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Summary

In recent years the Netherlands has experienced drier than average summers, which lowered the ground-
water levels, and usually took until the following spring before returning to their initial levels once again.
In the Netherlands the design condition for a dike is surmised to occur during the winter season, where
it is assumed that the dike is fully saturated. However, this may not necessarily be the case in practice.
Preliminary results from a measurement campaign in the Eastern part of the Netherlands by Van Duinen
(2020) and interpreted by Buiten (2020]) indicate that suction remains present, albeit ever decreasing,
during the winter season. This means that it would be possible for a dike to dry out during the summer
period such that it becomes unsaturated and any effects associated with this could still be present to some
degree as the dike may not have become fully saturated yet during a normative event (a high water level).

This problem is two-fold, as (i) it is known from the literature that the strength of an unsaturated soil
is higher than that of a saturated soil, and (ii) it is unknown how the strength associated with the
initially unsaturated zone can be modelled in a macro-stability calculation as it varies temporally. This
report investigates the strength of the initially unsaturated zone in clay river dikes in the Eastern part
of the Netherlands and it explores the opportunities which the better understanding of the strength may
present for the factor of safety in a macro-stability calculation. Simultaneously, this research is aimed
at establishing a clear framework for future comparable studies into dikes at other locations and with
different compositions.

In the first phase of this research the feasibility and applicability of the Suction Stress Characteristic
Curve (SSCC) as formulated by Lu and Likos (2006]) was investigated. With this concept, it is possible to
use conventional geotechnical laboratory tests to determine unsaturated strength parameters. The main
advantages of this concept are that few modifications must be made to the current testing procedures
used for dike design in the Netherlands. However, to date in the literature, this concept has not been
applied to two commonly used conventional geotechnical laboratory tests in the Netherlands for dike
design: the K0-Consolidated Anisotropic Undrained (K0-CAU) triaxial test and the Direct Simple Shear
(DSS) test. In addition to this, a literature review was performed to bundle international knowledge on
unsaturated soil behavior which is relevant in the context of dike design. Moreover, special attention was
paid to the two aforementioned laboratory tests to fully understand their applicability and limitations
such that these can be interpreted correctly using the SSCC concept.

In the second phase of this research, geotechnical laboratory testing was performed on relatively silty clay
samples from the dike trajectory of Ravenstein-Lith in the North-Eastern part of the province Noord-
Brabant in the Netherlands. The Soil Water Characteristic Curve (SWCC) was determined to establish
the relationship between volumetric water content and matric suction of the soil. In general, testing
procedures using the SSCC concept were scarcely published, and hence a testing procedure had to be
developed and verified for each type of test. It was found that this concept, when determining strength
parameters using strain-compatibility, can be successfully applied to KO-CAU triaxial tests and yields
good results. Strain compatibility showed that geotechnical strength parameters can be determined at
10% axial strain compared to 25% as prescribed by the guidelines on dike stability assessment (Minis-
terie van Infrastructuur en Waterstaat, 2019) for this type of clay. Compared to a conventional KO-CAU
triaxial test, the saturation stage has to be skipped in order to test samples which have been air-dried
under laboratory conditions to a prescribed volumetric water content which can then be linked to an
amount of suction using the SWCC. To further substantiate this claim that the SSCC concept can be
successfully applied to KO-CAU triaxial tests, the Van Genuchten based closed-form expression of the
SSCC as formulated by Lu et al. (2010]) was determined and the results agreed well with the experimen-
tally determined values. As a result, this means that unsaturated geotechnical strength parameters can
be determined using the conventional KO-CAU laboratory equipment and the SSCC concept.

For DSS tests, the SSCC concept proved to be unsuccessful in determining geotechnical strength param-
eters. The interpretation of a DSS test is subject to a number of boundary conditions and especially for
DSS tests performed at lower than in-situ water content, the sample was prone to shrinkage. In that
case both the membrane and the stack of rings provided insufficient restraint during the test. Moreover,
the pins located on the porous stones were unable to sufficiently grip the sample as they failed to pen-
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etrate air-dried samples. For sufficiently saturated tests, the slip phenomenon was observed in addition
to the formation of a diagonal failure plane within the sample. This research was able to pinpoint at
which shear strain slip would occur, and hence when tests can be considered to be valid. Results from
direct shear tests indicated that critical state conditions approximately have been achieved when the slip
phenomenon is expected to engage in DSS tests (around 15% shear strain). This means that DSS tests
on clay samples can indeed be valid and used for engineering designs based on the critical state framework.

Finally, a case study was performed on a representative cross-section located at DP 604 in the dike tra-
jectory of Ravenstein-Lith. This cross-section was produced for the currently ongoing dike reinforcement
program in accordance with the current design guidelines. If the additional strength due to the initially
unsaturated zone is considered, this could have a positive effect on the factor of safety. Following the field
measurements of Van Duinen (2020) and Calabresi et al. (2013) a conservative estimate of the additional
strength based on the KO-CAU triaxial tests was modelled which also accounted for reduction in strength
due to desiccation cracking of up to 50% in the top meter of the dike based on research by Molenaar
(2020). This led to an increase in the factor of safety of at least 1.7% in the most conservative case and
at least 5.0% in a scenario supported by field measurements. Although it is likely that the increase is
more than 1.7%, this cannot be substantiated with the current limited number of field measurements,
and hence it is advised to perform more of these such that the initially unsaturated zone in a clay river
dike can be modelled effectively and reliably with a high degree of certainty.

To conclude, with the application of the SSCC concept, the additional strength produced by considering
the initially unsaturated zone in clay river dikes in the Netherlands leads to an opportunity where the dike
can be designed more efficiently by reducing conservatism. Thus, taking the initially unsaturated zone
in a dike into account can be considered as a valuable contribution to the toolbox of Dutch geotechnical
engineers.
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1. Introduction

1.1 Background

In the Netherlands flood protection measures are of vital importance to ensure that low-lying areas re-
main dry and habitable. To make sure that these structures are in fact capable of doing that, safety
standards are continuously updated. In the safety analysis of dikes, the macro-stability is of critical
importance. With the introduction of the most recent safety standard, WBI2017, the assessment is
performed under undrained conditions which represents short-term soil deformation and strength devel-
opment behaviour in the Western part of the Netherlands more accurately. For this analysis, the strength
parameters are derived from the critical state of the soil and hence Critical State Soil Mechanics (CSSM)
theory is applied. Additionally, the undrained shear strength profile of a dike is to be assessed using the
SHANSEP (Stress History and Normalized Soil Engineering Properties) concept (Ladd & Foott, [1974]).
This concept relates the Over Consolidation Ratio (OCR) and the normalised shear strength (s,/o),)
of the soil. Using this, the current and future stress state a soil experiences in-situ can be replicated.

In the so-called 'upper river’ area, the Eastern part of the Netherlands, so-called "heavy" clay (18-19
kN/m3) is often found in dikes. Heavy clay is characterised by larger amounts of either silt or sand
than typically is expected to be found in a clay. This means that a heavy clay generally has a higher
hydraulic conductivity compared to a typical clay and thus is more sensitive to desiccation. In recent
years substantially warmer and drier summers have occurred in the Netherlands and therefore it is of
interest to investigate the behaviour of these type of soils. As a result, a part of the dyke body may
be (partially) unsaturated. During dry periods (which usually occur during the summer season), the
extent of this part will increase. In the Eastern part of the Netherlands these dikes, but also the cover
layer behind the dike, may become partially unsaturated. Generally, the degree of saturation increases
with decreasing distance to the ground water level. The hydromechanical response of a dike under these
conditions is therefore especially of interest.

In man-made earth dams and embankments made of compacted fine-grained material such as clayey silt,
partial saturation is often found to be prevailing (e.g. Schmertmann (2006]) and Calabresi et al. (2013)).
According to the current design guideline, the dike is assumed to be subjected virtual steady-state flow
during a high-water event. However, in practice, this is only true if the dike consists of a coarse-grained
material. This assumption is unlikely to be realistic when a dike consists of a fine-grained material as the
duration of a high-water event is smaller than the time required to reach a virtual steady-state condition
(Calabresi et al., |2013)) and suction can remain present. The preliminary results of ongoing research by
Deltares (Van Duinen, 2020) shows that in these types of dikes capillary rise is of importance and varies
throughout the year. In addition, it appears that suction, which is produced as an effect of capillary rise,
is present to some extent for most of the year. This effect is strongest when the subsoil is at its driest
and least present when the subsoil is at its wettest (and therefore the continuous potential precipitation
surplus as measured by KNMI is maximum). The current guidelines suggest that in the assessment of
slope stability a steady-state pore pressure distribution should be assumed following the design high-
water event which thus may be over-conservative as realistically suction may positively contribute to the
strength of a dike. Jommi and Della Vecchia (2013) showed that the steady-state assumption may lead
to an overestimation of the dimensions of the embankment meaning that the cross-section of a dike, in
theory, could be smaller to guarantee a similar factor of safety if suction is taken into account. In addition
to this, the structure of the subsoil affects the permeability and this is governed by the cyclic dehydration
and hydration which influences the hydromechanical response. In short, the degree of saturation during
the year is varying and thus also the effect of capillary rise. Depending on the local situation, this can
influence the sliding surfaces and can therefore be important for the macro-stability of the dike.

Recent research by Buiten (2020]) concluded that measured suction stresses could be taken into account
and that this has a favourable outcome on the determination of the factor of safety for macro-stability.
Buiten (2020) also concluded that during a normative WBN-event, the top 1.5 m of the dike will be
influenced by the weather and that suction stresses may not be assumed to be present. Currently for
dikes, geotechnical site investigation and laboratory research is most often performed in the summer



season (March-October) and hence these samples may therefore be partially unsaturated. This means
that when geotechnical strength parameters are determined, the soil may not be fully saturated and
suction may be present. However, design calculations which assume saturated conditions, do no take any
suction stress and any positive contribution to the strength parameters into account. In addition to this
effect, recent research by Gori (2020) on Gorinchem clay showed that conventional laboratory tests may
be unreliable when strength parameters are determined at the specified strains in WBI2017 (Ministerie
van Infrastructuur en Waterstaat, 2019) due to excessive softening. Triaxial compression and extension
tests were found to be unreliable beyond 10% axial strain and beyond 15% shear strain in direct simple
shear tests (whereas they are normally determined at 25% axial strain and 40% shear strain respectively) .

