overview of their mineralogical properties is given in Table
3.1. More detailed information is presented, for example in Muller-Vonmoos et al.
(1985).

e Kaolinite: is a 1:1 layer clay mineral. The platelets have a particle size of
0.2-7um and a particle diameter to particle thickness ratio of
about 25 : 2. Kaolinite platelets can be characterised as thick and short.
The layer packages are connected through robust hydrogen bonds. The
shear resistance for kaolinite, especially in the calcium environment, is
comparably high as the particles orientated in a robust flocculated structure
do not easily form shear surfaces. Relative to the other clay minerals,

kaolinite has low compressibility and a plasticity index of about 40 %.

e lllite: is a 2:1 layer clay mineral consisting of two (T) sheets with one (O)
sheet in between. The platelets are very small and thin with a particle
diameter of < 2 um and a particle diameter to thickness ratio of
100 — 300 : 1. The layer packages are connected strongly to each other due
to a high layer charge arising from the K™ ions in the interlayer. In a calcitic
environment with a flocculated structure, a friction angle of 24° can be

mobilised (Fig. 3.10) together with a plasticity index of ~60 %.
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e Smectite: is a 2:1 layer clay mineral. The small and thin platelets are
composed of a few T-O-T layers, which have low negative charge and
consequently a thick double layer. The counter ions in the double layers as
well as in the interlayers are easily exchangeable, which results in a high
swelling potential. A low peak and a very low residual friction angle is
typical as the single layers move and orientate themselves in the direction

of the shear surface due to the low interlayer bonding.

e Mixed Layers: are composed of alternate layers e.g. of illite and smectite.

The properties depend on the composition.

e Chlorite: is a 2:1 layer mineral. In contrast to the illite and smectite, chlorite
has an additional octahedron sheet in the interlayer which reduces the

cation exchange capacity and minimises potential for swelling.

The maximal and residual friction angles determined from ring shear tests on
several clay minerals are shown in Fig. 3.10. Muller Vonmoos et al. (1985) pointed
out that the residual friction angle for illite and kaolinite rises with higher plasticity
index, whereas the residual friction angle of smectite decreases with higher
plasticity index. Consequently, the friction angle does not seem to correlate with
the plasticity index for natural and reconstituted soils when the clay contains
montmorillonite. These observations have also been confirmed by Messerklinger
et al. (2003) in the comparison of Swiss and Finnish clays. However, for artificial
reconstituted soils (e.g. mixtures containing silt and kaolinite) a linear correlation
between the plasticity index and the friction angle could be found (Springman,
1993 after Rossato et al., 1992).

In summary it can be said that the mineralogical composition and the properties of
the liquid involved significantly influence the characteristics of clays and
consequently their mechanical behaviour. Therefore, the mineralogical
composition and the clay mineralogical properties of Birmensdorf clay and Kloten
clay were investigated in co-operation with the clay mineralogy laboratory of the
Institute for Geotechnical Engineering at ETHZ. The investigations performed and
the results for the lacustrine clays derived are presented in the subsequent

paragraphs.
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Ca — Kaolinite

Ca-llite e=—e—ece——-
Ca — Montmorillonite ‘Arizona’ =—‘+=—+—-—
Ca — Montmorillonite ‘Wyoming’ ==« ==« === ,
e°
- 40
- 30
- 20
o e+ e e ¢ e ot e ¢ - -10
T T —T*r—t0

1] T ]
- 200 mm
shear distance s

T
150

Fig. 3.10: Friction angle for different pure clay minerals determined from ring shear tests
(Muller Vonmoos et al., 1985). N.B.: Montmorillonite has different peak friction
angles due to variation of layer charge (Arizona 5.13-10* esE/cm? Wyoming:

3.24-10* esE/cm?).

Tab. 3.1: Properties of common clay minerals, after Plétze (2002).
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3.4.3 Mineralogical composition

The mineralogical composition of soils is investigated using X-ray diffraction
analysis, which identifies the main mineral types and provides an estimate of the
relative amounts of each. The diffraction of X-rays by the crystal lattice is
measured and from this the distance between the atom layers in the crystal lattice
is determined, which indicates the mineral type. These measurements were made
with a Bragg-Brentano diffractometer (Bruker AXS D8 CuKa with automatic
divergence slit, graphite monochromator and sample spinner). Randomly oriented
powder specimens were used and the amount of each mineral type included in the
specimen was evaluated by the Rietveld-analysis (Rietveld program
BGMN®/AutoQuan).

The results of the X-ray diffractometer analysis for the Swiss lacustrine clays
investigated showed that they are composed of about one third clay minerals (illite,
chlorite and mixed layer), one third calcite and dolomite and one third other
,grains“ (mainly quartz and feldspar; Tab. 3.2). The dominant clay mineral is illite
with a content of about 10 to 20 wt% (wt%: weight percent), followed by chlorite
with a content of about 10 wt%. Some of the clays investigated contained mixed
layers. The calcite content is dominant in all of the Swiss clays investigated,

whereas the content of the so-called grain fraction is comparably low.

Tab. 3.2: Mineralogical composition of Swiss lacustrine clays in [wt%].
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3.4.4 Grain size distribution

The grain size distribution was investigated with the laser light scattering
apparatus MICROTRAC FRA from Leeds & Northrup. The method is based on the
diffraction of a laser beam in a particle suspension, which depends on the particle
size. The grain size distribution determined with the laser scattering method for the
lacustrine specimens listed (Fig. 3.11a), gave a content of particles < 2 um of
about 44 wt% for Birmensdorf clay and 23 wt% for Kloten clay. This corresponds
well with the percentage of clay minerals (illite, chlorite and mixed layers) given in
Tab. 3.2. The remaining particles are of silt size and a small sand content was
found in some specimens. The percentage per grain diameter is presented in
more detail (from 0 um up to 1000 um) in Fig. 3.11b. The curves indicate that the
majority of particles for Kloten clay have a size of around 10 microns, while the

dominating grain size is 1 to 2 um for Birmensdorf clay.
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Fig. 3.11: Swiss lacustrine clays: Kloten and Birmensdorf (a) grain size distribution (b)

grains passing in percent per grain diameter.

69



Non-linearity and small strain behaviour in lacustrine clay

3.4.5 Inner, outer and total surface

The surface of the platelets is called the outer surface and is measured with the
BET method after Brunauer et al. (1939). The surface of the interlayers (Fig. 3.9)
is called the inner surface and its measurement is not described explicitly here.
The sum of the outer and the inner surfaces is the total surface and is determined
by water adsorption with the water vapour method. Consequently, the inner

surface is calculated as the difference between the total and the outer surface.

Water vapour method: A dry, powdered sample of known weight is placed in an
airtight box with a saturated NaCl solution in the bottom, which guarantees a
relative air humidity of 75 %. The clay layers adsorb water onto the surface in this
environment. Consequently, the total surface is calculated from the change of
sample weight, knowing that one wt% of water covers about 35 m? (Madsen &
Kahr, 1992).

Knowing the total surface the amount of water that can be chemically bonded at a
maximum on the mineral surfaces can be predicted (Tab. 3.3). (N.B.: Clay
minerals exposed to water vapour with 75 % relative humidity bind one water layer
on each side of the mineral, whereas clay minerals in a Ca-rich environment in
liquid water adsorb two water layers on each side. Therefore, the water content
determined from the total surface is multiplied by two to compare the value with
water contents determined from the cation exchange capacity or the water uptake

capacity.)

BET — Method: Two test tubes are used, one is empty and soil is placed in the
other. After evacuation, both are filled with nitrogen. The pressure level reduces in
the test tube with soil due to adsorption of nitrogen at the surface of the platelets.
The outer surface is calculated from the pressure difference as a measure of the

amount of adsorbed nitrogen (Tab. 3.3).

The outer surface was determined for Kloten clay (46862), which was used in the
triaxial test series 2, presented in Chapter 5. Comparing the outer surface
determined to the total surface (Tab. 3.3) it can be seen that nearly half of the total
surface is the inner surface, which may come from the 6 wt% of mixed layers

contained in the specimen (Tab. 3.2). Comparing the results of the total surfaces

70



Swiss lacustrine clay

determined for the different specimens of lacustrine clay investigated (Tab. 3.3) to
each other, it can be seen that an increasing surface correlates with an increasing

amount of clay minerals and mixed layers (Tab. 3.2).

3.4.6 Cation exchange capacity (CEC)

The cation exchange capacity makes a statement about the amount of
exchangeable cations in the clay mineral. The CEC determination is based on the
adsorption of various solutions (e.g. complexes of copper (ll) ions with
triethylenetetramine and tetraethylene-pentamine (Meier & Kahr, 1999)) by the
clay minerals. This adsorption is observed by means of photometric
measurements of the solutions after adsorption and of water as a reference. The
relationship between these intensities gives an exchange capacity, measured in

milli-equivalent per 100 g of dry soil sample.

Another aim of investigating the cation exchange capacity for Swiss lacustrine
clays was to estimate the amount of chemically bonded water from the number of
exchangeable cations. Calcium is the exchangeable counter ion in lacustrine
clays, binding 2 water layers which equals 12 water ions per cation. Consequently,

the maximum amount of chemically bonded water can be calculated as:

Water bonded by calcium counter ions = 0.5 * CEC [meq/100 g] * 18 (molecular

water weight [g/mol] * 12 (water ions per cation)

considering that calcium has a valence of 2 but the CEC values refer to a valence
of 1. Because this water content is the maximum amount of water bindable in the
inter- and double layers, all additional water is stored in voids as capillary water. It
is assumed that the bond water content corresponds with the water content at the
plastic limit, (Tab. 3.4; Kahr, 2003). The results (Tab. 3.3) show that this
assumption is reasonable for Birmensdorf clay but did not correlate well for Kloten
clay. No correlation was found between the plastic limit and the innercrystalline

bindable water for the Finnish clays investigated (Messerklinger et al. 2003).

3.4.7 Water uptake capacity after Enslin-Neff

The water uptake capacity gives the maximum amount of water that can be picked

up by the clay by free swelling. It is the sum of the innercrystalline bonded water

71



Non-linearity and small strain behaviour in lacustrine clay

and the water that is stored in voids as capillary water. The water uptake capacity
was determined by the Enslin-Neff apparatus consisting of a sample container with
filter and a tube for the volume measurement. The apparatus is saturated. One
gram of powdered sample material is placed on the filter plate and the time it takes
to soak up the maximum possible amount of water is recorded with a stop-watch,
as well as the soaked water volume. The water uptake capacity is determined from

the quotient of the water taken up [ml or g] and the dry sample mass [g].

The water uptake capacity determined for the Swiss lacustrine clays is presented
in Tab. 3.3. The results show that the capacity of Birmensdorf clay is up to twice
as high as that of Kloten clay. This is reasonable as the Birmensdorf clay contains
swelling mixed layer minerals and, additionally, the content of grains smaller than
2 um is higher. It is assumed that the water uptake capacity correlates with the
liquid limit (Tab. 3.4; Kahr, 2003). A trend is visible when comparing the results
although the values differ in a range of £10 %. This trend was also visible for the

Finnish clays investigated with results, presented in Messerklinger et al. (2003).

Tab. 3.3: Mineralogical parameters for the Swiss lacustrine clays.
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3.5 Classification

The soil mechanical classification of the fine grained materials was performed
using the Atterberg limits according to the Swiss Code SN 670 345a (1989).

The index properties of the Kloten clay as well as the Birmensdorf clay can vary
widely over the sample field. Therefore, each time a new material was sampled or
a new charge of reconstituted samples prepared, its properties were determined
again. The classification results of the Swiss lacustrine clays investigated are
shown in Fig. 3.12 and Tab. 3.4.

Kloten clay is classified as a low plasticity clay and the different samples of
Birmensdorf clay are classified as clay of low, medium and high plasticity,
respectively. Consequently the name “clay” is justified for the lacustrine soil from
Kloten and Birmensdorf investigated, although the mineralogical investigation
showed that the actual clay mineral content is only 24 and 44 %, respectively
(Tab. 3.2). The liquidity number (Tab. 3.4 ) specifies a pappy plastic in-situ state
for both clays.

lp
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40 —
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Fig. 3.12: USCS classification of the Swiss lacustrine clays.
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The activity number, which is a measure of the content of swellable clay minerals,

identifies Kloten clay as an inactive and Birmensdorf clay as a normally active

material. The activity increasing for Kloten clay (46809), (46862) and Birmansdorf

clay (46810) corresponds to the increasing content of swellable clay minerals,

represented by the mixed layers, which was determined in the clay mineralogical

investigations (Tab. 3.2).

Tab. 3.4: Classification results of the Swiss lacustrine clays.
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4 Triaxial test equipment

For a successful investigation of the soil behaviour during stress path reversals
under triaxial stress conditions in the laboratory, the following three conditions
have to be fulfilled: high sample quality, stress path test apparatus with high
quality instrumentation and control systems, and accurate displacement
measurement. High sample quality can be assured providing the displacements
that arise in the soil during sampling are of a magnitude lower than the
displacement range measured for the small strain stiffness determination. This

objective was already discussed in Chapters 2 and 3.

The second condition requires the test apparatus to be able to perform stress path
tests at any applied stress ratio to investigate the behaviour in the entire elastic
region. The application of a constant stress ratio is possible with the use of an
automated stress regulation system integrated into the triaxial test apparatus. For
the performance of any stress path in extension, the axial load system has to be

uncoupled from the application of radial load.

The third condition is an accurate displacement measurement system for the
investigation of the stiffness degradation in the elastic region, for which the
displacement measurement range of the transducer must be of the appropriate
resolution and accuracy. Atkinson & Sallfors (1991) propose that the elastic
stiffness degradation of clays occurs in the strain range between 10° and 1 %.
This strain measurement accuracy is achievable with special triaxial apparatus or
with local displacement measurement devices fixed directly on the test sample,
e.g. Burland & Symes (1982), Jardine et al. (1984) or Clayton & Khatrush (1986).
In summary, the soil samples as well as the test apparatus must fulfill strict criteria

for the successful investigation of elastic soil behaviour.
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Special triaxial test apparatuses (von Moos, 2001; Arenson, 2003; Trausch
Giudici, 2004), which were designed and built in the Institute’s workshop, were
used in this research. The apparatuses have an automated stress regulation to
apply any stress path in the triaxial stress space. Additionally, local displacement
measurement devices for local axial and radial displacement measurement were
implemented. These apparatuses and all additional devices are described in detail
in the following section. Finally, the calibration tests performed and the accuracy

determined for the different test devices are discussed.

4.1 Development of the test apparatus design

Design of the triaxial apparatuses was carried out at the Institute for Geotechnical
Engineering (IGT) in 1999/2000. The first apparatus was built in the Institute’s
workshop for creep tests on snow samples (von Moos & Bartelt, 1998). This new
apparatus offered the opportunity to perform strain-controlled as well as stress
path tests. The cell pressure medium used for snow samples was air, with a
special volume measurement device for determining change in air volume. The
aim of that research project was to determine the visco-elastic deformation
behaviour of snow by performing deformation-controlled triaxial creep tests with

slow deformation speed (von Moos, 2001).