This therefore poses the question whether representative geotechnical strength parameters can be quan-
tified using conventional laboratory tests for initially unsaturated clay and how this may influence the
macro-stability of river dikes. It is interesting to investigate to what extent this soil behavior deviates
in conventional laboratory tests used in the Netherlands to describe soil behavior and to investigate
its influence on the existing method of calculating macro stability in order to adequately quantify any
possible effect.

As the shear strength is a function of, among other things, the degree of saturation, it is important to
understand this properly. Laboratory research can serve to determine the strength parameters of clay
under different degrees of saturation. The results of this laboratory work could be simulated in using the
soil test facility in Plaxis, such that the laboratory test can be fitted to a constitutive model of interest.
In D-Stability, users can define their own shear strength parameters such that the step to a stability
calculation can be made based on normative situations. For a more realistic D-stability calculation, the
assessment of the shear strength should consider changes in pore water pressure which implies that a
model should preferably incorporate coupled time-dependent unsaturated flow.

1.2 Motivation and problem statement

Opportunities for the understanding and use of unsaturated soil behaviour of clay river dikes occur in
two areas. First of all, in the Netherlands, there is little experience available in how to deal with un-
saturated soils. This thesis therefore aims to bundle the available knowledge which is relevant for dike
design of clay river dikes in the Netherlands and which leads to greater understanding. As an engineer
one tries to model physical behaviour. However, these models are simplifications to deal with the com-
plexity imposed by nature. In order to make sure that the model remains an accurate description of
nature, the underlying assumptions should be critically checked and validated. Although the WBI2017
is an improvement over the previous norm, it does not state much about how to deal with initially un-
saturated behaviour and is therefore potentially over-conservative. This thesis may help give engineers
more certainty in deriving strength parameters in the initially unsaturated zone such that the factor of
safety of a dike can be calculated more accurately, and also contributes to the optimisation of dike rein-
forcement designs. Although, due to the importance of the dikes in the Netherlands, it is important to
show the potential of promising new techniques first on a small scale before widely adopting any changes.

Moreover, there is a social-economic and environmental relevance to this research. If the soil behaviour
is better understood, the strength of the dike can be more accurately predicted. If this can be done, the
potential dike reinforcement may not have to occur or could be less. Dike reinforcement projects are often
expensive, in the order of tens of millions of euros, and so small improvements in the understanding of soil
behaviour may easily pay for themselves. Besides costs, a dike reinforcement may lead to a higher crest
height. In order to obtain a higher crest level at the same slope angle, the dike body needs to increase in
width. Although this may not be much of a problem in uninhabited area’s where there is grassland on
the inner side of the dike, it could prove to be problematic if the dike is in close proximity to buildings. A
recent example is the vocal opposition from local residents near the Markermeerdijken whom had strong
feelings about their potentially diminished view. It is therefore of importance to quantify the strength of
the dike such that any potential dike reinforcement can be optimised by reducing possible conservatism
leading to a more efficient design. Moreover, a dike reinforcement program generally has an impact on
the environment as the cross-section of the dike has to be altered resulting in transport of a considerable
amount of soil from outside the immediate project area.



1.3 Research questions

In this section the research objective will be introduced. From this research objective a main research
question will be defined. This will be complemented by sub-questions which aim to aid in answering the
main research question.

1.3.1 Research objective

The main objective of this research is to provide a comprehensive overview of international knowledge
on how to deal with initially unsaturated soil behaviour in river dikes, but also to explore and investigate
the opportunities of applying this knowledge in the Dutch context. It aims to investigate the possibilities
and challenges of the determination of the unsaturated strength of clay river dikes in the laboratory and
its application. This master thesis therefore aims to provide both hydraulic and geotechnical engineers
with knowledge on the execution unsaturated geotechnical laboratory tests and their application in
macro-stability calculations.

1.3.2 Main research question

From the problem statement the following main research question can be derived:

"What is the influence of initially unsaturated clay on the macro-stability of river dikes in the Netherlands
and is it possible to quantify this soil behaviour using conventional laboratory erperiments?’

1.3.3 Sub-questions

To help answer the main research question several sub-questions should be answered first. Each sub-
question is designed in such a way that it helps to answer a small part of the overall research question,
but is still highly specific.

Part I: Theory
This part presents the relevant theory required for both unsaturated soil behaviour and delves into
laboratory testing. It investigates the following sub-questions:

1. Which of the methods to determine undrained shear strength is most suitable for initially unsatu-
rated soil in the Netherlands?

2. How can the strength parameters of clay under variable degrees of saturation be determined using
conventional laboratory tests?

Part II: Geotechnical laboratory testing of unsaturated clay
This part describes the geotechnical laboratory tests and investigates the following sub-question:

1. Do geotechnical laboratory test which are performed in line with the SSCC concept, allow the
determination of an optimal parametric probability distribution that represents the laboratory
data?

Part ITII: The application of unsaturated soil parameters for macro-stability assessment
The third is focused on the application of the laboratory results such that macro-stability can be assessed.
For this purpose the following sub-questions have been formulated:

1. How does the degree of saturation change within a dike subjected to changing ground- and river
water level and can this be simplified to several zones for each relevant design condition using site
specific laboratory tests?

2. What is the influence of unsaturated clay on the macro-stability in relevant design conditions and
can this be quantified?



1.4 Scope limitations

It is important to define the scope of the research, as it helps to give the researcher focus by providing
limitations to the research topic. The scope of the project is defined as:

o This thesis focuses on dike section Ravenstein-Lith, but in principle, the knowledge may be applied
elsewhere.

e The focus of this thesis is to try to quantify geotechnical strength parameters using conventional
laboratory equipment as available in Dutch geotechnical laboratories with minimal changes to the
equipment and in principal with adherence to the prevailing norms and guidelines used in the
Netherlands.

o In this thesis only the prevailing geotechnical tests for dike design in the Netherlands will be thor-
oughly investigated. Although concepts may be applicable to other, more advanced geotechnical
tests too, these will be not be investigated.

¢ The determination of an empirical correlation factor Ny, for unsaturated undrained shear strength
is outside the scope of this research. Therefore, this means that this thesis will not investigate
any unsaturated effects which could be found in Cone Penetration Testing (CPT) or Field-Vane
Testing (FVT).

e The hydraulic conductivity in clay layers is, among others, dependent on cracks in layers, but also
by vegetation. Cracks may form due to suction pressure and may close again when suction forces
disappear. Furthermore, the hydraulic conductivity in cracks is typically much greater than that
of the pore space in the same soil. The effect of temporally varying hydraulic conductivity during
a normative event will be outside the scope of this research.

e The stability of the dike is time-dependent as a result of a temporally varying degree of saturation.
To sufficiently quantify the time-dependent behaviour of a dike, a range of safety factors should
be considered. In order to accomplish this, an extensive numerical analysis would be required. As
such, assumptions will be made to limit the extent of this study.

1.5 Methodology

In this thesis, for each part the research method varied, and as such a short description is offered hereof
based on the structure of the report.

Part I: Theory

In this first part of the research the theoretical sub-questions are investigated after a comprehensive
literature study using scientific papers, books as well as several master theses. The objective of chapter
2 is to familiarize the reader with the most relevant methods to determine the undrained shear strength
and to the principles of how to deal with and understand unsaturated soils. Next, the determination of
the geotechnical strength parameters and the most relevant laboratory tests are introduced in chapter 3.

Part II: Geotechnical laboratory testing of unsaturated clay

The second part of this thesis elaborates on the challenges encountered during the testing of unsaturated
soils. In chapter 4, a laboratory plan is designed and an extra iterative step is introduced. Results and
lessons learned from preliminary tests can then be used to update the test plan, such that successive
tests can benefit from this. Moreover, in this chapter an analysis is performed on the tests to determine
geotechnical strength parameters.

Part III: The application of unsaturated soil parameters for macro-stability assessment
The third part, in chapter 5, macro-stability calculations will be performed such that the influence of
unsaturated clay on the factor of safety can be quantified.



1.6 Structure

The thesis will be executed in a logical sequence such that all research questions can be answered in
an efficient manner. The workflow is schematised in Figure where the different phases and steps in
each phase are visualised. Four distinct phases have been identified of which three have previously been
discussed. The final part, part IV, answers the main research question. This part contains a discussion,
a conclusion, but also suggest recommendations for further research in chapter 6 and 7 respectively.

Part I: Methods to determine U d soil hani

Literature research undrained shear strength T 7 St BT

Design of a laboratory testing plan [kl '

Phase II: Preliminary results _ Check whether any changes

Laboratory testing & . need to be made

interpretation of results l
DS TEEn ol Modelling in Plaxis
. —
geotechnical parameters

Phase IlI:
Macro-stability calculations

Phase IV:
Conclusion &
Recommendations

Figure 1.1: Schematized thesis workflow



Part I: Theory




2. A framework for stress in unsaturated
soil

In this chapter a literature review will be presented which aims to provide a comprehensive overview
of the most prominent processes involved when dealing with unsaturated soils. First the soil water
characteristic curve will be introduced in section 2.1} Afterwards section [2.2] explains the different
approaches to characterizing the stresses in an unsaturated soil. A concept which allows conventional
laboratory tests to be conducted on partially saturated soils is then discussed in section [2.3]

2.1 The Soil Water Characteristic Curve

The Soil Water Characteristic Curve (SWCC) is the relationship between the matric suction (v) and
one of the following: (i) the volumetric water content (), (ii) the gravimetric water content (w) or (iii)
the degree of saturation (S,). These soil characteristics are defined using Equations 3.1 through 3.4.

Y = Ug — Uy (2.1)

where u, represent the pore air pressure and u,, the pore water pressure.

- Vw  ew
T Vo4V, 14e

(2.2)

where V,,, V,, and V; are the volume of water, voids, and solids respectively. The water and void ratio
are represented by e,, and e.

M,
= 2.
YT (23)
where M, is the mass of water and M is the mass of solids.
g =Yw _ew_ b6 _wxGs (2.4)
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where 64 is the saturated volumetric water content and Gy is the specific gravity of the solids.

The current Dutch framework (WBI2017) assumes that the soil above the phreatic level does not contain
any positive or negative (suction) pore water pressures. This could be viewed as if the soil was completely
dry and thus it does not contain any pore water. This is a conservative estimate as in practice the soil
will never be completely dry. In the vadose zone (see Figure which is the zone situated above the
phreatic level, matric suction occurs, as in practice a soil will never be completely dry. Directly above
the phreatic surface a so-called capillary fringe is located, where the pores are filled with water. The
height of this zone is determined by the air-entry head. Above this zone, the vadose zone is located
where the degree of saturation decreases with height. It must be noted that this is not a linear process
and thus it can cause strong gradients in suction too. The characteristics of theses zones are highly soil
dependent. TAW (2001)) provides an indication of the capillary height for Dutch conditions of 0.02-0.05
m for coarse sand, 0.70-1.50 m for silt and 2.00-4.00 m or more can be expected for clay.
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Figure 2.1: Schematic overview of the saturated and unsaturated zone. Adopted from Ren (2019) who
modified the picture after Fredlund et al. (2012)

2.1.1 The effect of hysteresis

The SWCC uses elementary capillary theory to explain both water retention and water transmissivity
characteristics of a soil. It can approximately be divided into three different zones: (i) the boundary
effect zone where the matric suction is lower than the Air Entry Value (AEV), (ii) the transition zone
where the water content decreases with increasing height and matric suction is between the AEV and
residual matric suction where a sample has reached its residual water content and (iii) the residual zone
in which the micropores in the soil starts to dehydrate and where matric suction is beyond the residual
matric suction. A typical overview of this is displayed in Figure 2.2] It must be noted that this Figure
only displays the initial drying curve of the soil as a hysteresis effect is expected to occur. This allows a
soil to have two different states at the same saturation level depending on the drying or wetting situation.
It will be further discussed later in this chapter, but this implies that two possible effective stresses can
be experienced by the soil at a given saturation level.
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Figure 2.2: Typical SWCC with different regions of desaturation. Adopted from Sun et al. (2016)

The shape of the SWCC is governed by five factors: (i) initial dry density, (ii) initial water content, (iii)
pore size distribution, (iv) stress history and (v) plasticity index. Vanapalli et al. (1999) showed that
as the plasticity of the soil increases, the AEV increases too. Thus, this implies that a clay has a high
AEV value and sand has a relatively low value. Generally, if the dry density of a soil increases, the soil
becomes denser and as the result the pore size decreases. In turn, this requires a higher magnitude of
matric suction to reach the AEV (i.e. Croney and Coleman, 1954; Gallage and Uchimura, 2010; Yang
et al., 2004). The AEV was found to increase with increasing confining stress as this generally reduces
the void ratio and thus subsequently to initiate desaturated a higher matric suction is required (i.e. Ng
and Pang, 2000; Thu et al., 2007).

In literature (i.e. Fredlund et al., 2012) four mechanisms have been identified as the cause of hysteresis

in a SWCC:
1. “Capillary theory (Taylor, 1948; Fredlund and Rahardjo, 1993)”
2. “The swelling and shrinking of ‘aged’ soil (Hillel and Mottes, 1966)”
3. “The contact-angle (between air-water and soil solids) effect (Hillel, 1971; Bear, 1979)”
4. “The presence of entrapped air in a soil” (Hillel, 1971; Fredlund and Rahardjo, 1993)”

A soil only follows the primary drying curve if aggregates have not been formed yet (i.e. a completely
remoulded sample). As soon as these are formed, the initial (often loose) state collapses, and as a result
there will be an irreversible decrease of both water content and soil volume. This decrease can be seen
when the primary wetting curve is followed to zero suction. In Figure it can be observed that if a
soil has deviated from the initial drying curve, the initial volumetric water content can never be reached
again. If the soil, is then dried again, a new primary drying curve will be followed. If the soil is subse-
quently partly wetted before partly drying, so-called scanning curves will develop. An infinite amount
of scanning curves exists, but they will always be situated between the primary wetting and drying curve.
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Figure 2.3: Schematic overview of drying, wetting and scanning curves of a unsaturated soil. Adopted
from Pham and Fredlund (2003))

2.1.2 Characteristics during Shearing on Cycle of Drying and Wetting

The shear strength of a sample is depending on the drying or the wetting path (i.e. Goh et al., 2014).
Their laboratory work showed that a specimen on the first-cycle drying path has a higher shear strength
than a comparative sample on the first-cycle wetting path at a given matric suction which can be at-
tributed to hysteresis. According to Goh et al. and Goh et al. the hysteresis effect results
in the specimen on the first-cycle drying path to obtain a higher peak shear strength, lower stiffness and
a higher axial strain at failure and for a comparative sample on the first-cycle wetting path, more ductile
behaviour and less dilation during shearing could be observed for a given matric suction. This behaviour
is displayed in Figure

Goh et al. observed that the shearing behaviour of a specimen on the first-cycle drying path
was reminiscent to the shearing behaviour of a normally consolidated (NC) specimen and similarly a
sample on the first-cycle wetting path was reminiscent to that of an overconsolidated soil. Additionally,
a specimen on the first-cycle drying path was observed to experience larger dilatancy at increasing matric
suction. This agrees with the statement in the previous section where for a specimen with high matric
suction a low void ratio is to be expected and that more dilation is to be expected for a specimen at
a lower matric suction as it is expected to have a higher void ratio. Goh et al. found that the
dilatancy of the specimen during shearing was governed by the amount of matric suction as this can be
regarded as having an important role in keeping the structure of the soil particles intact and hence can
affect the strength and deformation of a soil.

13
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Figure 2.4: Schematic overview of the strength of a specimen in the first cycle of drying and wetting
under different matric suctions. Adopted from Goh et al. (2014)

Goh et al. (2014) investigated how the strength characteristics due to hysteresis would be affected by
subsequent cycles of drying and wetting during shearing too. Generally, they observed that only a slightly
higher shear strength and axial strain at failure could be found for a specimen on a drying path compared
to one on the wetting path. Research by Rahardjo et al. (2004) and Goh (2012) showed that this can be
attributed to hysteretic effects on the specimen.

Goh et al. (2014) found that in subsequent cycles the difference between the shear strength on the drying
and wetting path was relatively small compared to the difference that was observed during the first
cycle. This difference was found to be closely related to the volumetric water content of a specimen. The
increase in shear strength is directly proportional to the wetted area of soil when subjected to matric
suction. Their experimental results showed that on subsequent cycles of drying and wetting, specimens
generally exhibit similar stiffness, ductility and volume change characteristics reminiscent of an overcon-
solidated soil. This can be explained as the soil can be imagined to have undergone an effect similar to
a preconsolidation pressure, when the magnitude of matric suction on subsequent levels does not exceed
the highest level recorded on the first cycle of the drying and wetting process (Rahardjo and Fredlund,
2003; Goh et al., 2010). After the second complete cycle any effect on the shear strength induced by
hysteresis is largely gone (Goh et al., 2014; Tse and Ng, 2008; Sayem and Kong, 2016).

In practice, a dike is during its engineering lifetime exposed to numerous drying and wetting cycles,
before it may be partially altered by i.e. a renovation. If one were to view that during each year only
one complete drying and wetting cycle per year is assumed, this would mean that if a dike has been
unaltered for at least three complete cycles (thus three years), there would be little contribution to the
shear strength induced by hysteresis. To verify the validity of this hypothesis when designing for a
normative event, an analysis should be carried out to investigate whether the dike has completed three
full cycles such that any effects due to hysteresis can be neglected.

2.1.3 Determination of a SWCC

A SWCC can be determined experimentally using several methods, such as a tensiometer, a pressure
plate, a Tempe cell, through the dew point chilled mirror technique, the filter paper technique or by
means of the axis translation technique. Not all of these methods can cover the entire spectrum of
matric suction and therefore a combination of techniques may be required if the entire SWCC must be
determined. Nam et al. (2010) performed a comparison on these techniques and concluded that the
expected scatter from soil heterogeneity is larger than the difference in results from the different test
methods. The determination of a SWCC is time-consuming process and as such often few datapoints
are available for a project. Houston et al. (2006]) succeeded in determining a SWCC based on a single
measurement per curve which they found was an acceptable reliable approximation of the SWCC. If
only, the index properties are known, the SWCC can be predicted using the model of i.e. Zapata et al.
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(2000); Perera et al. (2005). Fredlund et al. (2012) reviewed the determination of the SWCC based
on grain-size distribution curves which could be categorized as follows: “(i) statistical estimates of wa-
ter contents at various soil suctions, (ii) estimation of soil parameters for an algebraic function for the
SWCC and (iii) physico-empriral models where a grain distribution curve is used in the prediction of the
SWCC”. According to their work, this type of determination could help estimate the SWCC for groups
of soils where the SWCC is particularly difficult to estimate such as “(i) soils containing a large amount
of clay-size particles, (ii) soils that contain large amounts of coarse-size particles mixed with fines, (iii)
soils that exhibit bimodal behaviour such as sand-bentonite mixtures and (iv) man-made soils such as
mine tailings”.

Fissel and Breitmeyer (2016|) showed that if only a single SWCC is determined that the variability in
parameters may be greater than 14% of median estimates even when the specimen is carefully prepared,
and high precision instrumentation is used. This variability can likely be attributed a combination of
both the random positioning and distribution of pore geometry in a packed soil specimen. Using prior
knowledge on a limited number of test data, Wang et al. (2018) developed a Bayesian approach to using
a Markov Chain Monte Carlo Simulation determine a site-specific SWCC and reduce uncertainty. If
several SWCC are available from a site a Bayesian approach based on copula theory can be adopted to
obtain SWCC parameters Prakash et al. (2021)).

Zhang and Yan (2015) used random finite element modelling to investigate the effect on the stability
analysis using spatial variability in the SWCC and found that apparent cohesion could be described well
using the lognormal distribution and that the correlation length is of importance in the convergence to
a stable probability of failure.