Four additional triaxial apparatuses of a similar basic design had been constructed
for further research projects on permafrost and lacustrine clay. The design was
adapted by replacing the air controlled cell pressure, used for tests on snow, with
a standard system operating with a liquid. Three of the four new apparatuses were
built for the testing of frozen soils (Arenson, 2003). Therefore they were placed in
a cold chamber and equipped for a sample diameter of 74 mm. The axial load
cells had a pressure range of 20 kN. One of the four apparatuses was constructed
for investigations on lacustrine clays and is described in detail by Trausch Giudici
(2004). This apparatus was equipped for a sample diameter of 56.4 mm, which
equals a cross-sectional area of 25 cm? This is the standard in Switzerland.
Additionally, bender elements were installed in the top cap and bottom plate to

apply shear waves in the axial sample direction. The bender elements were
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provided by ISMES (www.ismesgeo.it). The axial load cell had a pressure range of

5 kN, suitable for testing soft samples of 56.4 mm diameter.

All of these apparatuses were used for the investigations presented in this
research. The three apparatuses used for permafrost (called: Triax 1, Triax 2 and
Triax 3) were adapted for testing soft clay. Each top cap and bottom plate was
replaced by one of a smaller diameter of 50 mm. The load cell was changed into
one of smaller capacity range of up to 5 kN. The apparatuses were kept in the cold
chamber (p.128ff; Arenson, 2003) under a constant temperature of 10°C + 1°C.
This test temperature of 10 °C was chosen to match the average insitu conditions
of the soil since the viscosity of water varies notably with temperature. The fourth
triaxial apparatus (Triax 4), which was initially constructed for clay (Trausch
Giudici, 2004), was used without any further adaptations. Triax 4 was situated in a

climate controlled room at a temperature of 18°C £ 1°C.

The measurement accuracy, especially measurement of the change of volume of
the water in the sample, is primarily affected by temperature variation during the
test period. This variation is in the same range (£ 1°C) for both climate rooms
used. The effect of the higher temperature level, which may have marginally
influenced the viscosity of the water and consequently the drainage conditions,

and was neglected in the data evaluation.

4.2 Design of the triaxial test apparatus

These special triaxial apparatuses consist of three units, as shown in Fig. 4.1(a),
the cell pressure unit (A), the back pressure unit (B) and the triaxial cell (C). The
design of the cell pressure and back pressure unit is the same. Each unit regulates
the corresponding pressure with a piston system, whereby the change in cell and
pore water volume is measured. The outer steel cylinder (1) and (5) (the following
numbers in brackets refer to Fig. 4.1) of the piston system have an inner diameter
of 100 mm. These outer cylinders are fixed to the load frame (10) at the top. The
inner steel cylinder is fixed to the apparatus at the bottom. The load frame on
which the outer cylinder is mounted, moves upwards and downwards and is
powered by a stepping motor (4). The gap between the two cylinders is filled with

water in these tests, because the test samples are saturated with water and the
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test temperature is above freezing point. Generally, any liquid medium that is not
aggressive and remains incompressible under the test temperatures can be used

in the apparatus.

The sample (7) is placed in the load cell unit (C), which is a steel cylinder with an
inner diameter of 300 mm and a height of 720 mm. The cell is closed at the top by
a steel cupola. At the bottom, the cell is fastened to the bottom plate of the load
cell (13) by 12 bolts. The cell is filled with water by an external pump and is de-
aired at the top of the cupola. A load frame (10) is situated inside the cell on which
the load cell (9) and the top cap (11) are fixed. The tie bars of the load frame (10)
pass through the bottom plate of the pressure cell via a hermetically sealed
bearing. The friction occurring in this bushed bearing does not influence the load

measurement as the load cell (9) is mounted inside the pressure cell.

Tab. 4.1: Technical details of the measurement devices used in the various triaxial test

apparatuses (after Arenson, 2003).

n
2 c
E ()]
g g c 5
Q 5 Q 5 -
© n o 2 > 2
7 ® 2 3 2 c
Transducer: 2 S © & ¥ 3
+ 0.1 % of HBM
External LVDT 1t0 3 100 mm 0.003 mm
end value WA100
+ 0.1 % of HBM
4 50 mm 0.003 mm
end value WA100
+ 0.1 % of
Load cell 1to 4 5 KN 0.2 N HBM U2B
end value
PWP (top & bottom) + 0.1 % of SENSTEC
1to 4 1 MPa 0.03 kPa
Cell pressure end value 8267
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A — Back pressure unit 1 — Back pressure cylinder 8 — External LVDT
B - Cell pressure unit 2 — Lead screw 9 - Load cell
C - Triaxial cell 3 — Shaft coupling 10 — Load frame
4 — Stepping motors 11— Top cap
5 — Cell pressure cylinder 12 — Bottom plate
6 — Pressure cell 13 — Bottom plate of the cell
7 — Sample with rubber membrane 14 — Deairing valve

and sealing rings

Fig. 4.1: Schematic cross-section through the triaxial test apparatus (after Arenson,
2003).

The mounting of the external LVDT (8) is fixed between the load cell (9) and the
top cap (11). The properties of the load cell and the LVDT are summarized in Tab.
4.1. The bottom plate (12) is screwed to the bottom plate of the pressure cell (13),
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and the test sample (7) is bolted between the top cap (11) and the bottom plate
(12). The axial load is applied to the sample through the top cap (11), via the load
cell (9) and the loading frame (10). The top cap is mounted on the loading frame

so that extension tests can be performed easily.

All three units are powered by stepping motors (4), which have a resolution of 400
steps per millimetre. They power a lead screw (2) with a screw pitch of 1 mm per
rotation. Between the stepping motor and the lead screw, a gear box (3) is
installed, which reduces the vertical movement per step by a factor of 16. The
resulting step size is 1.56:10* mm/step for axial movement and 1.227 mm?®step

for the volume measurement.

The pressure supply between the back and cell pressure unit and the triaxial cell is
established by PVC tubes with an inner diameter of 4 mm (14) & (15) (numbers
refer to Fig. 4.1 & Fig. 4.2). The current pressure is measured with the
corresponding pressure transducers (16), (17) & (18), which are connected to the
tubes. The cell pressure transducer (18) measures the current cell pressure. The
tube supplying the fluid with a back pressure is split into a pipe for the bottom and
a pipe for the top back pressure, with separate pressure measurement at the top
and the bottom via the corresponding transducer (16) & (17). The measurements
of the bottom back pressure transducer are used for the back pressure regulation,
which is described in the next section. Each pressure supply system may be
closed by a separate valve to allow saturation of all parts of the hydraulic system.

The properties of the pressure transducers are described in Table 4.1.

The pressure supplies are led through the bottom plate of the load cell (13). The
water supply for the bottom back pressure is led through a pipe into a connection
in the bottom plate (12). Grooves on the top side of the bottom plate distribute the
pressure uniformly over the cross-sectional area to the filter plate (20) and further
to the bottom end of the sample. The top back pressure control is arranged in a
similar way to the top end of the sample. The metal filter stones are made of

bronze and have a porosity of 38 %.

Analysing the displacement measurement devices with respect to their accuracy,
the following potential inaccuracies are recognisable. In the axial direction, the

LVDT (8) is mounted above the top cap (but below the load cell (6)) and measures
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down to the bottom of the pedestal. Therefore compliance in the top cap and
pedestal, seating errors of the top cap on the porous stone and bedding errors due
to surface irregularities are incorporated into the measured data. In the
measurement of pore water volume, the main error is assumed to be due to the

expansion of the tubes and the regulation piston system itself.

(@ )

L 1 1 @ 1 L 1
A — Back pressure unit 14 — Back pressure supply
B - Cell pressure unit 15 — Cell pressure supply
C - Triaxial cell 16 — Pore pressure transducer bottom

17 — Pore pressure transducer top
18 — Cell pressure transducer
19 — Filter plate on top of the sample

20 — Filter plate at the bottom of the sample

Fig. 4.2: Schematic cross-section through the pressure regulation system of the triaxial

test apparatus (after Trausch Giudici, 2004).
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In order to investigate the small strain stiffness response of soft Swiss lacustrine
clays, options for more accurate displacement measurement methods were
considered. Scholey et al. (1995) present a comprehensive review of local strain
measurement devices for triaxial tests, pointing out that LVDTs mounted “locally”
on the sample will give the best results for axial displacement measurement. Four
methods were discussed for measurement of radial displacement, although the

authors did not specify the accuracy for any of them.

4.3 Local axial strain measurement device

Consequently, it was expedient to install local LVDTs for local axial displacement
measurement in the triaxial apparatus. The local LVDTs were sourced from
Precisor Messtechnik Munchen. The sensor type TK-5 was used, which has a

nonlinearity of £ 0.05 % of the measurement range, which is £ 5 mm.

The electrical cable was connected to the top of the LVDT to avoid bending
moments being applied by the self weight of the cable and connection. Cuccovillo
& Coop (1997) suggested placing the electrical connection at the side of the LVDT
and the use of a type of LVDT that has an open top end, so that the measurement
rod can pass through the top when larger strains are applied. Due to the small
measurement range of £+ 5 mm, such restrictions in the maximum applicable
strains did not occur, as the test were mainly carried out in extension. For the few
compression tests conducted, it was seen that convex bending of the sample
surface had such a large influence that the measurement rod slipped off the

bottom fixity during large deformations.

Mountings were constructed similar to those described in Cuccovillo & Coop
(1997) to fix these LVDTs to the soil sample, although the pins used to secure the
connection with the sample through the membrane were omitted in this case.
Gens (1982) deduced that the rubber membrane does not slide on the sample
surface, and so the displacement measurement is not improved by putting pins
through the rubber membrane into the soil sample. However the risk of creating a
leak is much higher when using pins. Therefore, the mountings were stuck onto

the rubber membrane with the superglue “LOCTITE 460", which is effective in
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water and under pressure, and is very stiff. The detailed design of the local LVDT

mounting plates is given in Fig. 4.3.

bottom mounting: top view B — B top mounting: top view C - C

Triaxial test specimen
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/
bottom mounting: front view top mounting: front view

Fig. 4.3: Construction of the bottom and the top mounting plates, dimensions in

millimetre, scale 1 : 1 (drawing by A. Zweidler).

An initial axial distance of 70 mm was guaranteed because a stiff spacer was fixed

between the mountings while they were being glued onto the rubber membrane.

Fig. 4.4a shows the local strain measurement device during mounting on the

sample, with the spacer located between the top and the bottom mounting. Unlike
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Cuccovillo & Coop (1997), who suggested two separate distance holders, only one
large distance holder was used to stabilise the measurement device during
mounting. The local strain measurement device during testing is shown in Fig.
4.4b. The bottom mounting supports the measurement rod and the top mounting
restrains the LVDT. The measurement rod touches the bottom mounting but is not

fixed any further.

local LVDT

top mounting ——»

spacer screwed on the
top and the bottom
mounting

bottom mounting ———»

Fig. 4.4: Fixture of the local LVDT's on the triaxial sample: a) with the spacer screwed to

the mountings b) the device set-up during testing.

4.4 Local radial strain measurement device

Methods of carrying out radial displacement measurement without disturbing the
sample were considered. A discussion of the advantages and disadvantages of
the commonly used methods for radial displacement measurement in triaxial test
apparatuses is given in Chapter 2. It was highlighted therein that a laser scanning
device has the advantage of contactless displacement measurement over the

entire sample height. Measuring the radial displacements over the full range of the
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axial extent is particularly important for the investigation of natural samples,
especially for undisturbed lacustrine clays that have distinct stratification. Romero
et al. (1997) used a laser scan device in order to investigate unsaturated soils
under non-isothermal conditions, as discussed in Chapter 2. They mounted lasers
outside the Perspex triaxial cell and used them to scan the sample to obtain radial
measurement of displacement. This system was not directly implementable within
the IGT triaxial testing apparatuses as the cell was made of steel rather than of
Perspex. Therefore two possibilities remained to incorporate a radial laser
scanning device within the existing triaxial apparatuses: either the triaxial cell
should be newly manufactured out of transparent material or the laser scanning
device should be installed inside the triaxial cell. The first option could be adopted
by replacing the steel cell with a Perspex cell or by making “windows” in the steel
cell. Using Perspex in the triaxial cell has the disadvantage of cell pressure

limitations and creep (Tab. 4.2).

Tab. 4.2: Advantages and disadvantages of a Perspex triaxial cell.

Advantages Disadvantages

Transparent Cell pressure limitations

Laser does not need to be packed in _
_ _ Creep influences
watertight housing

Refraction of the ray at the cell wall

Larger distance between laser and

sample — less accurate

The second option could be made available by packing the lasers in a specially
designed watertight housing. This method has the additional advantage that the
lasers can be placed closer to the test sample, which results in higher
measurement accuracies as the non-linearity that defines the measurement
accuracy is related to the measurement range, and becomes larger with
increasing measurement distance. Therefore it was decided to apply the second

method.
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The housings were designed to retain the lasers so that the ray passed through a
transparent window and the cell fluid to strike the sample normally. The reflected
ray was then captured by the device. Additionally, the lasers were mounted on a
frame with lead screws permitting controlled movement in the axial direction. The
sensor type ME ILD1400_10 with a measurement range of + 5 mm, an initial
distance to the sample of 20 mm, a nonlinearity of + 0.2 % of the measurement
range and a resolution of 1 micrometre was selected (Micro-Epsilon Ortenburg,
Germany). The design of the watertight laser housing is shown in Fig. 4.5. This
laser box is millcut from an aluminium block with a glass window facing towards
the soil sample and with a sealed exit for the electrical supply and the data output
at the rear. The two sides are protected by plates, which are glued into the frame

after the laser is placed inside and connected.
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Electrical supply
and data output

Glass
window

Fig. 4.5: Laser housing, dimensions in millimetre (drawing by A. Zweidler).

86



Triaxial test equipment

A frame was constructed inside the triaxial cell, consisting of two lead screws
(diameter 20 mm; pitch 4 mm/rotation), which are hermetically sealed while
passing through the bottom plate of the pressure cell, and a connecting plate (Fig.
4.6 and Fig. 4.7). Each of these two lead screws is powered by a stepping motor
(PHYTRON ZSH57/2.200.4,2) with a gear (PLE60 i=16), which has a transmission
ratio of 16, resulting in a step size of 0.000625 mm. The connection plate is
mounted on the two guiding rods of the load frame (Fig. 4.1) with a rubber slip ring
to stabilise the plate in the horizontal direction. The lasers are suspended from the
bottom side of the connection plate and spaced at 120° in the horizontal plane, to
observe any bending or other irregularities in the sample displacements (Fig.
4.6b). The construction of the mounting unit and the arrangement of the lasers are
shown in Fig. 4.6b. Three lasers were installed to enable the initial sample volume
to be determined. Previously, the initial sample dimensions were measured with a
sliding caliper, which is especially inaccurate for soft samples because the sample

deforms as soon as the calliper touches it.