The measurements can be fitted to an empirical so-called pedotransfer function. In literature a large
number of these empirical functions can be found which are based on laboratory experiments. Fredlund
et al. (2012) provides a comprehensive overview of the different equations. This overview states that
generally, these equations have “(i) a variable that bears a relationship to the air-entry value of the soil,
(ii) a variable that is related to the rate at which a soil desaturates and (iii) some use a third variable
which allows the low-suction range near the air entry value to have a shape that is independent of the
SWCC in the high-suction range near residual conditions”. Some of these equations are better suited to
low magnitudes of suction, whereas others attempt to capture the entire curve or attempt to capture
bimodal behaviour. Sillers (1997) compared the use of the different empirical SWCC equations and as-
sesses the fit using the average Akaike information criteria on eight different United States Department
of Agriculture (USDA) soil classification groups. This showed that the D. G. Fredlund and Xing (1994))
equation performs the best followed by the Van Genuchten-Mualem (1980) equation. In this research
the Van Genuchten-Mualem equation will be used as this can then be compared with the Dutch Staring
series (Heinen et al., [2020).

o) =6+ — 20 (2.5)

1+ (alwl)]

In this equation 6, is the residual volumetric water content [m3/ma3], 6 is the saturated volumetric water
content [m3/m3], « is the inverse of the air entry suction (empirical fitting parameter) [kPa-1], n is a
measure of the pore-size distribution (empirical fitting parameter) [-] and ¢ is the matric suction [kPa].
In this formula, the volumetric water contents are to be used. As one typically measures the gravimetric
water content in the laboratory, the following formula should be applied to convert to volumetric water
content:

0, = w e (2.6)

Pw

In this formula 6, is the volumetric water content [m3/m3|, w is the gravimetric water content [%], pq
is the bulk density (dry mass divided by the original volume) [kg/m3] and p,, is the density of water

[kg/m3].
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2.2 Stress states in unsaturated soils

In saturated soils stresses can be determined using Terzaghi’s classical effective stress equation. For
unsaturated soils, there does not exist one unique formula to determine the stress state. According to Lu
and Likos (2006) the unsaturated stress in a soil and the shear strength predicition can be characterized
in three categories which will be elaborated in this chapter. First, in section [2:2.1] unsaturated laboraotry
tests will be introduced followed by Bishop’s modification to the Terzaghi equation in section[2.2.2] Then,
in section the independent stress state variable approach will be discussed and finally in section
the implication on numerical constitutive models will be presented.

2.2.1 Determination of shear strength of unsaturated soil in the laboratory

From conventional laboratory tests such as triaxial, direct shear or direct simple shear tests the undrained
shear strength can be easily determined. However, in the laboratory testing of saturated soil samples,
the assumption is made that the pore space is completely saturated with water. With unsaturated soil
samples, air is present in the pores, and this cannot be neglected. It is therefore of paramount importance
that the volume of air is accurately measured during the laboratory tests as the sample may consolidate
(reduce in volume) and expel both water and air. The laboratory testing of unsaturated soils has been
documented by i.e. Rasool and Aziz (2020]) who performed advanced triaxial tests on partially saturated
soils under unconfined conditions. The axis-translation technique is described in detail in Tripathy et al.
(2012) which is required to measure suction stresses. In principle the main difference with conventional
saturated tests is that instead of a porous disk, a High Air Entry Porous Disk (HAEPD) must be used.
A HAEPD allows for a water pressure on one side and an air pressure on the other side without the air
passing through the HAEPD. Such a disk has a certain air-entry value and thus indicates the maximum
suction which can be replicated in unsaturated testing of soils. In addition to the HAEPD, the axis
translation method should be employed if samples are tested for a suction larger than 100 kPa. This
method is necessary to eliminate cavitation, but also to measure the suction applied to the sample by
applying an air pressure to the pore space in the sample. In this method suction is created by the
difference in air and water pressure. At first, both are linked, thus if the air pressure increases, the water
pressure increases too. Next, the air pressure is increased until the water pressure becomes positive. Note
that there is still suction as the water pressure is still lower than the air pressure. For these high levels
of suction there are several options available, which are commercially available. These include a direct
volume measurement using an air pressure and volume controller, a Hong Kong University of Science
and Technology (HKUST) inner cell, a double walled cell or by means of on-sample strain transducers.
The type of test that should be performed to match the loading situation of an embankment is called
a constant water content test (CW). More information on other types of unsaturated triaxial tests and
their interpretation can be found in Fredlund et al. (2012). A schematization of CW test can be seen in

Figure below.
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Figure 2.5: Schematic illustration of a constant water content test. Adopted from Rasool and Aziz (2020)
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2.2.2 Modified effective stress

Bishop modified Terzaghi’s classical effective stress equation to include air pressures as well as a factor
x which is a function of, among others, the degree of saturation. This factor may vary between zero,
indicating fully dry conditions, and one, indicating fully saturated conditions. If it is equal to one the
relationship reduces to the classical Terzaghi effective stress equation. However, in practice x is difficult
to determine and it has been proven to be non-unique theoretically and experimentally. This can be
attributed to the hysteresis effect observed in the SWCC which allows the soil to experience two dif-
ferent possible effective stresses at a given degree of saturation (depending on either wetting or drying
conditions).

Bishop’s equation for effective stress and followed by the extended Mohr-Coulomb failure criterion for
unsaturated soil:
o' =0 —ug+ X (g — Uy) (2.7)

75 = +[(0 = uq) + x(Ua — ww)]tang’ (2.8)

2.2.3 Independent stress state variable approach

In the laboratory the shear strength of an unsaturated soil can be determined using a modified version
of the conventional testing apparatus of interest. For instance, but not limited to, by using a modified
version of the triaxial apparatus, a modified version of the direct shear apparatus (i.e. Gan et al., 1988)
or a modified version of the oedometer test. Experimental studies (i.e. Escario and Saez, 1986; Gan
et al., 1988; Vanapalli et al., 1996; Rassam and Williams, 1999) showed that a non-linear relationship
exists between shear strength and matric suction.

Fredlund and Morgenstern (1977) proposed an unsaturated shear strength equation where the net normal
stress (0 — uq) and matric suction (u, — uy) are treated independently in terms of their roles in the
mechanical behaviour of unsaturated soil. The equation in the form of an extended Mohr-Coulomb
criterion is given below.

7= 4 (0 — ua)tand + (uq — Uy )tang® (2.9)

Based on this formula and Bishop’s formulation the following can be derived:

tang®
X = tand’ (2.10)
From laboratory experiment both ¢? (the angle of increase of shear strength with matric suction) and
¢’ (internal friction angle of a saturated soil) are observed to remain approximately constant at low
stresses (and can be said to be stress-independent), but they are stress-dependent for high stresses. At
low stresses x is expected to remain constant. However, as x is a function of the degree of saturation
there is an inherent contradiction.

Fredlund and Morgensterns (1977) #® defines the rate of change in shear strength with respect to the
change in matric suction and it implicitly relates the change between the contact area of the soil particles
and the water menisci. Vanapalli et al. (1996) developed a physical model to explain the unsaturated
strength behaviour along a SWCC using the three saturation stages: (i) boundary effect stage, (ii) tran-
sition stage and (iii) residual stage. Experimental research by i.e. Fredlund and Rahardjo (1987); Gan
et al. (1988)); Vanapalli et al. (1996); Rassam and Williams (1999)); Lee et al. (2005) showed that in the
boundary effect stage, ¢°, is equal or close to ¢'. Thus, in this stage, a linear relationship exists be-
tween shear strength and matric suction. In the transition stage, a non-linear relationship between shear
strength and matric suction exists (i.e. Vanapalli et al., 1996; Bao et al., 1998; Rassam and Willimas,
1999; Lee et al., 2005). In the residual stage, Vanapalli et al. (1996) found that “with increasing matric
suction, the shear strength of an unsaturated soil may increase, decrease, or remain constant”.

Goh et al. (2010) reviewed existing equations which use the two independent stress state variable approach
to predict the shear strength of unsaturated soils. Generally, a distinction can be made between a
fitting type (such as Fredlund and Morgenstern, 1977) and a prediction type equation (such as Khalili
and Khabbaz, 1998). Goh et al. (2010) concluded that shear strength equations based on the fitting
type generally provide a good agreement between measured and estimated shear strength data whereas
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prediction type equations were found to provide only moderate agreement and thus can be said to be
more site-specific and are less generally valid.

2.2.4 Modified stress variable approach for stress-strain analysis in consti-
tutive modelling

Based on the difficulties associated with the previous two stress definitions numerous researchers came
up with a modified stress variable approach for stress-strain analysis. Alonso et al. (1990) expanded
Critical State Soil Mechanics (CSSM) theory such that volumetric strain due to matric suction can be
included. This led to the creation of the Barcelona Basic Model (BBM). BBM is an extension of the
Modified Cam Clay (MCC) model which introduced suction into its formation. Gallipoli et al. (2003)
amended this model for elasto-plastic analysis by introducing a stress variable that depends on degree
of saturation and matric suction. This means that BBM uses both Bishop stress and suction as state
parameters, as opposed to the original formulation which used net stress and suction. This constitutive
model switches from a fully saturated model to a partially saturated soil as suction increases. A major
advantage compared to other unsaturated constitutive models is that this ‘new’ version of the BBM
model has been implemented for research purposes into the finite element program Plaxis. At the time
of this research, the model is not available for widespread use among practicing engineers. Additionally,
the model parameters are not straightforward to determine as they require true unsaturated triaxial
tests, and currently these are unavailable in the Netherlands.

2.3 The Suction Stress Characteristic Curve

Unsaturated geotechnical tests on cohesive soils can be time-consuming as an equilibrium state has to
be reached for a given matric suction between water and air pressure. Lu and Likos (2006) proposed a
Suction Stress Characteristic Curve (SSCC) which introduces an effective stress framework for variably
saturated soil using a transfer function which describes the macroscopic stress variable at a multiphase
air-water-solid representative elementary volume level. The varying interparticle stress can be described
using the concept of suction stress. This stress is a result from both physical and chemical phenomena
experienced by the soil: (i) Van der Waals attraction, (ii) electric double layer repulsion and attraction,
(iii) surface tension, (iv) negative pore water pressure and v) chemical bonding (Lu & Likos, [2006). With
SSCC a conventional laboratory set-up can be used to characterize the unsaturated strength of a soil as
a function of suction stress. Thus, using this concept, the measurement of matric suction is avoided, and
it can be easily applied without major modifications to existing laboratory equipment. This concept was
validated by means of true unsaturated test results up to 15 MPa of matric suction (Lu et al., |2010).
Xing et al. (2016) were the first to apply this concept to consolidated undrained (CU) triaxial test on
loess samples. Their paper shows that it is indeed possible in practice to derive unsaturated strength
parameters using conventional geotechnical tests by prescribing a specific water content to a sample and
then testing the sample. However, this concept has not been further used on other type of geotechnical
tests to date.

The SSCC concept is based on the Van Genuchten-Mualem equation, but in theory, with significant
mathematical manipulation, this could be adjusted for other, perhaps more applicable, soil water char-
acteristic curves. Lu and Likos (2006) expanded Bishop’s effective stress theory such that the effective
stress relationship in terms of suction stress can be expressed as:

o =0—u,—0o° (2.11)
where o’ is the effective stress [kPal, o is the total stress|kPa], u, is the pore air pressure [kPa] and o*

is the suction stress [kPa].

Lu and Godt (2013)) showed that the suction stress corresponding to a certain moisture content can be
calculated using the effective cohesion and friction angle as determined from Mohr circles described by:

CI

s_ 2.12
7 tang’ ( )

This means that the Mohr-Coulomb criterion can be rewritten as:

Tr =0'tang’ = (0 — uq — 0°)tang’ (2.13)
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Using these equations, the suction stress can be determined. An illustration of how this method is applied
in practice can be seen in Figure [2.6] First, the Mohr-coulomb failure lines must be plotted which have
been obtained from laboratory tests (which may either be a conventional or an unsaturated one). In
the upper part of the Figure, it can clearly be seen that with decreasing volumetric water content, the
intercept of the shear strength with the origin is increasing, which conforms to theory. The intercept of
the Mohr-Coulomb failure line with the negative horizontal axis is defined as the suction stress. Next,
the suction stress versus the volumetric water content can be plotted. If required, it is possible using
this information to back-calculate parameters for Bishop’s and Fredlund and Morgensterns equation.
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Figure 2.6: Illustrated methodology if the SSCC concept is applied to Mohr-coulomb failure lines obtained
from conventional triaxial tests. Adopted from Xing et al. (2016)

2.3.1 A closed-form equation for effective stress in unsaturated soil

The method described in section [2:3] is based on laboratory results. If these are not available, or lim-
ited to just the Van Genuchten-Mualem parameters, the suction stress characteristic curve can still be
determined. A closed-form expression for the suction stress was introduced by Lu et al. (2010]) which is
consistent with thermodynamic theory in continuum mechanics. Moreover, Lu (2008)) showed that this
is a valid stress when scaling up to the representative volume element level in contrast to matric suction.
S SE ﬁ 1
0°=——(Se™™ —1)n for 0<S. <1 (2.14)
«a

In this equation S is the effective degree of saturation, o and n are the empirical Van Genuchten-Mualem
parameters. The effective degree of saturation can be determined as follows:

O — 6

Se:es—eT

(2.15)

where 6,, is the volumetric water content of the sample and 6, and 65 are the residual and saturated
volumetric water content respectively.
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An alternative expression for suction stress was introduced by Khalili and Zargarbashi (2010)), but un-
saturated cyclic DSS tests performed by Jafarzadeh et al. (2020) indicated that the Lu et al. (2010)
formulation provides a better match. In addition to this, research by Jafarzadeh et al. (2020) showed
that using the suction stress concept it is possible to derive the unsaturated shear modulus if the satu-
rated shear modulus is known and that its magnitude varies non-linearly in the three different regions

of the SWCC.

Patil et al. (2020) reviewed the applicability of the closed-form expression by Lu et al. (2010) on different
types of cohesive-frictional soils using suction-controlled true triaxial, ring shear and biaxial (where a
specimen is tested in plane-strain conditions) tests to determine the SSCC. They observed that in these
tests the closed-form expression underestimates experimental results in the case of ring shear and true
triaxial tests but overestimates in case of biaxial test results. As a result, they propose a soil-dependent
power-fit model to accurately characterize the suction stress. In this research these advanced laboratory
tests are not investigated and as such Patil et al. (2020) findings can be ignored, but if in the future fur-
ther research using these laboratory tests is conducted, it must be considered for a proper interpretation
of results.

The Lu et al. (2010) formulation of the closed-form equation considers both adsorptive and capillary
forces exerted by the pore water. It assumes that the suction stress in a soil is largely dominated by
capillary forces up to the residual water content when the adsorptive regime starts to dominate the
suction stress. In this formulation a sharp contrast is made between the capillary and the adsorptive
regime whereas in reality this is a much smoother process. The soil of interest for this research is a silty
clay which generally has a very low residual water content which will only be reached at high levels of
matric suction. As the closed-form equation was proven to be valid for matric suction up to 15 MPa and
measurements by Van Duinen (2020) and interpreted by Buiten (2020) showed that suction forces up to
at least 80 kPa can be expected in a clay dike in the eastern part of the Netherlands which implies that
this formulation is applicable. Zhang and Lu (2020) formulated a different closed-from equation which
takes into account the gradual transition between the capillary and the adsorptive regime such that the
entire matric suction range can be described in terms of suction stress. They showed that if the soil-water
retention is dominated by capillarity the equation can be reduced to Lu et al. (2010) formulation. If
capillarity is the only mechanism, the equation reduces to Bishop’s effective stress equation and if the
soil is fully saturated it reduces to Terzaghi’s classical effective stress equation.
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3. Determination of geotechnical strength
parameters for macro-stability assessment

In geotechnical engineering a wide array of field and laboratory tests is available to characterize a soil.
First an overview of the Dutch contemporary practice is presented in section In section [3.2] an
overview of the available laboratory data can be found as well as an overview of the selected laboratory
tests. Although this thesis focuses exclusively on laboratory tests, a short overview of applicable field
tests is presented in [3.3] The laboratory tests are then presented in detail in section [3.4] and [3.5] such
that these are thoroughly understood and can be interpreted while taking into account both the merits
and shortcomings of the respective tests.

3.1 Contemporary Dutch practice

In 2017 new guidelines and regulations were put into practice by the Dutch Ministry of Infrastructure
and Environment to assess the macro-stability of water retaining structures. Compared to the previous
set of regulations two major changes have been introduced: i) Critical State Soil Mechanics and ii) the
SHANSEP method to model soil behaviour. Low permeability soils such as clays and peats are to be
modelled using undrained conditions whereas high permeability soils such as sand are to be modelled
using drained conditions (Ministerie van Infrastructuur en Waterstaat, 2019). First the different modes of
shearing will be explored, followed by an introduction into critical state soil mechanics and the SHANSEP
method. Finally this knowledge is combined in how currently, geotechnical strength parameters are
determined in the Netherlands.

3.1.1 Modes of shearing

A failure surface could be modelled using sections which represent the active, direct and passive shearing
zones as developed by Ladd and Bjerrum et al. . This can be seen in Figure Parameters
from triaxial compression (TC) are to be used for the active zone, direct simple shear (DSS) tests for the
direct shear zone and triaxial extension (TE) test for the passive zone. Grimstad et al. state that
this concept is especially valid in the case of soft clays for which the undrained stress-strain-strength
is generally anisotropic indicating that both the strength and stiffness may have different magnitudes
depending on the orientation of the major principal stress to the vertical direction. Anisotropy is believed
to be influenced by fabric (particle orientation, structure and layering), the geological history and by
the stress path. As such, the principal stress direction may rotate underneath an embankment leading
to a varying shear strength depending on the location of interest. This behaviour can be modelled in
a so-called directional shear cell test and the varying behaviour according to the zones and which tests
adheres best to such a zone was confirmed by O’Neill .

' Triaxial Extension

Triaxial Compression
(TC) i Direct Simple Shear (TE)

(DSS)

Figure 3.1: Shearing modes in an embankment. Adopted from Ministerie van Infrastructuur en Water-
staat (2019)
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3.1.2 Critical State Soil Mechanics

In the Critical State Soil Mechanics (CSSM) framework it is assumed that if a soil is sufficiently sheared,
the soil will reach a constant state such that it flows similar to a frictional fluid which contains a tur-
bulent flow of particles in which the shear-strength remains constant and thus is independent of the
strain level (Schofield & Wroth, [1968). In this framework it is assumed that the critical state is unique
and independent of the initial state of the soil (Lupini et al., 1982; Atkinson et al., 1993 ). Within the
CSSM framework the critical state is reached if during shearing a constant volume can be maintained.
CSSM aims to describe the fundamental soil behaviour while incorporating how the shear strength is
affected by stress history, compression, dilation, volume change, and how the effective stresses change as
a result of shearing and its associated change in pore pressure (Jefferies & Been, 2019)). Wood (2017)
states that strain softening or hardening of a soil is only dependent on the plastic volumetric strain
and hence is equivalent to a situation where deviatoric plastic strain increases, but plastic volumetric
strains remain constant. Strain hardening is defined as the increase of the strength of a material while
shearing and a reduction in strength is expected in the case of strain softening. Generally, critical state
corresponds to the residual state for soils with round particles. A clay may consist of flatter particles
and if the orientation of the particles becomes parallel as it resembles laminar flow as opposed to tur-
bulent flow, the critical state may not necessarily correspond to the residual state (Atkinson et al.,|1993).

According to CSSM, a soil will reach the same Critical State Line (CSL) independent of the drainage
conditions and the OCR, but the critical state strength may be different (see Figure [3.2). The slope of
a CSL in compression tests is given by the critical state parameter M and ¢ is the friction angle at
critical state. Similar to the critical state strength, the critical state friction angle is unique for each soil.
In CSSM a soil is situated on the ‘wet side’ of critical state when dealing with NC and slight OC soils
and it is situated on the ‘dry side’ if the soil is heavily OC (Atkinson et al., [1993). This terminology
originates from the observed soil behaviour during shearing, where a contractive soil expels water during
drained loading (and thus becomes ‘wet’) as opposed to dilative soil (which remains ‘dry’). A soil on the
wet side of critical state only features strain-hardening, which can be explained as the soil is continuously
compressed during shearing such that the interlocking of soil particles is increased before reaching its
critical state strength. On the other hand, a soil on the dry side of critical state will reach a peak shear
strength rather quickly during shearing after strain-softening behaviour occurs and the soil dilates to its
critical state strength.

Pore water cannot dissipate out of the sample during undrained loading as volume change is not permitted
and thus the specific volume remains constant. Therefore, a soil on the wet side of critical state develops
positive excess pore water pressure and soil on the dry side of critical state develops negative excess pore
water pressure. Thus in Figure the dry side lies above the CSL and the wet side lies beneath the
CSL.