The two lead screws are rotated by two stepping motors mounted below them
outside the cell, and the connection plate together with the three lasers moves
upwards and downwards along them. The movement speed was chosen to be 1
mm per second. Due to the slow load ramp of radial stress applied at 0.5 to 1.0
kPa/hour for the drained stress path tests, the change of stress during each scan

cycle was considered to be negligible.

The lasers were scanning continuously and the data of the radial distance was
saved every second for the first two tests. For the following tests, the data logging
frequency was increased and 12 readings per second (or per millimetre sample

height) were performed.

Additionally, it was decided to do the data logging during upwards movement of
the lasers and to move them back down without data logging to avoid any
hysteretic effects from slip on the driving screws, due to the change of direction.
The vertical zero position of the lasers was set below the bottom of the sample, to

exclude end effects due to the initiation of movement by the stepping motors.
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Fig. 4.6: (a) Front view and (b) top view of the construction of the laser scanning device

(Messerklinger et al., 2004).
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A — Back pressure unit
B - Cell pressure unit

C — Triaxial cell

4 — Stepping motors
7 — Sample

9 — Laser measurement device

10 — Lead screw

11 — Connecting plate
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Fig. 4.7: Standard triaxial testing apparatus (a) with radial displacement measurement

system (b) construction of the radial displacement measurement device
(Messerklinger et al., 2004).
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4.5 Automated regulation control

The devices are computer-controlled by software developed by the Institute for
Geotechnical Engineering at ETH Zurich. The program is based on the Laboratory
software package ,LabView“ and operates all three units separately. The desired
load path (stress or strain controlled) can be applied by four different possible
control options:

- Panel Mode: allows the regulation with a joy stick next to the apparatus to
regulate the sample in the cell during set-up.

- Regulating Mode: The pressure can be kept constant. Additionally, within this
mode the rate of pressure applied in kPa per unit time can be set to load a
sample along a specific load path.

- Move Velocity Mode: applies a constant strain rate.

- Move Position Mode: applies a relative or absolute change in position, which

is mainly used during set-up of the test.

As these modes can be set for each unit separately, various stress paths can be
performed. The regulation of the pressure is managed via a PID-controller!. The

regulation parameters are given in Tab. 4.3.

Tab. 4.3: Regulation constants for the PID-controller.

Proportional Integral Differential Dead band Integral limit

Vertical movement 400 0.04 10 600 100,000
Cell pressure 400 0.20 10 600 100,000
Back pressure 200 0.20 10 300 100,000

T A Proportional-Integral-Derivative controller or PID controller is a common feedback loop
component in industrial control applications. The controller compares a measured value from a
process with a reference set-point value. The difference or "error" signal is then processed to
calculate a new value for a manipulated process input, which new value then brings the process
measured value back to its desired set-point. Unlike simpler control algorithms, the PID controller
can adjust process inputs based on the history and rate of change of the error signal, which gives

more accurate and stable control. (http://en.wikipedia.org/wiki/PID_controller)
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4.6 Calibration and accuracy

Resolution, accuracy and precision are expressions that are widely used in
discussions about the quality of a measurement device. Therefore, these

expressions will be defined first.

Precision is a measure of repeatability. It gives the degree of agreement between
individual measurements in a set of measurement data, all of the same quality.
Accuracy is the measure of reliability. It is the difference between the true value of
a measured quantity and the most probable value that has been derived from a
series of measurements. The resolution is the smallest amount that a sensor can

detect and is typically smaller than the accuracy.

Manufacturers often use the term linearity for laser sensors instead of accuracy,
which defines the largest deviation of a set of measurements from a best-fit

straight line over the measurement range in this case.

4.6.1 Axial strain measurement

The axial displacements are measured with external and local LVDTs. The
external LVDTs are mounted on the load frame and have a measurement range of
+ 50 mm and = 25 mm respectively (Tab. 4.1). The local LVDTs are mounted
directly on the soil sample and have a measurement range of + 5 mm (Chapter
4.3).

The external LVDTs were calibrated by the stepping motor of the apparatus. The
accuracy of the external LVDTs is + 0.1 % of the measurement range
(manufacturer information), which equals = 0.1 mm and £ 0.05 mm respectively.
The accuracy of each LVDT over the whole measurement range was investigated
by calibration to improve this value (Fig. 4.8). A measurement range of 10 mm was
found within certain zones for each LVDT in which the accuracy was within + 0.01
mm. The LVDT was then placed in the triaxial apparatus in such a way that the
start position of each test lay in the middle of this more accurate measurement
range. Thus it could be ensured that the measurement accuracy for axial strains is

0.01 % within a strain measurement range of 5 %.
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Fig. 4.8: Calibration of the external LVDT in triaxial apparatus (a) 1; (b) 2; (c) 3 and (d) 4

leading to improvement in accuracy.
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The manufacturer’s calibration report was assessed by measuring the response of
the local LVDTs with the use of micrometer screw. The results are plotted in (Fig.
4.9). The accuracy was found to be + 0.05 % of the measurement range, which

equals + 0.005 mm. This results in an accuracy of 0.014 %.

»
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> b 5
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Linear (local Iwdt1)
y = 0.9996x + 0.0281
R? = 1.0000
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Linear (local Ivdt2)

displacement [mm]

Fig. 4.9: Calibration of the local LVDTs in triaxial apparatus 1, leading to improvement in

accuracy.

The compliancy of the load system in the axial direction was investigated by
placing an aluminium cylinder in the test apparatus between the top cap and the
bottom plate. The cylinder had a diameter of 50 mm, a height of 100 mm and a
Young’s modulus of 69 kN/mm?. This cylinder was loaded in compression up to
1.5 kN, which corresponds to an axial stress of 764 kPa. The resulting axial
displacements measured by the external LVDT lay between 0.015 mm and 0.028

mm. The elastic displacement of the aluminium cylinder for this stress is calculated
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to be 0.00111 mm. The elastic displacements of the top cap and the bottom plate,
which have a total height of 135 mm and are both made of steel with a Young’s
modulus of 210 kN/mm?, are 0.00049 mm. Consequently, the net displacements of
the system were in a range of 0.013 to 0.026 mm or 0.013 to 0.026 %, which is
close to the axial displacement measurement accuracy, therefore the system was

assumed to be stiff.

During the calibration, it was seen that the major influence on the displacement
measurements were temperature fluctuations, which cause expansion and
shrinkage of the material constituting the apparatus and the control system, in

particular all metals and the water.

4.6.2 Load cell

The load cell has a measurement range of 5 KN and an accuracy of £ 0.1 % of the
measurement range (manufacturer information), which corresponds to a stress
variation of + 2.55 kPa for a sample diameter of 50 mm. The load cell is placed
between the load frame and the top cap in the triaxial cell and so the cell pressure

also acts on the surface of the load cell (Fig. 4.10).

The top and bottom areas of the load cell are not the same due to the mounting of
the load frame on one side and the top cap on the other, a net force acts on the
load cell due to cell pressure. A calibration factor was implemented to account for
this additional force and was determined by filling the empty triaxial cell with cell
liquid. Cell pressure was applied, the force was measured and the factor in
N/KPacei pressure Was determined and incorporated in the data evaluation so that for
any cell pressure applied to an empty cell, the measured force was zero. This
calibration step meant that the load cell in these triaxial test apparatuses

measured the deviator force.

4.6.3 Pressure transducer

The pressure transducers (SENTEC 8267) have a measurement range of 1 MPa
and an accuracy of £ 0.1 % of the measurement range (manufacturer information),
which equals a pressure variation of 1 kPa. The manufacturer’s calibration report

was verified using the calibration apparatus ,Druck® DPI 610.
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Fig. 4.10: Pressure acting on the load cell during the calibration process.

4.6.4 Radial strain measurement

The lasers (Micro-Epsilon ILD1400-10) have a resolution of 1 um. The
measurement range is £ 5 mm, the mean measurement distance to the sample is
25 mm and the non-linearity is + 0.2 % of the measurement range. The calibration
of the lasers was performed on an aluminium cylinder with varying diameters, as
shown in Fig. 4.11b, in the filled triaxial cell to include any refractions of the laser
beam occurring due to the front glass window of the laser box (Fig. 4.5) and the
cell liquid. The laser measurement was calibrated from the known change in
cylinder radius. The diameter of the cylinder was determined with a micrometer to
an accuracy of 10 um. After calibration, the cylinder surface was scanned and the

laser non-linearity was determined. The results are presented in Fig. 4.11a.

Finally, the influences of the laser mounting on the measurement data were

neglected. Therefore an aluminium cylinder with a constant diameter of 50 mm (+

95



Non-linearity and small strain behaviour in lacustrine clay

10 um) over the entire height of 120 mm was placed in the triaxial cell and the

scan data were used as a zero-reading in the data evaluation.
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diameter of the aluminium cylinder [mm]
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measured distance [mm]
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Fig. 4.11: Calibration of the laser scanning device; a) non linearity of the laser sensors; b)

stepped aluminum cylinder used for laser calibration.

4.6.5 Cell pressure volume measurement

The cell pressure regulation and the change in cell volume measurement are
achieved by the cell pressure piston system (Fig. 4.1). The piston system is
powered by a stepping motor with a resolution of 0.156 um/step for the axial
movement and 1.227 mm?®/step for the volume measurement. But the accuracy of
the volume measurement is not dictated by the resolution of the stepping motor,
nor by the accuracy of the dimensions of the piston system, but by the stiffness of
the triaxial cell and the pipes that connect the cell pressure system to the triaxial
cell. With increasing pressure levels, these components may undergo elastic

deformations.
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For the investigations of the elastic apparatus deformations occurring with
increasing stress, the triaxial cell and the cell pressure system were filled with
water, the pressure in the system was increased stepwise and the corresponding

volume change for each step was registered (Fig. 4.12).
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Fig. 4.12: Pressure — volume — temperature correlation of the cell volume measurement
in triaxial test apparatus 4: (a) stress levels applied (b) change in cell volume

(c) temperature progression.
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This investigation was performed with test apparatus 4 first. The stress was
increased in steps of 100 kPa up to 900 kPa, subsequently decreased to 700 kPa
and again increased to 900 kPa before the stress was reduced to 100 kPa again in
steps of 100 kPa. Subsequently, the system was loaded with a stress ramp up to
900 kPa and unloaded. The various stress steps applied to the system are shown
in Fig. 4.12a. The change in volume of the system due to stress change is plotted

over the test time in Fig. 4.12b.

The pressure was plotted over the average change in volume for this pressure
level (Fig. 4.13) for the determination of the volume — pressure calibration factor.

The linear calibration curve plotted in Fig. 4.13 gives a calibration factor of 0.0678

cm?® / kPa with a correlation coefficient R? of 0.9982.

1000
+ apparatus 4
800 -
trend: apparatus 4
g y = 14.747x - 72.368
= 600 - R® = 0.9982
5
2]
(7]
Q
o 400 -
©
o
200 -
0 T T T
0 20 40 60

change in cell volume [cm?]

Fig. 4.13: Calibration curve of the cell pressure volume measurement.

Additionally, the effect of temperature fluctuation on the cell volume measurement
was investigated. The temperature is measured with a sensor (PHILIPS PT100) in
the triaxial cell. This sensor has an accuracy of <0.1°C in a temperature range of -
45 to +100°C. Further details are described in Arenson (2003). The temperature
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fluctuation in the cell water observed during the cell volume calibration (Fig. 4.12c)
gave a variation in cell water temperature (At ) of 0.16°C. The triaxial cell, with its
height of 70 cm and diameter of 30 cm, has a volume (V') of about 50 litres, not
considering the volume of the cell pressure system. Water has a volumetric
expansion coefficient (k ) of 20-10° per °C. Consequently, the volume change due

to 0.16 °C temperature fluctuation is:
AV =VkAt =1.656 cm® Eq. 4.1

This equals volumetric strains of 0.84 % for a test specimen of 50 mm in diameter
and 100 mm in height. The error is much too high for the required accuracy.

This investigation was performed on test apparatus 4, which is placed in the
climate room. Consequently, the temperature fluctuation in the cell water of a
triaxial apparatus placed in the cold chamber (Fig. 4.14) was investigated next.

The fluctuation measured in two tests in apparatus 2 is in the same range.

test time [hours]

0 50 100 150 200 250 300
10.5 ‘ ‘ ‘ ‘ ‘

104 1 — triaxial apparatus 2 - test a
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P
5 10.3 1
‘@ At=0.16 °C
o
Q.
IS 10.2 1
O D Y G . . S e .. A
10.1 1 At=0.14°C
10.0

Fig. 4.14: Temperature progression of the cell water over time for triaxial tests in

apparatus 2.

Therefore, the cell volume measurement could not be used for the determination

of volumetric strain and consequently, its accuracy was not investigated further.
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4.6.6 Back pressure volume measurement

The remaining device for the sample volume measurement is the back pressure
unit, which regulates the back pressure in the sample and measures the back
pressure of liquid flowing into or out of the sample, corresponding to the change in
sample volume (Fig. 4.2, A, 14). The back pressure piston system is the same as
that of the cell pressure system. It is also powered by a stepping motor with a
resolution for the axial movement of 1.56:10* mm/step, which corresponds to a
resolution of the volume measurement of 1.227 mm®/step. The volume of water,
retained in the back pressure system is much less than that in the cell pressure
system, with about 800 cm® in the cylinder of the back pressure unit, another 100
cm® in the sample and some water in the connection tubes. This results in a
volume change due to previously mentioned temperature fluctuations (At = 0.16°C)

of:
AV =VkAt =0.03 cm® Eq. 4.2

This corresponds to a possible sample volume measurement resolution of 0.003
%. The back pressure system (the cylinder of the pressure unit and the tubes up to
the triaxial cell) was filled with water, pressure was applied and the corresponding
change in volume was measured in order to calibrate the back pressure volume
measurement. This test was performed with all four apparatuses. All apparatuses
were loaded with a constant ramp up to 900 kPa, the pressure level was kept
constant and then it was unloaded stepwise (Fig. 4.15a). The corresponding

change in volume is shown in Fig. 4.15b.

The change in volume at constant stress level (Fig. 4.15b) is not constant for all
tests and has the tendency to decrease. This may result from the pressure
regulation. Pressure states higher than the set ones can occur when the pressure

is applied fast, which is subsequently regulated to the given value.

The pressure was plotted over the average change in volume for each pressure
level in order to determine the volume — pressure calibration factor (Fig. 4.16). The
linear calibration curves are plotted for each apparatus separately and the

equations give the corresponding calibration factors.
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Fig. 4.15: Pressure — volume correlation of the sample volume measurement with the

back pressure system.
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Fig. 4.16: Calibration curves of the back pressure volume.
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5 Triaxial test programme

The test performance and data evaluation will be described before the triaxial test

series and the test data will be illustrated.