CSL

>

%

Figure 3.2: Idealized effective stress paths for drained (D) and undrained (U) NC and OC soils. Adopted
from Gori (2020))
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In case of a NC soil, the initial state is said to be on the so-called Normally Consolidated Line (NCL). The
specific volume, or void ratio, can then be plotted as a logarithmic function of the mean normal stress.
According to the Modified Cam-Clay (MCC) model, the NCL and CSL are both linear and parallel lines,
but the NCL can be found above the CSL as it is located on the wet side of critical state. Using the
excess pore pressure development in an undrained triaxial test can determine the critical state too as
theoretically the ratio of deviatoric stress to mean effective stress (q/p’) must be constant at critical state
as well as the incremental changes in this ratio and pore pressure.
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The undrained shear strength at critical state found in TC, DSS and TE tests are approximately expected
to be similar (Mayne, 1985; Prevost and Hgeg, 1976) due to differences in strain rates, initial stress states,
the imposed loading and boundary conditions of the respective tests (Ladd, [1991)). According to Abelev
and Lade (2004) different undrained shear strengths are to be expected for an anisotropic soil as the
direction of the major principle stress is vertical in TC, horizontal in TE and is allowed to rotate during a
DSS test. Figure[3.3|displays the idealized behaviour during these tests, where the critical state undrained
shear strength is expected to be highest in TC, intermediate in DSS, and lowest in TE (Mayne, |1985).
The difference is expected to reduce in magnitude for NC clays and silts with a high plasticity index
(Mayne, 1985; Ladd, 1991). In TC the sample undergoes axial strain and in DSS the sample undergoes
shear strain. In order to compare the results, the normalized shear strength for TC in plane strain
conditions can be determined using Equation (Koutsoftas & Ladd, |1985)). In this equation the plane
strain mobilized friction angle, gzﬁimb’ps, assumes a Matsuoka-Nakai failure criterion (Wroth, [1984)) and
can be determined from TC using Equation [3:5] The axial strain can be converted to shear strain using
Equation (Ladd & DeGroot, 2004)).

U;vc = qcosqb;,wlmoS (3.4)
Srnobgs = 3 Fobic (35)
v = 1.5¢4 (3.6)
N
Ope
TC
la
TE
Y%

Figure 3.3: Idealised normalised shear stress versus shear strain under plain strain for triaxial compres-
sion, direct simple shear and triaxial extension tests. Adopted from Ladd (1991
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3.1.3 The SHANSEP method

In order to determine the undrained shear strength of a soil in line with CSSM the SHANSEP (Stress
History and Normalised Soil Engineering Properties) model as originally developed by Ladd and Foott
(1974) was introduced. This model is based on the elasto-plastic strain hardening Cam-Clay Model
(CCM) which assumes a logarithmic relationship between mean stress and void ratio while adhering to
CSSM. In the CCM plastic volumetric strains in the form of preconsolidation pressure are assumed to be
represented by overconsolidated behaviour. Ladd (1991) states that this may induce an error if dealing
with naturally cemented deposits and highly structured sensitive clays. This also applies to typical
Dutch soils such as sand and silt rich clays i.e. loess and boulder clay (Ministerie van Infrastructuur en
Waterstaat, 2019). Ladd and Foott (1974) advise not to use the SHANSEP model when dealing with
random clay deposits, but it can be used for regular deposits where a well-defined stress history can be
obtained. The top of a highly desiccated region often features weathering and it is difficult to determine
the OCR accurately which limited the applicability of the SHANSEP method (Ladd & Foott, |1974).
In CCM anisotropic behaviour, creep, destructuration and softening are not considered (Wheeler et al.,
2003). Using SHANSEP, the undrained shear strength can be described by the equation below:

sy = So! ,OCR™ (3.7)
Su
S= (Ui/m_)nc (3'8)
K a

where S is the NC (OCR = 1) undrained shear strength ratio and can be thought to be a friction
parameter. o, is the in-situ effective vertical stress, OCR is the overconsolidation ratio and m represents
a parameter relating the contribution of the OCR to the undrained shear strength. This parameter can
be determined using Equation where A is the slope of the virgin compression line in logarithmic
scale and k is the slope in unloading-reloading in logarithmic scale (Ladd, 1991) and if the Dutch
parameter nomenclature is used based on the Isotach method, A = a and k = b respectively (Ministerie
van Infrastructuur en Waterstaat, 2019).

3.1.4 Parameter selection and strategy to find the critical state

According to the current guidelines for dike design (WBI 2017) the geotechnical strength parameters
(including S) at critical state should be determined at 25% axial strain in a triaxial test and 40% shear
strain in a DSS test. Gori (2020)) showed that Gorinchem clay is prone to excessive strain softening and
if the concept of strain compatibility were to be used, it is possible to determine strength parameters at
15% shear strain in the DSS test and 10% in a triaxial test. As the parameter S is related to a NC soil,
the laboratory tests should be performed on NC samples. For this the yield stress needs to be known
which can be determined from either constant rate of strain (CRS) test or an oedometer test using the
isotach method and selecting point B (Greeuw et al., [2016]). A possible disadvantage of this is that the
fabric of a sample could potentially be altered resulting in a loss of strength when subjecting the sample
to a high yield stress. Theoretically, when using SHANSEP, point A must be used as the yield stress,
but this point may lie in a transition zone between normally and overconsolidated samples and therefore
is conservative when determining the undrained shear strength. Point B on the other hand, is supposed
to correspond to a state of purely normal consolidation and therefore guarantees that the sample in a
triaxial or DSS test is subjected to NC conditions.

If only overconsolidated samples are to be used, the parameter S can still be determined if the sample
is subjected to the expected vertical effective stress rather than to the yield stress. Although, if a test
is performed at lower pressures, the inaccuracies of the measuring apparatus may be more pronounced
compared to the same test performed at higher pressures. Moreover, several tests are required in order
to establish a correlation with sufficient accuracy as each individual specimen may produce a slightly
different S-value (Ministerie van Infrastructuur en Waterstaat, 2019). In a CRS or oedometer test, the
parameters A and s can be determined for a soil. Although back calculation of the undrained shear
strength of an overconsolidated soil using Equation [3.7)is a possibility to determine the parameter m, it
may produce a slightly different value compared to those from the CRS or oedometer test and therefore
the current guideline advises to determine it using CRS or oedometer tests (Ministerie van Infrastructuur
en Waterstaat, 2019).
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3.2 Overview of laboratory tests and ongoing research

This section aims to describe which laboratory tests are most suitable using the concept of Lu and Likos
(2006) while also taking into account the current Dutch practice presented in as well as presenting
a comprehensive overview of ongoing research into the unsaturated zone in [3.2.2

3.2.1 Laboratory tests

The aim of this thesis is to characterize the undrained shear strength of partially unsaturated samples.
Generally, KO Consolidated Anisotropic Undrained (K0-CAU) triaxial compression tests are performed
on the sand and clay layers, DSS tests are performed on peat layers while triaxial extension tests are
rarely performed. The material available for this research can be classified as a silty clay. Recently,
extensive laboratory investigation has been conducted for which oedometer test results as well as OC-
KO0-CAU test results are available in addition to index tests. To the best knowledge of the author the
SSCC concept has not been applied to conventional KO-CAU and DSS tests in literature. Moreover, to
date there has been little experience in Dutch practice with regular DSS tests on clay. Until a few years
ago there were few DSS apparatus available in the Netherlands, but now these are more readily available.
As the sample and the duration of the test is shorter than in KO-CAU tests, it would be interesting to
investigate whether these tests can be applied in practice. As both laboratory tests conform to the
current Dutch practice for characterizing the geotechnical strength parameters in assessing the macro-
stability of a dike, these tests were selected for further study. For this research, both NC and OC DSS
tests will be performed as well as NC KO-CAU tests on fully saturated but also on several degrees of
partially saturated samples. In addition to these tests, several oedometer tests need to be performed in
order to determine the appropriate yield strength and index tests such as the Atterberg limits, particle
size curves, the amount of organic substance and the amount of dissolved limestone.

3.2.2 Research at Deltares into the unsaturated zone

At Deltares, a Dutch research institute, a research program is currently ongoing into the undrained shear
strength in the unsaturated zone (Van Duinen, 2020). For this research two dikes at different locations
are available: Oijen and Westervoort (both in the eastern part of the Netherlands). Tensiometers are
installed at several locations throughout the dike that were capable of measure suction up to 80 kPa.
In summer 2020 several of these sensors malfunctioned due to high suction forces. However, these ten-
siometers were installed approximately in the top 1.5 m of the dike. As a rule of thumb, a suction force
of 1500 kPa corresponds to the change in colour of gras from green to yellow (this indicates the Wilting
Point, pF' = 4.2). As this change in color can be observed in practice, it is likely that strong gradients in
suction force exist in the top layer compared to the deeper dike body (where the gradient will be less) in
dry periods. This can for instance be done via satellite imagery which forms the input of model which
predicts drought-induced cracks using artificial intelligence (Chotkan, 2021)). However, these top parts
of the dike have little contribution to the overall macro-stability of the dike due to the way the different
slices are calculated.

In addition to the sensors, the following laboratory tests have been performed in the saturated zone: UU,
Consolidated Anisotropic Undrained (CAU), DSS, DS and oedometer tests on both intact and remoulded
samples. Besides this, several index tests have been performed such as the determination of Atterberg
limits, particle size curves, the amount of organic substance and the amount of dissolved limestone.
For the unsaturated zone, UU, Consolidated Isotropic Undrained (CIU), DSS, DS and oedometer test
have been performed on both intact and remoulded samples. For this zone similar index tests as in the
saturated zone were performed. CIU tests were performed as opposed to CAU tests on unsaturated clay
to correlate samples which have been compacted in different ways or dried to see differences in strength
development. Moreover, indirect testing was performed meaning that first a curve was constructed
relating the degree of saturation to the suction forces. Then in UU tests, the sample was tested to
provide the average undrained shear strength.
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3.3 Field tests

Using Field Vane Tests (FVT) and Cone Penetration Tests (CPT) it is possible to determine the in-situ
undrained shear strength. For a CPT, a relation exists between the net cone resistance value and the
empirical cone factor, N, which is highly soil dependent. A recommended value for this factor is in
the range of 10-20 (Ladd & DeGroot, 2004) if it has not been calibrated using laboratory tests. Using
laboratory tests, it is possible to mimic the expected subsoil loading conditions and hence determine the
site-specific Nj; such that a more accurate determination of the in-situ undrained shear strength can
be found. DeGroot and Lutenegger (2005]) showed that if this value is calibrated using laboratory tests
that do not suit the subsoil loading conditions, divergent values of shear strength are to be expected.
Aas et al. (1986) showed that there is a dependence between the plasticity index and Ny; and Karlsrud
et al. (2005) showed that there is a relationship with the sensitivity of a clay and the degree of overcon-
solidation. Practically, this may mean for dike design that this factor is not constant in depth. Besides
laboratory test, a FVT can be used to determine the in-situ undrained shear strength by means of a
rotating vane. The value produced by this test may need a correction for anisotropy as well as time
(Bjerrum et al., [1974). Although, in this way, the Ny, is also indirectly determined, it may provide
more measurements of the undrained shear strength as laboratory measurements are usually scarcer and
especially in cohesive layers, an advantage may be that anisotropy effects can be taken into account better.

Zein (2017)) suggests that the Ny is difficult to determine for unsaturated soils, as it depends on the
amount of soil suction of which the exact magnitude is usually unknown. In the current Dutch design
guideline, for unsaturated soil it is recommended to increase Ni; by a factor 3 for the unsaturated zone
(Ministerie van Infrastructuur en Waterstaat, 2019). This factor 3 is chosen to account for the unknown
magnitude of soil suction stresses at the time of investigation by CPT such that a value for the strength
can be found which only accounts for the strength found in normative conditions in which there is not any
suction present. This means that a transformation uncertainty is induced into the problem. Although,
in theory, it would be possible to determine a depth-varying Ny using the existing CPT and laboratory
data in addition to the laboratory data generated by this research, it would only describe the in-situ
undrained shear strength at the time the borings were drilled. As this influence of suction on Ny is
poorly understood, continuous measurements at the same location would be required to investigate this
effect and to determine a possible trend. It is expected that a large number of FVT, CPT and in-situ
suction measurements in addition to laboratory data will be needed to determine an accurate factor or
procedure which generally holds and is thus not location specific. Currently, ongoing research by Deltares
hopes to find a solution to this problem. As such, this topic will not be investigated in this thesis.

3.4 The triaxial test

A triaxial test is a laboratory test which can be executed using different drainage and loading conditions
to simulate in-situ conditions and determine strength parameters. Generally, three major parameters
can be adjusted depending on the type of test of interest: (i) it can be performed either in compression
or in tension, (ii) under drained or undrained conditions (allowing or prohibiting consolidation during
shearing) and (iii) before shearing a load can either isotropically or anisotropically (i.e. to KO-conditions)
imposed on the sample. If modifications are made to the conventional apparatus, a sample can tested
under a specific amount of suction as outlined in section [2.2.1

3.4.1 Introduction to a triaxial apparatus

In a triaxial apparatus the triaxial cell is mounted on top of a base which is part of a load frame. Between
the top of the load frame and the triaxial cell a load cell is situated which measures the force applied to
the specimen. Moreover, the load cell has several valves with which the back volume and pressure can
be controlled and measured as well as a cell volume and cell pressure controller. The specimen is located
on a pedestal on the bottom and a load cell is attached to a cap on top. On both the top and bottom
of the sample a porous stone can be found. Filter paper is attached to the sample and it is surrounded
by a rubber membrane. Generally, an external displacement sensor can be found on top of the triaxial
cell, in addition to a possible measurement from the load frame itself.
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3.4.2 Stress-strain inhomogeneities in a triaxial test

The triaxial apparatus imposes boundary conditions due to the end restraints on the specimen which
causes stress-strain inhomogeneities in soft soils (Chatzis, 2018; Muraro, 2019). This is related due to the
friction at the interface of sample and the porous stone where deformations are restricted and so-called
‘dead wedges’ are formed in which the sample cannot freely reach failure (see Figure ) Especially
for high frictional and compressible materials these zones may merge and force the specimen to expand
laterally around its perimeter with increasing axial strain (Muraro, 2019). Atkinson et al. (1993)) ob-
served that for a soil on the dry side of critical state subjected to intense shearing a volume change may
occur such that thin distinct discontinuous and slip surfaces may develop.

For high OC soils, strain softening is expected as well as dilation during shearing where stresses and
deformations concentrate at any discontinuous which have formed during shearing. In a drained test,
uncertainty in the specific volume in and around the slip surface may result in the test being unreliable
due to inhomogeneities of shear and volumetric strains. Wood (2017) states that this can be remedied
if the deformations are measured internally instead of externally as is generally done in a laboratory.
Stress inhomogeneity in an undrained test may warrant additional excess pore pressure development.

For NC to light OC soils strain hardening is expected as well as compression during shearing during a
drained test. Similar to a soil on the dry side of critical state, this results in uncertainty in determining
the specific volume of the segment of soil at critical state and it may also warrant additional pore pressure
development in case of an undrained test which reduces the strength. These effects caused by the friction
between the porous stone and the specimen can be largely reduced if the sample is long and slender. A
range is prescribed by the Dutch norm (NEN-EN-ISO 17892-9, 2018) where the height to diameter ratio
is 1.8-2.2.

3.4.3 Failure modes in a triaxial test

In an undrained test it is inherently implied that the water content remains constant throughout the
shearing phase of the test. Although this is valid for the sample as a whole, drainage may still occur
locally as there may be an exchange between the more and less intensely sheared zones of the specimen
Atkinson et al. (1993) resulting in the incorrect interpretation of laboratory results. Moreover, in clays
the effect of undrained creep is entirely neglected, and the axial strain rate is often minimized which
influences the interpretation too. As previously explained, the measurement of excess pore-pressure may
be unreliable as it is an average of the whole sample and that highly localized shear zones may develop
for soils on the dry side of critical state.

At larger axial strain levels, the stress-strain inhomogeneities are more pronounced which means that due
to the accumulated deformation of the sample there are greater uncertainties in determining the cross-
sectional area on which the load is applied. This means that for a high OC soil, the deviatoric stress may
be underestimated due to a reduction in cross-sectional area for a discontinuous sheared sample and an
overestimation for a bulging sample. These failure mechanics can be seen in Figure 3.4} A side effect of
the long and slender nature of the specimen such that friction between the specimen and the porous stone
was limited, is that the bulging mechanism is reinforced. The height over diameter ratio as prescribed in
the Dutch guidelines has been optimized to reduce this effect too and research by Chatzis (2018]) concurs.

Gori (2020) described the possible failure mechanisms encountered for Gorinchem clay if critical state
is approached from the wet or dry side respectively. If the sample approached critical state from the
wet side, it was observed to first bulge, during which the cross-sectional area continuously increased,
before discontinuities were observed to initiate along the sample near the loading pistons which resulted
in a reduction of cross-sectional area. For light OC samples, the failure mechanism showed a mixture of
both bulging and discontinuities, in which the latter was not always present. If the sample approached
critical state from the dry side, the featured discontinuities were of a different shape in which these may
protrude deeply and either feature crossing or single discontinuities.
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Numerous techniques to correct for the change in cross-sectional area were presented by Ehrgott (1971)
and Muraro (2019), but as the choice for each of these methods is dependent on the stress history,
compressibility, deformation mode and strain level of the sample, it is not straightforward to select one
that is generally valid. For triaxial tests, strain rate dependency plays a role too, where the undrained
shear strength may differ by up to 10% per log cycle of axial strain rate (i.e. Sheahan, 1996; Gens, 1982;
Mun et al., 2016). As such, the current Dutch guidelines recommended using an upper limit for the axial
strain rate of 1% per hour if the permeability of the specimen is very low (Greeuw et al., 2016)).
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Figure 3.4: Schematized failure shape in a triaxial test. Adopted from Ehrgott (1971)

3.4.4 Interpretation of a triaxial test

In the previous section several causes of stress-strain inhomogeneities were presented and how these
are accounted for in the current Dutch norm. Filter paper is attached to the specimen in a triaxial
test and enclosed by a membrane. Depending on which norm or guideline is used, different correction
formulas exist. In the past, the corrections by Greeuw et al. (2001) were used in the Netherlands. A
recent investigation by Konstadinou and Zwanenburg (2019)) into membrane and filter paper correction
formulas showed that the membrane correction is strain-level dependent and influenced by the friction
between the membrane and the specimen and the filter paper correction was found to depend mostly
on the wetting of the paper and to a lesser extent on the orientation of it. Currently, the corrections
presented in NEN-EN-ISO 17892-9 (2018) are commonly used and as such these will be used in this
research.

3.4.5 The Undrained Unconsolidated triaxial tests

The Undrained Unconsolidated (UU) triaxial test is known to yield the lower limit of undrained shear
strength as this test is designed to give the short-term undrained shear strength. The advantage of this
test is that the sample can be tested as is, is relatively quick and it can be performed on both intact
and reconstituted samples. During the formation of the slip circle, but before failure occurs, it could be
assumed that the intact clay has sheared in such a way that the particles in these zones have ‘mixed’.
In such a case the sample could be assumed to behave similar to a reconstituted specimen. In this
case the UU strength from reconstituted samples would be a valid approximation of the strength of the
dike. Moreover, the result from UU tests can be used to determine a Ni; factor for the unsaturated zone,
whereas a CPT can provide the respective Ny; factor for the saturated zone. However, it should be noted
that if this is to be done, the UU test conditions should represent in-situ conditions at the time the CPT
was conducted. In that case the effective stress in an UU test is equal to the matric suction. A final re-
mark is that care should be taken as especially UU samples are prone to (significant) sample disturbance.
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Ladd and DeGroot (2004)) note that “this test relies on the fortuitous cancellation of three errors and
therefore one should be cautious, but nonetheless if high quality samples are used, they can give an
indication of the average undrained shear strength: (i) the fast rate of shearing can increase the measured
undrained shear strength, (ii) but sample disturbance causes a decrease in undrained shear strength and
(iii) lastly shearing in triaxial compression causes an increase since it ignores the effects of anisotropy
which lowers the undrained shear strength with increase anisotropy”. Mun et al. (2016) executed a
detailed study into the rate effects on the undrained shear strength while also analyzing the results using
the SSCC concept. Ding and Loehr (2019) performed a study into the variability of undrained shear
strengths and found that consolidated (anisotropically) undrained tests had a lower uncertainty than
UU, pocket penetrometer and handheld torvane tests. Although this test has several advantages if an
investigation needs to be performed into the feasibility and applicability of the SSCC concept both in the
laboratory and in the field using conventional experiments, it has been successfully applied and studied
by Mun et al. (2016]) and as Dutch practice is based on the ADP concept, which does not utilize the UU
test, this test will not be used in this study.