5.1 Sample preparation procedure

The triaxial test samples were prepared from blocks of clay. Reconstituted clay
blocks were used for series 1 and 3. The preparation of these materials is
described in detail in Chapter 3.3. Natural lacustrine clay blocks, sampled as
described in Chapter 3.2.1, were taken for series 2. The clay blocks were either
prepared in 400 mm diameter steel oedometers (reconstituted samples) or
sampled and stored with 200 mm diameter steel tubes (natural samples). A block
was extruded from the tube before test set-up. Tests in all four test apparatuses
were set up on the same day to avoid influences on the initial conditions of the
sample due to storage effects on the extruded samples. The clay block was cut
with a steel wire into smaller rectangular blocks and on after the other was used,
while the remaining pieces were covered with cling film wrap. The triaxial sample
was trimmed with a steel wire to its corresponding diameter (50 mm for tests in
apparatus 1 to 3 and 56.4 mm for tests in apparatus 4). The clay that was cut off
during the sample trimming was used for the determination of the water content
(w ). The water content was determined 3 times for each test and the mean value
was used. The test specimen was then cut so that the sample finally had a height
(Ho) of twice the diameter (D) and pieces of filter paper placed on the top and the
bottom ends. The final sample dimensions were determined with a sliding calliper.
The height and the top, middle and bottom diameter of the sample was measured

three times each and the mean value was used for the data evaluation. In the
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measurement of the diameter, the cylindrical surface of the soft specimens may
have been flattened locally where the calliper touched the soil. This may have lead
to a certain degree of inaccuracy in these measurements, but this cannot be

determined exactly.

Finally the sample was weighed (m, ), then it was placed on a pedestal to pull over

the rubber membrane. No filter paper was smoothed onto the surface around the
sample because Head (1986) pointed out that additional radial drainage affects
the distribution of the excess pore pressure in the specimen and hence influences
its deformation response. The relationship between the horizontal and vertical
strains would be different compared to tests where drainage is only progressing

vertically.

A former was used to pull the rubber membrane over the sample with minimal
disturbance, to situate the sample in the triaxial apparatus, and to fix the O-rings
over the rubber membrane, the pedestal and the top platens in the triaxial
apparatus. The former consists of two half shells of inner diameter 2 mm larger
than the corresponding sample diameter, and a plug. Three O-rings are placed
temporarily over the two shells to keep them together on one side of the former,
and a rubber membrane is placed inside the former with both ends pulled over the
ends. The plug is installed on the outside face of the former through which vacuum
can be applied between the rubber membrane and the former to expand the
rubber membrane so that there is sufficient space between membrane and soil for

it to be slipped over the specimen.

When the rubber membrane is slipped over the specimen, the former, together
with the specimen, is placed on the pedestal of the bottom plate in the triaxial cell
on which a saturated filter plate has already been placed. The rubber membrane
on the former is now pulled over the pedestal of the bottom plate followed by the
three O-rings to seal the rubber membrane at the base end. The O-rings for
sealing the top end are placed on the top cap, and are pulled over the rubber

membrane after saturation.

The former is then removed. The set-up is saturated with pore water applied from

the bottom end. The second saturated filter plate is placed on top of the sample,
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the top cap is moved down onto the sample and the rubber membrane is pulled
over the pedestal of the top cap. The set-up is again saturated, with the pore water

supply on the top side, before the O-rings are pulled over the rubber membrane.

The local LVDTs are glued to the sample on the rubber membrane for test
apparatus 1, as described in Chapter 4.1.1. Then the cell is closed and slowly
filled with cell water. The two valves that connect the test sample with the back
pressure unit are opened and the cell pressure is increased stepwise. The
saturation of the test specimen and the back pressure unit was determined with
the measurement of the back pressure. Therefore, cell pressure was increased
stepwise and the corresponding back pressure increase was determined. This
procedure was continued until a cell pressure increase resulted in the same size of
back pressure increase, which indicates that the sample and the back pressure
unit are fully saturated. A fully saturated system is necessary because the change
in sample volume during test performance is measured by the change in water
volume in the back pressure system. This volume measurement at changing
pressure levels is possible only for a fully saturated sample because water is
incompressible compared with air, which is compressible and even dissolves in

water under certain pressure-temperature conditions.

For example 0.0223 cm® air per gram of water is dissolved in water with a
temperature of 10°C at atmospheric pressure (Lange’s Handbook of Chemistry,
1973; assuming that air consists of 78 % nitrogen and 21 % oxygen). The amount
of air that can be dissolved in the water at a temperature of 10 °C increases with
increasing pressure to 0.171 cm®/g at 1 MPa, 0.962 cm®g at 5 MPa and 1.89
cm®/g at 10 MPa pressure (Handbook of Chemistry and Physics, 1989).

Back pressure is applied in the triaxial tests to dissolve any air that is remaining in
the sample and in the back pressure unit. The disadvantage of high back pressure
is that it is possible that the fabric or structure can be disturbed for natural samples
(Trausch Giudici, 2003). Heil (2003) recommended a back pressure of 200 kPa,
with which he had good experience in his extensive triaxial testing programme on
soft Swiss lacustrine clays. According to the correlations given above, 0.03
cms/gram water can be dissolved for a pressure of 200 kPa. The back pressure

unit together with the connecting pipes and the water in the sample has a net
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volume of about 700 cm®, which implies theoretically that 21 cm® of air can be
dissolved. A back pressure of 200 kPa was applied to the sample for one night
and was found to be high enough to achieve B values (Skempton, 1954) of 0.98 in
the worst case for some natural samples and 1 for the remoulded specimens,
where the B value is defined as the ratio of the pore pressure increase due to the
cell pressure increase and gives information about the saturation status. A value of

B = 1 indicates full saturation.

Then the test was started and the load path applied. The start stress state was at

the isotropic mean effective stress of p’ = 5 kPa.

5.2 Interpretation procedure

The following data are measured in the triaxial apparatus with the accuracy
discussed above: the axial displacement (Ah), the change in sample volume (AV),
the cell pressure (o, ), the back pressure (PWP) and the axial deviator force (P).
The pore water pressure is measured at the top and bottom of the sample and the
mean value of these two measurements is adopted for subsequent analysis.
Positive stresses are assigned in compression and positive strains are assigned in

compaction.

5.2.1 Stress analysis

The effective radial stress (o,') is calculated as the difference between the cell
pressure (o, ) and the pore water pressure (PWP). The cross-sectional area (A) of
the sample is needed for determination of the total axial stress (o,) from the

measured deviator force (P). A common approach (Bishop & Henkel, 1957), which
is used here too, is to assume that the sample keeps the original cylindrical shape
during deformation. According to this assumption, the cross-sectional area of the
sample is described by the following equation:

_V,—AV

A=—0—27
H, - AH

Eq. 5.1

where: A is the current cross-sectional area of the sample
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A is the initial sample volume

AV is the change of sample volume

H, is the initial sample height and

AH is the change of sample height.

Now the deviator stress (q) is determinable, as well as the axial effective stress

(o,") and the mean effective stress p’:

' '
o,'+20,

- o,)=q+0,' & p'= 3

5.2.2 Strain analysis

The measured displacements are evaluated in terms of natural strains, which
means that the displacement of the sample is related to the current sample
or V.

dimension (e.g. H ) and not to the initial value (e.g. H, or V), as

act

assumed for the calculation of engineering strains. This means that the axial

strains (&,) are defined as the ratio of measured axial displacements AH to the

current sample height (H,.) and the volumetric strains (&,) are defined as the

act

measured change in sample volume (AV') to the current sample volume (V).

Evaluation of the axial strains from the local axial displacement measurement is
done by using the current distance between the fixities of the local strain

measurement devices, instead of the current sample height. The radial strains (¢, )

and the shear strains (¢, ) are determined from the axial and the volumetric strains:

g =y _“a Eq. 5.2

£ =§(5 —5,) Eq. 5.3

The initial void ratio (e,) and subsequently the void ratio during the test (e) are

defined as the ratio of the pore volume to the volume of solids in the sample and

are determined from the following equation:
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e=-2_Ts Eq. 5.4

where V, is the volume of the solids, which is described for the fully saturated

samples as:
v=— T Eq. 5.5
Ps (1 + WO)
where: m, is the mass of the saturated sample

w, is the initial water content and

Ps is the density of the solids.

Laser scan data evaluation

The radial distance (m,,, ) between the three lasers and the sample, covered by a

0.3 mm thick rubber membrane, is measured over the sample height. The zero-
readings on an aluminium cylinder with a diameter of 50 mm are known from the

laser calibration. Therefore, the current sample radius (R, ,,,5;) at each laser

scan profile can be calculated, assuming the sample is centred on the bottom

plate:

R.. 12 s = 25+ zero reading — current reading(mme,)— 0.3 [mm] Eq. 5.6

The development of natural strains can be determined along the three vertical
profiles, 120° apart, as the change of the sample dimension in a radial direction

divided by the current sample radius:

Rov112,8 = Ractini2.13
Erinio,3 = Eq. 5.7

Ract L1,L2,L3

where R, is the initial and R,, the current sample radius at the corresponding

act

laser scan profile. Positive radial strain corresponds to radial contraction.

To determine the sample volume from the three laser scans, the cross-sectional
area of the sample has to be determined from the three sets of data. Several

possibilities arise. An average radius can be used or the cross-sectional area can
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be divided into three thirds. Grun (2004) suggested that the most straightforward
solution was to introduce a coordinate plane in each scan cross-section and to
place a circle through the three points. A circular cross-section was taken to be the

most appropriate approach, assuming cross-anisotropic material in a pressure cell.

A coordinate system is defined on each horizontal plane and the data were logged
initially every 1 mm and susequently 12 times per millimetre of sample height, so
that approximately 100 or 1200 planes were introduced over the whole sample.
The origin of the coordinate system on these planes was defined to be in the
bottom right corner with a distance of 100 mm to the centre of the sample [xo,Yyo]
(Fig. 5.1). The coordinates of the sample surface [x4,y1], [X2,y2] and [xs,ys] were

determined on each of these coordinate planes as follows:

X, =100 [mm] Eq. 5.8
y,=100-R,, [mm] Eq. 5.9
x, =100+ R, , -cos(30°) [mm] Eq. 5.10
y, =100+ R,, -sin(30°) [mm] Eq. 5.11
X, =100-R,, -cos(30°) [mm] Eq. 5.12
¥, =100+R,, -sin(30°) [mm] Eq. 5.13

where R,,, R,, and R/, are the current sample radii, defined by Eq. 5.6.

Now the coordinate pairs of the three points are known, and a circle with a radius

R is drawn through these three points, which is defined by the following equations:

+ (y2 —yo)2 Eq. 5.14
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Fig. 5.1: Top view of the horizontal coordinate plane, which was constructed for each
measurement cross-section.

The coordinates of the circle origin [x,,y,] are calculated from these three

equations (Eq. 5.14) as:

[y Nys —yo)+ 0+ yE Ny - y)+ (0 + i Ny, - i)
206, (s =¥ )+ %o (s = ¥ )+ X5 (v, = 1))

Eq. 5.15

— (X12 +y12XX3 _X2)+(X22+Y22XX1_X3 +(X§+Y3XX2 X1
2(Y1(X3_X2)+Y2(X1_X3)+Y3(X2_X1))

) Eq. 5.16

The equivalent radius R can then be determined from one of the Egs. 5.14.
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The radial strains can be calculated, in each cross-section, as the change of the
sample dimension in a radial direction divided by the current sample radius at that

profile:

g, _Ro R Eq. 5.17
R

act

Where R, is the initial and R, is the current sample radius.

The cross-sectional area at every laser scan cross-section was calculated from the
radius R and the deviator stress distribution over the sample height was
determined from the axial force, which was assumed to be equal across all

horizontal planes.

The volume of the sample slice was calculated from the radius of the circle. The
net sample volume was determined by summing the volume of all slices over the
sample height (considering the top slice height corresponding to the actual sample

height). This method was implemented in the test control programme “Labview”.

5.2.3 Bender element data analysis

The bender elements that were fitted to triaxial apparatus 4 by Trausch Giudici
(2004) were used. A piezoceramic plate is installed in the top cap as well as in the
bottom plate of the triaxial sample pedestal. The plate protrudes by 2 mm above
the surface of both the top cap and the bottom plate. A detailed description of the
development of the bender element method, and the implementation of the bender

elements in the triaxial apparatus, is presented in Trausch Giudici (2004).

A sine wave impulse with a chosen frequency, as recommended by Viggiani &
Atkinson (1995), is sent from the bottom piezoceramic plate and is received by the
piezoceramic plate installed in the top cap. The wave travel time (t) is measured

and the shear modulus can be determined from the known travel distance (/) as:

2
G=pv:= p(g Eq.5.18

where p is the density of the sample and v, is the shear wave velocity through

the sample, which is determined from the travel distance and the travel time.
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The optimum frequency depends on the current stress state and on the sample
stiffness (Mohsin & Airey, 2003). Therefore, each measurement was performed at
three frequencies of 5, 10 and 20 kHz. The travel distance (/) was determined

from the current sample height (H

act

) as:
I=H,, -4 [mm] Eq. 5.19

The reduction of 4 mm arises from the net length of the two bender elements that
protrude into the sample. The determination of the travel time followed the
recommendations of Jovicic et al. (1996). The time between the start of the first
strong amplitude of the transmitted wave to the first strong amplitude of the

received wave (Fig. 5.2) was used.

2
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[7)] 1 1
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travel time [s]

Fig. 5.2  Evaluation of bender element measurement data.
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5.3 Evaluation of sample quality

Block samples were used for the investigations of natural lacustrine clay. These
blocks of clay were sampled as described and discussed in Chapter 3.2.
Comparative studies were performed to compare the quality of these block
samples with those from conventional tube samples. Unconfined compression
tests were carried out initially and the data are presented in Chapter 3.3. The
results indicated that the peak deviator stress measured in the block samples was
more than 20 % higher than the equivalent failure values derived in the tube
samples. This confirmed the conclusions from the literature study, as discussed in
Chapter 2.1.4, that a much higher sample quality can be obtained by sampling

clay in blocks.

Finally, triaxial tests were performed to confirm the results of the unconfined
compression tests under controlled test conditions. All samples were
anisotropically reconsolidated and sheared under undrained conditions in

compression, as shown in Fig. 5.3.

600
500 -
400 ~
g
=, 300 A
(op
200 +
----- tube sample 23
1004 £ - tube sample 24
block sample 5_1
0 block sample 5 2
0 200 400 600 800
p' [kPa]

Fig. 5.3  Results of undrained triaxial compression tests on various natural Birmensdorf
clay samples: stress paths in the anisotropically consolidated triaxial

compression tests.
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Tests B5 1 to B5 2 were performed on block samples and tests 23 & 24 were
performed on tube samples of Birmensdorf clay. The samples B5 1 and 23 were
consolidated anisotropically along the same path to approximately the same stress
state, and subsequently sheared undrained under strain control in compression at
the same cell pressure and strain rate. This was also done with samples B5_2 and
24, but at a higher stress level. This allowed comparative data to be obtained for

the two datasets.

Comparison of the stress paths in the p‘-q diagram (Fig. 5.3) shows that both block
samples have a steeper stress path up to the peak value of the deviator stress.
But the stress path is close to horizontal near to failure for the tube samples, which

results in lower undrained shear strength.

Evaluation of the initial void ratio of the four test specimens (Fig. 5.4) shows that
the two specimens cut from block samples, taken with a 200 mm diameter tube,
have smaller values than the two specimens from the tube samples taken with a
65 mm diameter tube. The magnitude of change in initial void ratio is in a range of
5 to 10%. This clearly indicates that the soil undergoes more loosening during the

sampling process when tubes of smaller diameter are used.
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0.95 24 7L s
~ \\\
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— 0.85 1
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----- tube sample 24
0.70 1 block sample 5_1
block sample 5_2
0.65 ‘ ‘ ‘
0 2 4 6 8

Fig. 5.4: Results of triaxial compression tests on various natural Birmensdorf clay

samples: void ratio reduction curve.
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The plot of shear stress against shear strain (Fig. 5.5) of the two pairs of tube and
block samples, BS 1 & 23 and B5_2 & 24, shows that higher peak and residual
deviator stresses are mobilised for the block samples. The magnitude of this
difference is around 20%. These results are comparable to those given by the
unconfined compression tests discussed in Chapter 3. They confirm that the
quality of 200 mm diameter tube samples is apparently higher, with respect to

shear resistance and density, than the quality of 65 mm diameter tube samples.
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Fig. 5.5: Results of triaxial compression tests on various natural Birmensdorf clay

samples: deviator stress versus shear strain.

An additional advantage of performing the following investigations on block
samples is that 4 triaxial samples can be cut out of one block, which avoids

variation in test results due to inhomogeneities and layering over depth.
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5.4 Triaxial test series

Triaxial stress path tests with various stress increment ratios can be carried out to
investigate the stress-strain characteristics in the stress space. To perform a

stress path test at constant 7 = 5q/dp', the conditions have to be drained without

excess pore pressure occurring anywhere in the sample. For low permeability
samples such as clays, achieving these drained conditions is not possible in a
practicable time span. Therefore, a compromise in the loading rate has to be found
to perform a test within a reasonable time period and not generate high excess
pore pressures. The development of excess pore pressures at different loading
rates was investigated in test series 1. The corresponding test data are shown in

the following sections and the data analysis is presented in Chapter 6.

In test series 2, drained stress path tests were performed at the pre-determined
loading rate. The aim was to investigate the stress-strain characteristics of natural
Swiss lacustrine clays for very small to larger strains. Therefore the samples were

consolidated on an anisotropic path with 7=0.75 and then drained swelling was

permitted along the same anisotropic path to an overconsolidation ratio of two.
Finally, the samples were reloaded along the probing stress path, with different
stress increment ratios for each test. The stress path dependent stiffness, the
stress history surface, the stiffness degradation in the elastic region and the

elasto-plastic surface were investigated.

Large plastic deformations occur when the sample is loaded close to the failure
stress state. The sample diameter reduces in extension tests in one region of the
sample and necking occurs before failure, leading to an increase in the axial stress
in the necking zone. This stress increase is not measurable with the conventional
evaluation method, in which it is assumed that the sample retains its cylindrical
shape during the entire test. The actual stress distribution over the sample height
at stress states close to failure were investigated with the laser scan device in test

series 3.

Each triaxial test performed in one of the various test series got an alpha-numeric
code to be able to distinguish between them later in the data analysis. This code

was composed of the test series (e.g.: S2 for test series 2) and the triaxial

116



Triaxial test programme

apparatus the test was performed with (e.g.: T1 for triaxial apparatus number 1).
When a second test within a series was performed with the same apparatus, a
letter was added to the series name (e.g. S6a_T3 for the second test with

apparatus 3 in series 6).

5.4.1 Series 1

The excess pore pressure development in lacustrine clay samples was
investigated in the first triaxial test series for various loading rates. When stress is
applied continuously along a stress path at a constant loading rate, excess pore

water pressure builds up while the consolidation process is going on in parallel.

Triaxial stress path tests with the following test set-up were performed to
investigate the excess pore pressure development during these parallel
processes. Triaxial samples with half the height of normal samples of reconstituted
Birmensdorf clay (46707) were used in this test series. The sample preparation is
described in Chapter 3.3 and the classification results are given in Chapter 3.4.
Filter paper was put on the top and bottom ends of the sample to distribute the
pore pressure equally over the entire cross-sectional area. No filter paper strips
were put on the curved surface of the sample, to avoid any connection between
the top and the bottom pore water pressure. The sample was placed in the triaxial
apparatus like a conventional triaxial test sample. The sample was drained from
the bottom during test performance and the pore water pressure was measured at
top of the sample. This pore pressure is assumed to equal the excess pore
pressure that will develop in the middle of a drained triaxial test sample during

loading.

The samples were isotropically loaded with different constant stress rates with
consolidation breaks in between. The tests were performed at different back
pressure levels. Additionally, tests with non-isotropic stress paths were performed,
in which the loading rate can be described either by the applied increment of p’ or
by the increment of q. This can result in significantly different loading rates for
different stress increment ratios, when the stress increment ratio An is not equal to
1 or -1. For example, for stress paths with a stress increment ratio of An = 3, the

load increment ratio of a stress path, which is described by Ap'=1kPa would be
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three times faster than the load increment ratio described by Aq =1kPa. Stress

increment ratios of An = 1.43 and 1.1 were chosen to investigate this effect.

Six tests were performed in the triaxial apparatuses 2, 3 & 4. The sample data and
tests results for these six tests (S1T2, S1aT2, S1T3, S1aT3, S1bT3 & S1T4) are
given in the Appendix. Unfortunately, no displacement measurement data are
specified for the two tests carried out in apparatus 2, because in this apparatus the
displacement measurement devices did not operate correctly. This did not affect

the pressure measurement, therefore the data were still used for the analysis.

The method of test evaluation is presented in Fig. 5.6. The maximum value of
excess pore water pressure and the asymptotic excess pore water pressure level
during the pauses for consolidation is determined for each loading rate. For test
S1T3, in which no consolidation break was permitted, the pore water pressure
measurement on the drained bottom end of the sample was used as a reference

value.

A constant excess pore water pressure plateau developed for the slower loading
rates, while for faster loading rates (e.g. 26 kPa/day in Fig. 5.6), the pore pressure
dropped after reaching a peak value. This effect occurred in test S1aT3 for a
loading rate of 103.7 kPa/day, in test S1bT3 for a loading rate of 24 kPa/day and
in test S1T4 for 47.5 kPa/day. A constant pore pressure plateau after a small
pressure drop was only visible in test S1aT2 for the loading rate of 12 kPa/day. In
test S1bT3, loaded at 6.12 kPa/day and in test S1T4, loaded at 3.96 kPa/day, the
stress path was only continued for a short time period so that the development of a
drop in the pore water pressure did not occur. For data analysis for fast loading
rates, values at peak and the last one before consolidation were determined.
Finally, the excess pore pressure Au was calculated as the difference between the
reference pore pressure and the pore pressure that develops during constant
loading rate. The values determined for the different tests are given in Fig. 5.6 and
in the Appendix, and analysis of the data is discussed in Chapter 6.2: Analysis of

the drained loading rate.
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5.4.2 Series 2

The aim of the series was to investigate the stiffness degradation and stress path

dependency of natural Swiss lacustrine clay. Therefore natural Kloten clay

(sample No. 46862) was used for this investigation. The test samples were

reconsolidated in the triaxial apparatuses to a stress state beyond the in-situ pre-

consolidation stress, unloaded to a common stress state for all tests of this series,

and finally reloaded along various paths of constant stress increment ratios to

failure. The stress paths for this series are illustrated in Fig. 5.7 and the details are

listed in the following section:

First set of tests: S2T1, S2T2, S2T3, S2T4

Consolidation along the stress ratio nko = 0.75 with a loading rate of
Ap’ = 0.5 kPa/h to a stress state of q = 225 kPa, p’ = 300 kPa.

Drained swelling along the stress ratio nko = 0.75 with a swelling rate of
Ap’ = 0.5 kPa/h to a stress state of q = 112.5 kPa, p’ = 150 kPa.

Drained probing stress path along the stress increment ratio An = 0 (tests:
S2T2 & S2T3) and n = « (tests: S2T1 & S1T4) respectively, with a loading
rate of Ap’ = 0.5 kPa/h and Aq = 0.5 kPa/h respectively.

Test S2T3: Undrained shear in compression with a constant displacement

rate of 0.0005 mm/sec.

Second set of tests: S2aT1, S2aT2, S2aT3, S2aT4

Consolidation along the stress ratio nk, = 0.75 with a loading rate of
Ap’ = 1.0 kPa/h to a stress state of q = 225 kPa, p’ = 300 kPa.

Drained swelling along the stress ratio nk, = 0.75 with a loading rate of
Ap’ = 1.0 kPa/h to a stress state of q = 112.5 kPa, p’ = 150 kPa.

Drained probing stress path until failure: two samples along the stress
increment ratio An = 0.75 (test: S2aT1) and An =-0.75 (test: S2aT2)
respectively, with a loading rate of Ap’ = 0.5 kPa/h and a corresponding Aq
= 0.375 kPa/h and two samples with the stress increment ratio of An = 1.33
(test: S2aT4) and n = -1.33 (test S2aT3) respectively, with a loading rate of
Ap’ = 0.5 kPa/h and Aq = 0.66 kPa/h.
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Third set of tests: S2bT1, S2bT3, S2bT4

Consolidation along the stress ratio nk, = 0.75 with a loading rate of
Ap’ = 1.0 kPa/h to a stress state of q = 225 kPa, p’ = 300 kPa.

Drained swelling along the stress ratio nko = 0.75 with a loading rate of
Ap’ = 1.0 kPa/h to a stress state of g = 112.5 kPa, p’ = 150 kPa.

Drained probing stress path with the following stress increment ratios and
loading rates until failure: stress increment ratio An = -0.5 with a loading
rate of Ap’ = 1.0 kPa/h and Aq = 0.5 kPa/h (test: S2bT3); stress increment
ratio An = -1.0 with a loading rate of Ap’ = 1.0 kPa/h and Aq = 1.0 kPa/h
(test: S2bT4); stress increment ratio An = -1.5 with a loading rate of Ap’ =
1.0 kPa/h and Aq = 1.5 kPa/h (test: S2bT1).

Test S2bT3: Undrained shear in compression with a constant displacement

rate of 0.0001 mm/sec.

Fourth set of tests: S2cT1, S2¢cT4

Consolidation along the stress ratio nko, = 0.75 with a loading rate of
Ap’ = 1.0 kPa/h to a stress state of q = 225 kPa, p’ = 300 kPa.

Drained swelling along the stress ratio nko = 0.75 with a loading rate of
Ap’ = 1.0 kPa/h to a stress state of g = 112.5 kPa, p’ = 150 kPa.

Drained probing stress path with the following stress increment ratios and
loading rates until failure: stress increment ratio An = 0.6 with a loading rate
of Ap’ = 1.0 kPa/h and Aq = 0.6 kPa/h (test: S2cT4); The stress was applied
stepwise in this test; stress increment ratio An = 0.9 with a loading rate of

Ap’ = 1.0 kPa/h and Aq = 0.9 kPa/h (test: S2cT1).

The test data are presented in the Appendix, via a data sheet with sample and test

data. The evaluation method is presented in Chapter 5.2. A comparison of the

results of all tests performed in series 2 is given in the following paragraph and

some material parameters are determined from an overview of the results.

Stress paths of all tests in series 2 are presented in q — p’ space (Fig. 5.7). It can

be seen that all test samples were consolidated to a similar stress state of q = 225

kPa and p’ = 300 kPa. Then all test samples were unloaded to the stress state of q

= 112.5 kPa and p’ = 150 kPa. Finally, each sample was reloaded along an
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individual stress path as described above. Depending on the stress path direction,
some tests were loaded straight towards failure (S2T2, S2aT3, S2T4, S2bT4,
S2aT4, S2bT1 & S2T1) while others became recompressed (S2aT1, S2cTH1,
S2cT4, S2T3 & S2bT3). The latter tests were reloaded to stress states past the
previous maximum consolidation stress and two of them (S2bT3 & S2T3) were

then sheared under undrained conditions to failure, with a constant displacement

rate.
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Fig. 5.7: Stress paths imposed for test series 2.

Applied stress paths and failure stress states are shown in the q — p’ plot in Fig.
5.8. For the evaluation of the failure parameters, it is necessary to distinguish
between the peak failure stress state and the failure stress state at constant
volume. Failure at peak is expected to occur when clays are sheared from an
overconsolidated stress state. After reaching the peak failure stress state, under

deformation controlled shearing, the stress decreases with increasing shear
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strains to the failure stress state at constant volume (softening). When clays are
sheared from a normally consolidated stress state, failure is expected to occur at
constant volume without reaching an earlier peak (hardening). According to critical
state theory (Schofield & Wroth, 1968), the failure stress state at constant volume
is critical for the description of “failure”. The stress state at constant volume occurs
after having reached a peak value, therefore it can only be determined from tests
on normally consolidated soils or in strain path tests where the stress decrease

with increasing displacement is logged.

The series 2 tests are performed as stress path tests (stress controlled) from an
overconsolidation stress state of 2. Therefore failure occurs abruptly when the
peak failure stress is reached. Consequently, the post peak behaviour (constant
volume) cannot be investigated from the drained stress path tests but from

undrained strain controlled shear tests (S2T3 and subsequently S2bT3).

For undrained tests, constant volume at failure is reached when the pore water
pressure becomes constant. This occurred at axial strains of 25 to 28 % for both
tests S2T3 and S2bT3 (Fig. 10.26 & Fig. 10.83). The corresponding stress state is
p’ = 311 kPa and q = 403 kPa for test S2T3 and p’ = 383 kPa and q = 460 kPa for
test S2bT3. This leads to a critical state parameter of M = q / p’ of 1.3 and 1.2
respectively. For test S2T3, a small peak in the deviator stress develops before it
drops and the volume change ceases, while for test S2bT3 the deviator stress
increases continuously until a constant volume is reached. The higher value of the
critical state parameter M of test S2T3 might be due to sample inhomogeneities

or because of the higher shear strain rate. The mean value of M =1.25 was

comp

used for further evaluations.

The friction angle at constant volume (¢,,') was calculated from the critical state

parameter in compression (M,,,,, ) as:
6sing,,' [ 3M,,,
M omp = ,—(DCV' —  @,'=arcsinf — 2" | =31° Eq. 5.20
3-sing,, + M,y

where the corresponding critical state parameter in extension (M,,) can be

calculated as:
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6sing,,’

Mgy = - .
3+sing,,'

M., =-0.88 Eq. 5.21

ext —

These critical state lines have been added in the q — p’ plot in Fig. 5.8 and
correlate well with the failure stress states of the shear tests in compression and
extension. This indicates that the overconsolidation ratio of 2 does not increase

the peak failure stress much above the constant volume stress state at failure.
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Fig. 5.8: Applied stress paths and failure stress states of the tests from series 2.
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The volume — mean effective stress relationship is shown for each stress path test
in the e — In p’ plot (Fig. 5.9), from which the sample quality can also be judged.
The initial void ratio, as well as the change of void ratio during reconsolidation, are
indicators of sample loosening (Lo Presti et al., 1999b). Additionally, the form of
the knick at the transformation from recompression to the virgin compression state

reflects the sample quality (Jamiolkowski, 2003).

Comparing the results presented in Fig. 5.9 and the corresponding plots in the
Appendix, it can be seen that the initial void ratio varies between 0.70 and 0.75,
which can easily result from sample inhomogeneities. The inclination of the
reconsolidation path is more significant for the determination of the sample quality.
In Fig. 5.9 in particular, 3 tests have a disproportionately steep reconsolidation

path. A more specific analysis shows that these tests are S2T3, S2T4 & S2T1.

All three are from the first test set-up, which indicates that the block sample that
was used for the first test set-up may have had slightly differing properties. A kink
in the line at the transition from recompression to the virgin compression state is
visible for all tests, which leads to the conclusion that the test samples were all of
a similar good quality. Consequently, the swelling index (k) and the compression
index (A) were derived as well as the void ratio at the stress state of p’ = 1 kPa

(e,). The range of values is given in Fig. 5.9.

Alongside the stiffness response of the natural clay samples, radial strain
development during testing was also investigated in series 2 using the laser scan
device. Laser scans were performed in tests S2T1, S2aT1, S2bT1 & S2c¢T1. The
data evaluation was performed as described in Chapter 5.2. The measurement
data as well as the evaluation results are shown in the Appendix. The volume
measurement results, which were calculated from the circle-fitting approach as
discussed in Chapter 5.2, are presented and compared together with the

conventional volume measurement data.

The data from the radial displacement measurements are given separately for the
consolidation, swelling and probing stress paths. Laser scans are presented at
intervals of Ap’ = 50 kPa during consolidation and swelling. Sets of scans at

specified stress states are given along the probing paths. The measured radius
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and the derived radial strain distribution from the three laser scan data sets are

shown over the sample height.
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Fig. 5.9: Volume compression curves and stiffness parameters of the series 2 tests.
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The radius (R), derived from the circular-fit approach through the three measured
points in the horizontal plane as discussed in Chapter 5.2, is plotted and the
derived cross-sectional area of the sample over the sample height is shown. The
deviator stress is calculated, assuming a constant force acting through the sample,

with the cross-sectional area and plotted over the sample height.

The sample midpoint [xo, Yo] is calculated from the radius R, and the resulting
movement of the midpoint during the load paths is given for several cross-
sections. Finally, the axial strains are plotted with the corresponding radial strains

for a range of measurement cross-sections in the middle of the sample.

Local axial displacement measurements were performed in tests S2aT1 & S2bT1.
The data evaluation was carried out as described in Chapter 5.2. The
measurement data, as well as the evaluation results, are presented in the

Appendix together with the results of the external axial strain measurement.

Bender element measurements have been performed in test S2bT4. The data
evaluation was carried out as described in Chapter 5.2. The measurement data,
as well as the evaluation results, are presented in the Appendix. Three
measurements at different frequencies were performed after the swelling path had
been followed and before the probing stress path was applied. The shear moduli
determined at this mean effective stress state of p’ = 150 kPa vary between 94
and 105 MPa (Fig. 10.124) and result in an average value for the nominal

maximum shear modulus Gyax of 98 MPa.

5.4.3 Series 3

The aim of this test series was to investigate differences between the laser scans
measured on reconstituted and natural samples and to investigate the
development of the necking zone during shearing in extension. A test with the
same consolidation history as in series 2 but applied to a reconstituted sample
was necessary to perform the comparative study. Therefore a reconstituted
sample of Kloten clay (sample No. 46809) was used for this investigation instead

of a natural sample.
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The sample was consolidated and drained swelling was applied in the same way
as for the tests in series 2. In the subsequent probing path, the sample was
sheared undrained under displacement control in extension:
- Consolidation along the stress ratio nko = 0.75 with a loading rate of
Ap’ = 1.0 kPa/h to a stress state of q = 225 kPa, p’ = 300 kPa.
- Drained swelling along the stress ratio nk, = 0.75 with a loading rate of
Ap’ = 1.0 kPa/h to a stress state of q = 112.5 kPa, p’ = 150 kPa.
- Undrained shear in extension with a constant axial displacement rate of
0.0001 mm/sec.

The data are evaluated as discussed in Chapter 5.2 and the resulting stress-strain
plots are presented in the Appendix. The stress paths of the consolidation and
swelling paths applied as well as the stress path resulting from undrained, strain

controlled shearing in extension and the failure stress state are given in Fig. 5.10.
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Fig. 5.10: Stress path and failure stress state of the test on reconstituted Kloten clay of

series 3.
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The comparative study of radial strain distribution over the sample derived in test
series 3 on reconstituted samples, and in test series 2 on natural samples, is
presented and discussed in Chapter 5.5.3 (Fig. 5.11 to Fig. 5.21). The
investigation of the necking zone and the resulting failure stress is presented in
Chapter 6.3 (Fig. 6.30 to Fig. 6.33).

5.5 Discussion of series 2 & 3

The measurement and evaluation data of the tests performed in series 2 & 3 are

discussed and analysed in the following Chapter.

5.5.1 Sample volume measurement

The initial sample volume was determined with a sliding calliper during sample
preparation, before the sample set-up. The volume decrease during the test was
measured by the pore pressure and cell pressure units. Additionally, the radial
sample dimensions were scanned with the laser scan device, in 4 tests (S2aT1,
S2bT1, S2c¢T1 & S3T1). The initial sample volume and the volume degradation
during test performance were determined from these data with the use of the laser
scan data evaluation method, which was discussed in Chapter 5.2.2. The results
are presented in the Appendix and compared to the data measured by the pore

pressure unit.

Comparison of the initial sample volume shows that the result from the laser scans
is the same (tests S2aT1 & S2bT1) or slightly higher (tests S2cT1 & S3T1) than
the initial sample volume measured with the sliding calliper. Recalling the sample
set-up procedure (Chapter 5.1), the sample dimensions were determined before
test set-up with the sliding calliper. The sample was placed on the saturated filter
plate during test set-up in the triaxial cell, the rubber membrane was fixed onto the
bottom pedestal with O-rings and the contact areas between the sample, the
rubber membrane, the bottom pedestal and top plate were saturated before the
rubber membrane was fixed to the top plate to create a watertight seal. Water was
added during this process, which may be soaked up by the sample or could have
remained between the rubber membrane and the sample or in the system.

Therefore a higher value for the initial sample volume determined from the laser
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scan data is realistic. Fast decreases of sample volume at the test start are to be
expected due to the drainage of any surplus pore water, which may have

remained inside the rubber membrane during test set-up.

Comparison of the volume degradation curves measured with the back pressure
unit to those calculated from the laser scans applying the circular slice approach
shows that the stress state at which transition from recompression to the normal
compression state occurs is the same for both methods. Comparing the stiffness
response measured by these two methods, it can be seen that the laser data give
a stiffer response for the recompression curves and a less stiff response for the
normal compression state (Fig. 10.37, Fig. 10.66, Fig. 10.94 & Fig. 10.115).

5.5.2 Axial displacement measurement

The axial sample displacement was measured with the external LVDT (Fig. 4.1)
and in 3 tests (S2aT1, S2bT1 & S3T1) two additional LVDTs were mounted locally
on the sample, as discussed in Chapter 4.3. The measurement data and strain
evaluation results are presented in the Appendix (Fig. 10.37, Fig. 10.38, Fig.
10.66, Fig. 10.67, Fig. 10.115 & Fig. 10.116). Comparison of the axial strains
determined from the external LVDT and the local LVDTs show that the strain
magnitude measured by both devices is remarkably similar. Therefore, it is
assumed that the effects of seating and bedding errors are not that dominant for

these triaxial test apparatuses.

Comparing the measurement data in terms of noise, it is visible that the stress-
strain curves of the data measured by the local LVDTs are much smoother than
the curves that are plotted from data of the external LVDT (Messerklinger et al.,
2004). The noise inherent in the stress-strain curve is of particular importance

when the stiffness degradation is derived.

5.5.3 Radial displacement measurement

Laser scans were performed in 4 tests of series 2: S2T1, S2aT1, S2bT1 & S2cT1.
Data were logged every millimetre in the axial direction in tests S2T1 & S2aT1.

The data evaluation of the three laser measurements in terms of radial strains
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showed significant fluctuation in radial strain (zigzag line) for the sample profiles in
Fig. 5.11a-c and Fig. 5.12a-c (Messerklinger et al., 2004).
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Fig. 5.11: Radial strains evaluated for the consolidation stress path of test S2T1 at the
specified mean effective consolidation stress p’ given in [kPa]. The radial
strains calculated from the measurement data of (a) Laser 1, (b) Laser 2, (c)
Laser 3 are plotted over the sample height. (d) radial strains calculated from
the equivalent sample radius, determined by the circular slice approach,

plotted over the sample height.

The radial strains calculated from the equivalent sample radius (R), determined
using the circular slice approach, and plotted over the sample height (Fig. 5.11d
and Fig. 5.12d) resulted in a smoother line. The large radial strains at a sample
height of 50 to 70 mm may result from water bubbles or wrinkles in the rubber

membrane.
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sample height [mm]

. %,.

- - - -25 —1‘.5 -(;.SU 0.5 -2.0 -1.0 0.0
Laser 1: & [%] Laser 2: & [%] Laser 3: & [%] g [%]
(a) (b) (c) (d)

Fig. 5.12: Radial strains evaluated for the consolidation stress path of test S2aT1 at the
specified mean effective consolidation stress p’ given in [kPa]. The radial
strains calculated from the measurement data of (a) Laser 1, (b) Laser 2, (c)
Laser 3 are plotted over the sample height. (d) radial strains calculated from
the equivalent sample radius, determined from the circular slice approach,

plotted over the sample height.

Due to the spacing of 2 to 3 mm in the axial direction between local peaks in radial
strain, it was assumed that this might be due to the stratification of the natural
samples. But an exact determination of the distribution of the layers was not
possible from the few measurement points. Therefore, the frequency of the data
logging was increased, and in the following two tests (S2bT1, Fig. 5.13 & S2cT1,

Fig. 5.15), the radial displacement was measured 12 times per millimetre in the
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axial direction. The scan results show a continuous wavy line varying over the

entire sample height, with a wave length in the axial direction of circa 4 mm.
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Fig. 5.13: Radial strains evaluated for the consolidation stress path of test S2bT1 at the
specified mean effective consolidation stress p’ given in [kPa]. The radial
strains calculated from the measurement data of (a) Laser 1, (b) Laser 2, (c)
Laser 3 are plotted over the sample height. (d) radial strains calculated from
the equivalent sample radius, determined from the circular slice approach,

plotted over the sample height.
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Fig. 5.14: Radial strains evaluated for the consolidation stress path of test S2cT1 at the
specified mean effective consolidation stress p’ given in [kPa]. The radial
strains calculated from the measurement data of (a) Laser 1, (b) Laser 2, (c)
Laser 3 are plotted over the sample height. (d) radial strains calculated from
the equivalent sample radius, determined from the circular slice approach,

plotted over the sample height.
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The change in sample radius is more than 0.2 mm (see Appendix Fig. 10.69 to
Fig. 10.71 & Fig. 10.75; Fig. 10.95 to Fig. 10.97 & Fig. 10.101). The regularity of
the fluctuations, and the period of the waves of 4 mm in the axial direction,

equalling the change in height for one rotation of the screw, looked suspicious.

Therefore, the test S3T1 was performed on a remoulded sample in a third test
series, with no varving or layers or other inhomogeneities. Unfortunately, Laser 3
was out of order in this test, therefore, the results of only Laser 1 & 2 are
presented (Fig. 5.15) and the equivalent radius was not determinable. The
evaluation of the radius measured by these two lasers still gave fluctuations in
sample radius over the sample height. The change in sample radius is up to 0.1
mm (see Appendix Fig. 10.117 & Fig. 10.118). The data from Laser 2 shows a
wavy surface with increasing wave size from the bottom to the top. This clearly
indicates an influence of the laser scan device on the data. Therefore the

identification of layering from the laser scan data might be difficult.

The increase in magnitude of the waves with sample height is because, at the
hermetically sealed joint passing through the bottom plate of the triaxial pressure
cell (Fig. 4.7a&b), the lead screws and consequently the connecting plate with the
three lasers are stabilised. It is assumed that the magnitude of oscillation of the
lead screws, and with them the connection plate and the lasers, increases with

increasing distance from the bottom plate.

Local LVDTs were mounted in three (S2aT1, S2bT1 & S3T1) of the five tests of
series 2 and 3 on which laser scans were performed. Due to the fact that some
laser scan tests have been performed with, and some without, local LVDTs, it was
possible to investigate the influence of the LVDT mounting on the radial
displacements. The equivalent radius data are compared for this investigation. No
LVDTs were mounted in the first laser scan test (S2T1, Fig. 10.15).

The radial displacement measurement data show continuous radial deformation of
the sample radius over the middle part of the sample. The radial deformations
were restricted at the bottom and top ends because of the friction between
sample, filter paper and top cap or bottom plate. This influence decreased away
from the platens within the bottom and top 20 mm of the sample. The initial sample

height was 112.5 mm and the height increased during shearing in extension.
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Therefore, this influence is not fully visible on the top end of the sample because

the laser scan was initially performed on the bottom 100 mm of the sample only.
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Fig. 5.15: Radial strains evaluated for the consolidation stress path of test S3T1 at the
specified mean effective consolidation stress p’ given in [kPa]. The radial
strains calculated from the measurement data of (a) Laser 1, (b) Laser 2 are

plotted over the sample height.
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Fig. 5.16: Test S2T1: a) Picture of the section of the test sample after the probing stress

path was applied and the specimen was extracted from the triaxial test
apparatus; (the ruler unit is centimetres). The measured sample radius,

calculated from the three laser scans using the circular slice approach, is

plotted over the sample height at the given stress states in [kPa] (b) for the
consolidation stress path; (c) for the probing stress path.

Two local LVDTs were mounted on the sample surface in the second and third
laser scan test (S2aT1, Fig. 5.17 & Fig. 10.45; and S2bT1, Fig. 5.18 & Fig. 10.75).
The scan data of both tests (S2aT1 & S2bT1) showed an increase of the sample
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radius during consolidation at a height of around 30 mm, which equals the height

of the top side of the bottom LVDT mounting. The radial increase is stretched over

more than 10 mm of the sample height, which is equal to the height of the

mountings. But these radial displacements could also be due to a weak layer in

the natural specimen. Consequently, no local LVDTs were used in test S2cT1 (Fig.

10.101).
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Test S2aT1: a) Picture of the test sample after the probing stress path was
applied and the specimen was extracted from the triaxial test apparatus; (the
ruler units are centimetres). The measured sample radius, calculated from the
three laser scans using the circular slice approach, is plotted over the sample
height at the given stress states in [kPa] (b) for the consolidation stress path;

(c) for the probing stress path.
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Fig. 5.18: Test S2bT1: (a) Picture of the test sample during sample preparation. (c)

Picture of the section of the test sample after the probing stress path was

applied and the specimen was extracted from the triaxial test apparatus; (the

ruler units are centimetres). The measured sample radius, calculated from the

three laser scans using the circular slice approach, is plotted over the sample

height at the given stress states in [kPa] (b) for the consolidation stress path;

(d) for the probing stress path.

The radial displacement measurement data show an increase in the sample radius

occurring again at a height of around 30 mm. Therefore a layer of material of

varying compressibility may be found at this height.
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Fig. 5.19: Test S2cT1: (a) Picture of the test sample after the probing stress path was
applied and the specimen was extracted from the triaxial test apparatus (the
ruler units are centimetres). The measured sample radius, calculated from the
three laser scans using the circular slice approach, is plotted over the sample
height at the given stress states in [kPa] (a) for the consolidation stress path;

(c) for the probing stress path.

The extent to which the LVDT mounting influences the radial deformation
behaviour and how much the natural sample inhomogeneities contribute to the

scatter cannot be defined in this case. Therefore an additional laser scan test with
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local LVDTs was performed on a reconstituted sample: test S3T1 (Fig. 5.20, Fig.
5.21, Fig. 10.117 & Fig. 10.118).
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Fig. 5.20: Pictures of test S3T1 during dismounting: a) local LVDT mounted on the

sample; b) failed sample with the failure shear zone developed at the location

of the LVDT mounting; c) section through the sample and failure zone.

Here the radial laser scan data show a continuous radial sample deformation over
the sample height for the consolidation and swelling stress path. No influence of
the LVDT mounting on the radial displacement measurements is visible. Therefore
it is assumed that the local LVDT mountings do not influence the deformation
behaviour of the test sample at “small” strains. An undrained strain path was
applied for the probing path. In the stress states close to failure, larger plastic
strains occurred and necking developed around the bottom mounting of the LVDT.
In test S2bT1, however, necking occurred in the middle of the sample and was not
influenced by the LVDT mounting but most probably by the natural layering of the
specimen. This indicates the difference in the failure behaviour between

reconstituted and natural samples.
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Fig. 5.21: Test S3T1: The sample radius calculated from the two laser scan data is
plotted over the sample height at the given stress states (in [kPa]): (a) & (c) for

the consolidation stress path; (b) & (d) for the probing stress path.

This difference is particularly visible in the extension tests. While the reconstituted
sample failed at a location with stress concentration (in this case at the stiff LVDT
mounting) and a shear zone developed (Fig. 5.20c), natural samples tend to fail
along a weak layer e.g. Fig. 5.16 or Fig. 5.18, without developing a shear zone.
This failure behaviour has previously been observed in compression tests on
natural lacustrine clay samples (Plotze et al., 2003). The failure behaviour of

lacustrine clay when sheared in extension was observed by the laser scan device
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during the tests performed. The investigations are described in the following

paragraph.

Two of the four tests in series 2 on which laser scans were performed were
sheared in extension (S2T1 and S2bT1) to failure, where necking occurred in the
sample. The development of necking could be observed due to the ability to scan
the radial displacements over the entire sample height. Although only stress path
tests were performed in test series 2 in extension, which lead to an abrupt failure
of the sample, the development of necking just prior to failure was clearly visible.
Unfortunately this necking developed in test S2T1 at the top of the sample and
radial displacements were only measured over the bottom 100 mm sample height,
so the entire magnitude was not measured. But in test S2bT1, as well as in test
S3T1 of series 3, very promising data were measured and these are presented in

the Appendix and analysed in Chapter 6.
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6 Analysis of triaxial test results

6.1 Drained loading rate

The manual of soil laboratory testing (Head, 1986) defines a test as drained when:
“the rate of strain is slow enough to ensure dissipation of any excess pore
pressure.” Different empirical formulations are suggested for the determination of
this strain rate (e.g. Bucher, 2000), which give an estimation of the test time to
failure depending on the drainage conditions, the consolidation coefficient of the
tested material, the height of the sample and the desired degree of consolidation.
The drained loading rate e.g. in m/s can be determined by assuming the
displacements at failure, which tend to be dependent on the degree of
overconsolidation of the tested sample. This is a very convenient and successful
method for setting up a drained strain path test, which was originally the most
common type of triaxial testing. With the improvement of stress regulation systems
for triaxial test apparatuses, it is now possible to apply almost any triaxial stress
path with the principal stress axis in axial and radial direction. But for drained
stress path tests, it is necessary to define the stress rate e.g. in kPa/hour for which
the excess pore pressure is dissipating. Trausch Giudici (2004) suggested a mean

effective stress rate (p') of 2 kPa/hour for drained stress path tests on Swiss

lacustrine clays. No verification of the drainage state in the sample was specified,
however, a small degree of excess pore pressure build-up was indicated by
deformations occurring during the pause following consolidation (Trausch Giudici,
2002).

Consequently, the pore pressure development during a constant stress path was

investigated. Isotropically drained triaxial stress path tests were carried out to
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determine the excess pore pressure developed as a function of loading rate. In

parallel, Terzaghi's one-dimensional consolidation theory was applied.

Birmensdorf clay (46707) was used for this study, which has the lowest
permeability of all Swiss lacustrine clays investigated. The consolidation coefficient
(c,) of reconstituted Birmensdorf clay in a normally consolidated state was
determined after Kiing (2003) to be ¢, = 0.1 mm?/s for vertical effective stresses
from 100 to 400 kPa. Therefore, the time period (t ) after loading that is necessary

to reach a degree of consolidation of 95 % in the middle of a 100 mm high triaxial

sample, drained on both sides, can be calculated as:

d® 507
t:TV—:1.129W:28 222 sec = 7.8 hours Eq. 6.1
c :

v

But for drained stress path tests, the consolidation time is less important. More
crucial is the magnitude of the excess pore water pressure e.g. after an hour,
when the next load step is applied. This can be determined after Terzaghi's one-
dimensional consolidation theory by calculating the current time factor (T,), the
degree of consolidation (U ) e.g. in the middle of the sample drained on both sides
(U,.,) and thus the excess pore pressure at this location. The excess pore
pressure remaining in the middle of the previously described triaxial test sample

after 1 hour’s consolidation can be calculated from:

S;=0.144 > U, =13% Eq. 6.2

T =

v

Thereafter, the excess pore pressure in the middle of a 100 mm high Birmensdorf
clay sample after 1 hour consolidation, with drainage at the top and bottom is 0.87
kPa for a vertical stress increment of 1 kPa. The question now is how the excess
pore pressure develops when an additional vertical stress increment of 1 kPa is

applied after another hour.

Therefore, the differential equation of the one-dimensional consolidation theory
(Terzaghi, 1943)

ou o

E— Cva? Eq 6.3
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was numerically solved for these varying boundary conditions:

ou ¢,
S a2 Y=~ 2U,) + U] - Uepypont =M [u(z:i—1) —2u;,_+ u(z:i+1)l + U,y
Eq. 6.4
Using:
M = itzczv Eq. 6.5

where (At) is a function of the constant time step, (c¢,) is the consolidation
coefficient and (Az) is a constant increment of sample height. This calculation
converges for values of M< 0.5. A value for M of 0.384 was used with a time step
At of 600 seconds and a height increment Az of 12.5 mm. The pore pressure

distribution u(,_,.,, over the sample height was calculated for each time step (Fig.

6.1a). One kPa was added to the calculated pore pressure distribution every sixth
time step, which equals a loading period of 1 hour (Fig. 6.1b). The calculation was
done for 96 time steps or 16 hours in total and the result is shown in Fig. 6.2. The
excess pore pressure converges towards 3 kPa in the middle of the sample, when
applying a vertical stress increment of 1 kPa/hour and Terzaghi's consolidation

theory.

t=0 At =1 hour At =1 hour At =2 hours

] u=1kPa U=0)= 0 kPa u=1kPa

Az
u

- Uz =i) t (z=i), t+At
Az \ \ \

Az u=0.87/kPa \\ u=152 kPa\

Az

Az

Az

(a) (b)

Fig. 6.1: Pore pressure distribution in a triaxial sample during a constant stress path.
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Fig. 6.2: Development of the excess pore pressure in the middle of a 100 mm high
triaxial sample of Birmensdorf clay, which is drained at both ends and loaded

with a constant vertical stress rate of 1 kPa/hour.

These results refer to one-dimensional consolidation, whereas isotropic
consolidation was applied in these experimental investigations. Triaxial samples
with half the height of normal samples were placed in the triaxial apparatus. The
sample was drained at the bottom and the pore water pressure was measured at
the top. Filter paper was put on the top and bottom ends to distribute the pore
pressure equally over the entire cross-sectional area. No filter paper was put on
the surface of the sample to avoid any direct connection between the top and
bottom pore water pressures. Each sample was loaded isotropically at different
mean effective stress rates, with consolidation breaks in between. The
development of the excess pore water pressure at the top of the sample was

evaluated for the different stress rates and the results are shown in Fig. 6.3.

Additionally, drained tests were performed with an anisotropic stress path. In this
case, the loading rate can either be described by the increment of p' or by the
increment of q. This can result in significantly differing loading rates for different

stress increment ratios (A =q/p') when they are not equal to 1, 0 or -1. For

example, for stress paths with a stress increment ratio of A = 3, the deviatoric
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loading ratio described by Aq =1kPa would be three times faster than the loading

ratio that is described by the increment Ap'=1kPa.
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Fig. 6.3: Experimental results from the investigation of the development of excess pore

water pressure for different loading rates in drained stress path tests and the

theoretical solution after Terzaghi's one-dimensional consolidation theory.
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Stress increment ratios of 47 = 1.5 and 1.1 were chosen to investigate this
behaviour. The results are also presented in Fig. 6.3. It can be seen that the pore
pressure development for anisotropic stress paths differs only in the range of
variation of the pore pressure measurement. Consequently, it was decided that for

stress paths with 1> A7 > -1, an increment Ap' should be set according to the
drainage conditions and the deviatoric loading increment Ag then determined. The
increment Aq is set for those stress paths with A <—1 or An>1 according to the
consolidation conditions, and the corresponding increment Ap' is calculated from

the stress increment ratio of the stress path applied.

Examination of the results of the experimental investigation and theoretical
derivation shows despite assuming isotropic and one-dimensional consolidation
respectively, both investigations give an excess pore pressure development of a
similar magnitude at a common loading rate. Thus it is possible to choose a
loading rate corresponding to an acceptable excess pore pressure build-up

following a nominal drained loading increment at a specific stress increment ratio.

6.2 Yield characteristics of lacustrine clay

The stiffness response is highly non-linear during loading of soil. For a mechanical
description of this behaviour, the stress-strain response curve is typically divided
into zones with similar stiffnesses, and the boundary of these zones is identified by

kinks in the stress-strain curve.

The number of zones selected for analysis depends on the desired accuracy of the
material description. The most significant kink in the stress — strain curves is the
transition from the “elastic” zone, where recoverable strains dominate, to the
plastic zone, where irrecoverable strains dominate. The stress at this kink is called
the yield stress and defines the yield surface in terms of the stress variants

adopted, e.g. g—-p', o,'-0,' or o,'-0o,' space. Additional zones can be defined

around the current stress state inside this yield surface, e.g. Mr6z (1967). Jardine
(1992) defined two additional surfaces.
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6.2.1 Yielding

The triaxial test data of the probing stress paths were analyzed according to the
stiffness framework proposed by Jardine (1992) and introduced in Chapter 1. The
location of the yield surfaces was evaluated by identifying the corresponding kinks
in the stress-strain plots, as described by Smith et al. (1992). The stress-strain
invariants oq - os, and ' - J¢, of the probing stress paths were plotted for the
evaluation and are presented in the Appendix. Consequently, the origin of stresses

in these plots is the consolidation stress (p'=150kPa and q =112.5 kPa) and the

strains are set to zero at the start of the probing stress path.

For those probing stress paths where the deviator stress stayed constant during
reloading (S2T2 & S2T3), both strain invariants d¢, and Jd¢, were plotted versus
op'. Similarly, for those tests in which the mean effective stress remained constant

during reloading (S2T4, S2T1 & S2bT1), both strain invariants were plotted over
A .

The evaluation process for the yield point determination is presented in Fig. 6.4 for
the first test of series 2 (test S2T1). The 5 - J¢, plots (Fig. 6.4a) are presented at
different scales (Fig. 6.4b-d) as well as the dp' - J¢, plot (Fig. 6.4e). From the
largest scale 6q - oJ¢, plot (Fig. 6.4b), it can be seen that the resolution of the test
data is not high enough to permit determination of the exact location of Y1. This

was subsequently assumed to be circular and was located around the current

stress state in the q — p’ space, with a circle radius of 0.5 kPa for Bothkennar clay
(Smith et al., 1992). The &q - J¢, plot for 0 <|oq| < 40 kPa indicates a kink in the
curve at a deviator stress increment of -17 kPa with a corresponding shear strain
increment of -0.043 % (Fig. 6.4c). This stress state was taken to be the Y2 point.
The third plot (Fig. 6.4d) of the &g - J¢, data for 0 <|og| <180 kPa indicates the
start of the transition from zone 3 to zone 4, but does not show a distinct kink in
this test. Therefore, the 5q - ¢, plot was analysed, which shows a significant kink

at a deviator stress increment of -163 kPa. This stress state was taken to define
the Y3 point. Typically, both yield points (Y2 & Y3) are not visible in every stress-

strain increment plot of all the tests.
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Therefore, only those stress points, where a significant kink was detected, were
used for further comparative studies. All probing data of the thirteen tests of series
2 were evaluated in this way and the process and results for each test are shown

in the Appendix.

For comparison, the resulting yield stress points were transferred to a q - p' plot,

which is shown in Fig. 6.5, as well as the previously identified critical state line in
compression and extension (Fig. 5.9). In the presentation of the yield points Y2

and Y3, a distinction is made between those points derived from the 69 - J¢, and
oq - Jg, plots, and those determined from the op' - J¢, and ' - J¢, plots,

respectively.
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Fig. 6.5: Comparison of the yield point analysis of test series 2 for the reload path.
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Non-linearity and small strain behaviour in lacustrine clay

Stress points derived from the 69 - d¢, and &q - d¢, plot are named “ from q” and
those points derived from the dp' - ¢, and dp' - d¢, plot are named “from p' ”.

The crosses in Fig. 6.5 indicate the start point of the probing stress path (at g =
112.5 kPa, p' = 150 kPa), and the pre-consolidation stress state (at q = 225 kPa,

p' =300 kPa).

Comparison of the yield stress states Y2 determined from the &g - J¢, plot with

those determined from the ' - oJ¢, plot shows good agreement. The same

comparison for the Y3 yield points shows that the yield stress states that are

derived from the 6q - o¢, plot are closer to the stress reversal point than those

derived from the dp' - Jg, plots. This effect is particularly noticeable for the

probing paths in extension. Remembering the evaluation of the yield points for test

S2T1 presented in Fig. 6.4, in the 59 - J¢, plot the yield stress state Y3 was not

detectable although a transition zone was visible, whereas a distinct kink was

visible in the &g - Jd¢, plots. This indicates that the volumetric strain increments

appear to define the Y3 yield stress state more clearly. Therefore, for further
evaluation and discussion of the Y3 points, the stress points that were derived

from the volumetric strain increments are used for the extension tests.

The surface denoted by the Y2 stress points can be fitted by an ellipse, with the
main axis parallel to the p' axis (Fig. 6.6). When trying to fit a surface through the

Y3 stress points, it appears that the points derived from test S2bT3, with the
probing path ® = 325°, do not agree with the results of all other tests (Fig. 6.6).
Yielding appears to start at much higher stress for this particular test. No
explanation was forthcoming from further inspection of the data, but this yield point
was not used for further evaluations, and a curve was fitted through the remaining
Y3 points (Fig. 6.6). The shape of the curve is not congruent with the ellipse
through the Y2 points.

Comparison of the test results on lacustrine clay with the data from Bothkennar
clay, which are presented by Smith et al. (1992), show a similar shape of the Y3
surface on the compression side. In extension, the surface derived for Bothkennar

clay is larger than the indications from Fig. 6.5 for lacustrine clay showed. The
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Analysis of triaxial test results

shape of the Y2 surface for Bothkennar clay is more circular than elliptical and is
centred on g = 18 kPa and p' = 33 kPa with OCR = 1.5. The diameter of the Y2
surface for Bothkennar clay is about 12 kPa and the maximum extension of the Y3
surface in the direction of the p' axis is 50 kPa. The Y2 surface for the lacustrine
clay has an extension of 65 to 80 kPa in the direction of the p' axis and the Y3
surface passes through q = 225 kPa and p' = 300 kPa due to the preconsolidation
stress. The size of the Y2 surface of the lacustrine clay, measured parallel to the
p' axis is a quarter of the Y3 surface whereas the comparable ratio for the Y2
surface of the Bothkennar clay, in the stress states quoted above, is a fifth.
Consequently, the size of the Y2 surface of the lacustrine clay investigated, is

large compared to that of Bothkennar clay.
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Fig. 6.6: Specification of the yield points and surfaces of test series 2 for the probing

stress paths.
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It was therefore of interest to verify the size of the Y2 surface. The Y2 surface is
crossed by any stress path with an extension larger than the Y2 surface. All tests
were first consolidated and allowed to swell before the probing stress path was
applied. During consolidation in the triaxial apparatus, the influence on the strain of
sample preparation and test setup is large, so the Y2 points are not detectable for
this consolidation path. But the Y2 points are visible along the subsequent the
swelling path. Consequently, the stress-strain increment curves of the swelling
path were evaluated. This evaluation was performed with the same method as for

the probing path (Fig. 6.4), by detecting the kink in the dq - d¢, and dp' - d¢,

plots.
400 —
« Y2-fromp' el
=  Y2-fromq 7
X start L
A Y3-fromp' L7
300 | o  Y3-fromq L
X failure - from p' L7
+ failure - fromq 7
e unload - fromp' e gl
o unload - from q il e
200 - 7’/’ / ok
//;k o»® \\"'——,,
SRR SUSEI T
X/// . 7/, \ M
100 - s e e
© -7 .
o o
= JRs
(e /// Opg
0 S, ‘ - — o,
e 100 g 200 300 400
\\\\ 8 A
-100 - I T
\\+\\
-200 - \\&
-300 =
p' [kPa]

Fig. 6.7: Comparison of the yield point analysis of test series 2 for the swelling and

probing path.
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Unloading gives less stable responses, so the fluctuations in the results are
greater. However, the yield stress states determinable in the data evaluation for
each test are presented in the Appendix and shown in Fig. 6.7. The two arrows
with the same length in Fig. 6.7 show that the Y2 surface for the unloading path
has the same extension on average as the Y2 surface of the probing paths

allowing the size of the Y2 surface to be verified.

6.2.2 Strain increment ratio at yielding

The plastic strain increment ratio is needed for the identification of the shape of the
plastic potential surface. The plastic strain increment ratio cannot be derived
directly from the displacement measurement data of the tests, because only the
total displacements (plastic and elastic components) are measured in the tests.
Some authors assume that for straining in zone 4, the elastic component of strains
is small enough compared to the plastic component to be ignored, e.g. Wheeler
(1997). This might be acceptable for straining in zone 4 (Fig. 1.2), but it is
definitely not true for straining in zone 1, where only elastic strains are assumed to

OCcCur.

However, to derive the plastic strain increment* ratios at the yield surfaces, the
total strain increment ratios® at the yield points Y2 and Y3 are determined first.
This was done in the invariant strain formulation: &, & ¢,. The Jdg, - ¢, plots
were generated, and at the strain levels corresponding to the yield stress states
the inclination of the strain curves, which equal the strain increment ratios, were
determined. The evaluation process for test S2T1 is presented in Fig. 6.8. At the
yield stress states (ds, =-0.043 % for Y2 and oJg, =1.54 % for Y3), the strain

increment ratios were determined to be o¢,/ds, =-0.42 and oJs,/ 0, = -2.3,

respectively.

* Although some of the changes in strains might be negative, and therefore should be described as

decrements, for simplicity the general term increment will be used to signify a change in strain.

% The term ,total strain increment ratio” is used for the strain increment ratio composed of the

elastic and the plastic components.
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Fig. 6.8: Strain increment ratio evaluation method presented on the data of test S2T1.

The results of all tests are plotted at the corresponding yield points in the q - p'

plot, Fig. 6.9. The length of the vectors plotted is not related to the test results.

The horizontal component dominates the strain increment ratio at the Y2 yield
points, indicating that greater volumetric strain components are mobilised than
shear strains. It can be seen that the volumetric strains are positive for probing
stress paths with increasing mean effective stresses, and negative for probing
stress paths with decreasing mean effective stresses. This was expected as

positive volumetric strains correspond to volume decrease of the sample.

Analysis of the strain increment ratio at the Y3 yield points shows that their
direction depends on the probing stress path. The shear strains dominate for the
shear tests in extension and the volumetric compressive strains control the

deformation behaviour for the recompression stress path.

6.2.3 Components of the strain increment ratio: elastic - plastic

The next step in the evaluation of the plastic strain increment ratio is the
determination of the elastic component of the total strain increment ratio. Pure
elastic strains are assumed to develop in zone 1. Unfortunately, the resolution of
the load and displacement measurement data of the tests performed is not high
enough to derive any results for zone 1. Therefore, other techniques have to be

used for the determination of the elastic stiffness. Possible methods include
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oedometer tests with a suitable resolution of the load and displacement
measurement, resonant column tests or bender element tests. A new triaxial
apparatus with bender elements installed in the top cap and bottom pedestal of the
cell (Trausch Giudici, 2004) was available and an intensive investigation, in terms
of evaluation method applied to the bender element test data, was performed by
Trausch Giudici (2004). Bender elements apply a shear wave, which implies shear
strains of less than 10 %, and the shear modulus can be calculated from the

travel time and distance of the applied wave through the test sample.
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Fig. 6.9: Total strain increment ratios at the yield points of the probing path of tests of

series 2.
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Non-linearity and small strain behaviour in lacustrine clay

The question is whether a strain level of 10° % is small enough to detect the
purely elastic stiffness. Linear elastic response occurs in zone 1, according to the
stiffness framework proposed by Jardine (1992), which is applied here. The size of
zone 1 is given in the literature for a range of soils. Smith et al. (1992) defined

zone 1 for Bothkennar clay, based on triaxial test results, as Ag, = 0.001 % and

Aq = 0.5 kPa. Jardine (1992) presented the analysis of torsional shear test results
on Toyoura sand, carried out by Teachavorasinskun (1989) and reported elastic

strains at the boundary of zone 1 of Ag, = 6:10* % at Aq = 1 kPa.

Therefore, the stiffness in zone 1 for clays can be measured with bender
elements, although whether this stiffness represents the maximum stiffness of the
soil following reloading is not specified. But when assuming that the behaviour in
zone 1 is linear elastic, by applying the stiffness framework of Jardine (1992), any

stiffness detected within the zone is assigned as the “elastic” stiffness.

Jardine (1992) discussed contact mechanics theories (Bowden & Tabor, 1964;
Johnson, 1985) that throw doubt on the existence of a linear elastic region and
propose that any response has to be non-linear elastic. Unfortunately,
measurement of this response is not possible yet with a sufficient degree of
accuracy. Therefore, it is not further considered here and the shear modulus

determined by the bender elements is adopted for the calculation of elastic strains.

Bender element tests were performed on triaxial test S2bT4. The data evaluation
method is presented in Chapter 5.2.3 and the results are shown in the Appendix.
An average Gnax value of 98 MPa was determined for natural Kloten clay, at a
stress state of g = 112.5 kPa and p’' = 150 kPa with a previous one-dimensional
consolidation history to greatest stresses of q = 225 kPa and p’ = 300 kPa and

subsequent drained swelling.

This is one of the parameters used to describe the elastic material behaviour.
Assuming the soil behaves isotropically, only one more parameter is necessary to
determine the elastic component of a strain increment ratio. This parameter can
either be the compression modulus (K) or the Poisson's ratio (v'). The
compression modulus can be measured in oedometer tests to a certain degree of

accuracy or with piezoceramic transducers, which produce compression waves.
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Analysis of triaxial test results

But as discussed in Trausch Giudici (2004), measurement of the compression
modulus with the piezoceramic elements installed in the top cap and bottom
pedestal of the triaxial apparatus, which apply compression waves with the aim of
measuring the travel time, was not successful. The Poisson’s ratio can either be
estimated by empirical correlations based on soil plasticity e.g. Wroth (1975) or
Lade (1979), or it can be determined from displacement measurement data from
laboratory tests. As the radial strains were measured by the laser scan device,
these data were used. Isotropic elastic material is described by the following

stiffness matrix (Timoshenko & Goodier, 1951):

0, 111 =2v'|]|do
=—. . Eq. 6.6
og,| E |-V 1-v'| | o0,
Axial and radial stresses are applied in triaxial tests and it is assumed that these
are aligned with the principal stress directions 1 and 3. However, the subscripts a

(axial) and r (radial) are adopted instead of 1 and 3 for greater clarity in the

following evaluations.
og,| 1|1 -2V |00,
=—. . Eq. 6.7
o, | E |—-v' 1-V'| | o0,
Eq. 6.6 shows that the Poisson'’s ratio for unconfined compression tests (d6o0,'=0)

is defined as v'=-6¢, /8¢, and for one-dimensional conditions (do,'=K,50,"' &
oe, =0) the Poisson’s ratio is v':KO/(1+KO). For tests with stress paths other

than one-dimensional or unconfined compression, the Poisson'’s ratio is defined as

a function of the stress and strain increment ratios:

1— og, oo,

1+ 9% _p %
oo’ o¢

r

a

The Poisson’s ratio can then be calculated from Eq. 6.8 for various stress path

directions (dc,'/80,"), or vice versa, the strain increment ratio (J¢,/d¢, ) can be

calculated for a given Poisson’s ratio and compared to data from measurements:
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lé‘o-al '
5 1-v Py -V
b~ il Eq. 6.9
o€ oo, \
a —2v
oo,

Before the strain increment ratio is determined from the laser scan data, it must be
ascertained that the Poisson's ratio is determinable from the strain increment data

arising from any stress path direction. Therefore, Eq. 6.9 is rewritten as:

oo, o, o,

-2V 1-v'—2—vy Eq. 6.10
oo,' o€, 0€, oo,
This shows that if:
% _ 99 4 Eq. 6.11
oe, oo,
or:
%5, 00, _ 4 Eq. 6.12
oe, oo,

the strain increment ratio is independent of the Poisson's ratio. So, the Poisson's
ratio cannot be determined from the strain increment ratio of these particular

stress paths. By solving Eq. 6.12 and Eq. 6.11 for the stress increment ratio:

g:':(gz’ +1j:2, the two roots give effective stress increment paths g:: =1
and gza: = -2 from which the Poisson'’s ratio is indeterminable.

The stress increment ratio ?Za: =1 corresponds to an isotropic load path, and the
strain increment ratio is gZ =1, which is independent of the Poisson’s ratio. The
stress increment ratio gza: = -2 represents the shear path in extension, and the

r

. . .. 0g 1 .
corresponding strain increment ratio is —- = —5 These calculations are based on

o€,

isotropic elastic material behaviour.
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Now the strain increment ratio determined from the assumption of isotropic elastic
material behaviour can be compared to the measured test data. Thirteen probing
stress path tests were performed in test series 2. Laser scanning was done on four
of these tests: test S2T1, S2aT1, S2bT1 & S2c¢T1. The nominal probing effective
stress increment ratio was -2 in the tests S2T1 and S2bT1, 2 in test S2aT1, and
2.23 in test S2cT1. So for two tests, the Poisson's ratio can not explicitly be
determined but the strain increment ratio has to be -0.5 according to isotropic
elastic theory. For the remaining two tests, the Poisson’s ratio can be calculated
from the stress and strain increment ratios. Consequently, the strain increment
ratio is determined for all four tests, either to compare the measured values with
the theoretical calculated values (for tests S2T1 & S2bT1), or to determine the
Poisson's ratio (from tests S2aT1 & S2cT1). Determination of the strain increment

ratio, with the axial strain increments Js, plotted over the radial strain increments

o¢, , is presented in Fig. 6.10 to Fig. 6.13.

The same sign convention is applied to the laser data, meaning that positive radial
strain increments (Fig. 6.10 & Fig. 6.12) imply radial compression and negative
axial strain increments (Fig. 6.10, Fig. 6.11 & Fig. 6.12) imply axial extension. The
data are plotted for a selection of horizontal cross-sections. The number in the
legend gives the height in millimetres from the bottom of the sample at which the
measurements were taken. The data from each plot are evaluated by deriving an
average inclination of the strain increment ratio, which is given by a thick line in
each of the plots from Fig. 6.10 to Fig. 6.13.

An average ratio of radial to axial strain increments of -0.68 was determined for
the tests S2T1 and S2bT1 with a probing stress path of do,'/d0,'=-2 and
6q/dp' = — oo . The radial strain increments were zero for test S2aT1, with a probing
stress path of dc,'/d0,'=2 and 5q/op'=0.75. The strain increment ratio was
determined as 0.09 on average for test S2cT1, with a probing stress path of
b0,'/d0,'=-2.23 and &q/5p'=0.9.

The probing stress path was applied after the consolidation and swelling path at
an initial stress state of p'=150kPa and q=112.5kPa for all four te