3.5 The Direct Simple Shear test

A Direct Simple Shear (DSS) test is a geotechnical laboratory test to characterize the undrained shear
strength of a sample using a relatively small sample. The mode of shearing of the sample closely resembles
the passive failure mode (as can be found in the design of dikes, but also i.e. in offshore structures). In
section the origin of the test will be explained followed by different conditions under which the test
can be performed in section [3:5.2] The theory behind the interpretation of a DSS test will be discussed
in section 3.5.3] and the stress-strain conditions during such a test will be looked into in section [3.5.4]
Finally, contemporary interpretation methods will be discussed in section [3.5.5

3.5.1 Introduction of a DSS device

The DSS apparatus was originally introduced as it was aimed to improve the direct shear (DS) test. In
a DS test a specimen is subjected non-uniform stress and strain condition and as a result it is impossible
to characterize the stress-state throughout the test. See Figure [3.5]below for a distinction between a DSS
and a DS test). In a DS test the circular or rectangular specimen is encased in a box which can slide over
each other. During the test, initially, a normal force is applied to the top of the box in which the sample
is allowed to consolidate. In the next phase, a horizontal load is applied to the top (or the bottom) of
the box in which horizontal displacement is allowed. During this phase, the shear and vertical stresses
are measured. In the resulting stress-strain curve a peak can often be observed as well as a residual
condition. Furthermore, this test provides information on the contracting or dilatant behaviour of the
soil with the evolution of vertical displacement as a function of horizontal displacement. The stress-strain
distribution throughout the sample is in this test highly non-uniform which is caused by a concentration
of stresses which develop at the front and rear edges of the specimen. This process causes a progressive
failure of the sample and as a result only part of the total theoretical shear strength is mobilized. An
implication of this failure process is that the state of stress in the sample remains unknown throughout
the test and hence a failure path cannot be determined (Terzaghi et al.,|1996).

Figure 3.5: Schematic differences in the mode of shear failure direct simple shear test (L=Left) and
direct shear test (R=Right)

Various researchers attempted to design a device that would help solve the problems encountered in a DS
test. Kjellman (1951) developed an apparatus which formed the basis for a DSS test. In this test a circu-
lar soil specimen is enclosed by a rubber membrane and surrounded by aluminium rings. A porous stone
is located both at the top and bottom of the sample which allows drainage during consolidation. During
the consolidation process the rings can be regarded as imposing a K0-consolidation. Subsequently, the
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specimen is sheared from the top plate. This can be done by either maintaining a constant load or a
constant height. These porous stones can either be grooved or have little cones or pins to prevent slippage
of the sample. To measure the vertical and shear stresses, vertical and horizontal load cells are used and
by using displacement gauges, the horizontal and shear displacement can be measured respectively. In
contrast to DS test this device imposes a constant area of sliding, but similarities can be found in the
direction of the major (vertical) and minor (horizontal) principal stress during consolidation. However,
during shearing, these stresses rotate and it remains difficult to trace the amplitude and direction of
principal stresses during shearing.

Kjellman’s apparatus was subsequently improved by Bjerrum and Landva (1966) at the Norwegian
Geotechnical Institute (NGI). In this device the sample is enclosed laterally by a reinforced membrane
such it enforces a constant area. This membrane is applied using a vacuum and is therefore supposed to fit
perfectly to the lateral boundaries and it must be sufficiently stiff such that it ensures one dimensional
consolidation (K0) and to maintain a constant volume during shearing. Other versions of the DSS
apparatus have been developed by Roscoe (1953)), the so-called Cambridge apparatus, which uses a
square sample with straight lateral boundaries, Franke et al. (1979)) and Dyvik et al. (1987) designed a
DSS test with a pressurized cell such that truly undrained tests can be performed and the Berkeley type
apparatus which only uses an unreinforced membrane to confine the sample.

3.5.2 Constant load vs constant volume

For the shearing phase of the DSS test two options exist: i) the vertical load should remain constant or
ii) the height of the sample should remain constant. In this case, the former options result in the drained
shear strength parameters whereas the latter is used to determine the undrained shear strength param-
eters. For granular soils, such as sand, drained parameters are usually of interest, and hence DSS tests
would be performed with a constant load. In contrast, for soft soils, such as clay and peat, undrained
parameters are usually of interest, and hence the test is performed using the constant volume approach
during shearing.

Although in practice in Dutch geotechnical laboratories most DSS apparatus cannot perform truly
undrained tests, as the testing apparatus is not fully closed and therefore pore water may leak through
the apparatus during a test (as opposed to i.e. a triaxial test). Thus, the undrained DSS response is
typically investigated by conducting drained tests at constant volume. According to Bjerrum and Landva
(1966) there is an equivalence between the two types of tests. This is the case as the observed change
in vertical stress in a constant volume test is equivalent to the change in pore pressure that would have
occurred during an undrained constant load test. Moreover, if the generation of excess pore pressures is
to be prevented, this implies that sufficient time is required for internal equalization inside the sample
and thus that the test must be performed at a low rate of strain.

This ‘constant volume’ hypothesis was validated by Dyvik et al. (1987) who designed a chamber for a NGI-
type DSS apparatus. In this device the pore pressure inside a soil specimen could be measured and hence
this device is capable of conducting truly undrained tests. With this set-up both truly undrained and
constant volume drained tests on NC clay were performed and similar results were obtained. However,
their research was limited to saturated NC clay for shear strains up to 10% and thus it was not tested
whether for other types of (unsaturated) materials this hypothesis is valid. Using the Modified Cam
Clay model and finite element modelling, the evolution of pore pressures in the core of a specimen tested
on an NGI-type DSS apparatus could be modelled. This produced results similar to the prediction by
Bjerrum and Landva (1966) for similar ranges of shear strain on Speswhite Kaolin.

3.5.3 Theory of interpretation of direct simple shear results

During a DSS test, both load and displacement transducers measure their respective actuation in the
vertical and horizontal direction. However, it should be stressed that in a DSS test the measured
horizontal and vertical load is not valid for the entire sample due to i.e. rotation of the principal stresses.
The vertical load is therefore an average vertical load and hence an average vertical stress too. Although
the horizontal load might suggest a relation to a horizontal stress, this is not the case as horizontal stresses
cannot be measured directly during a DSS test. The horizontal load is equivalent to the average shear
stress which a sample experiences. The principal stress directions continuously change with an increase
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in the average shear stress (i.e. Borin, 1973; Arthur et al., 1980; Ochiai, 1981; Joer et al., 1988; Farrell
et al., 1999; Doherty and Fahey, 2011; Klar et al., 2019) and the vertical sides tilt. Different methods of
interpretation have been proposed as there remain uncertainties on the true stress state inside a specimen
throughout the test. de Josselin de Jong (1971)) proposed that a soil element can choose between three
modes (see Figure to select the one which requires the least amount of resistance governed by the
boundary condition of the test (and thus of the engineering situation).

1. “The horizontal plane is a plane of maximum stress obliquity such that the mobilized friction angle
of the soil can be determined by":

tang = Ty (3.10)
Oyy

2. “The horizontal plane is a plane of maximum shear stress such that the mobilized friction angle of
the soil can be determined by":

sing = 4= (3.11)
Oyy

3. “The vertical plane is a plane of maximum stress obliquity as proposed by De Josselin de Jong
(1971). This method assumes a vertical failure combined with a rotation of the specimen with
magnitude gamma in the anticlockwise direction where gamma is the amount of engineering strain
applied externally to the specimen. The mobilized friction angle of the soil can be determined by":
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Figure 3.6: Three possible intepretations of a direct simple shear test. Adopted from De Josselin de Jong
(1971)
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Borin (1973) performed a single test on a kaolin sample with a custom built DSS device in which the
sample is completely confined by load cells. This confirmed the hypothesis of De Josselin de Jong (1971)
as it allowed for the stress state to be completely defined. Generally, the first hypothesis (Equation
was used as it provides conservative design parameters.

The magnitude of principal stress rotation during a DSS test was derived by Ochiai (1981) based on
the formulation of the principal stress axes as proposed by Oda and Konishi (1974). For a NC clay this
results in: o

tandgss = —2 = Ktana (3.13)

Ty

In this equation a linear relationship is proposed between the shear stress ratio on the horizontal axis
and the tangent of the angle of o1 with the vertical axis. The material constant, s, was shown by Oda
(1975) to be related to the ratio of the initial horizontal and vertical stresses which is equal to the Ko
value.

3.5.3.1 Advanced interpretation of DSS tests

As technology progressed, several authors performed computer simulations of the DSS test to thoroughly
investigate this test and its interpretation. A concise overview of some important findings is presented
in this subsection. A back-analysis of a DSS test on a peat sample in the finite element program Plaxis
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by Farrell et al. (1999) showed that the principal stresses are under an angle of 45 degrees with the
vertical and thus it would be in favour of Equation Although the approach using this equation is
not necessarily conservative, it can be used in a situation where a FEM program such as Plaxis is used
to load the material in shear as the back-analysis showed that the material behaviour can be represented
correctly.

Doherty and Fahey (2011) performed a three-dimensional finite element analysis of a DSS test and
showed that the maximum shear stress simultaneously occurs on the vertical and horizontal planes of
the specimen. However, these are not the planes of failure as they are not the planes of the maxi-
mum mobilized friction. Their research confirms the experimental observation of Dyvik et al. (1987).
Moreover, their research showed that the type of DSS device influences the changes in total stress and
excess pore pressure significantly. This is due to the imposed boundary conditions and how the forces
to produce constant-volume plane-strain conditions are distributed which can be thought of as a system
which has a single degree of indeterminacy. This means that either the vertical stress, the horizontal
stress or the pore pressure can be removed without affecting the strain path. However, it will change
the value of the two remaining forces. An important practical implication of their work is that it showed
that for a drained test in a Kjellman-type DSS device, the total vertical stress will equal the change in
pore pressure as experienced in an undrained test and is irrespective of the type of imposed undrained
shearing. Finally, their work showed that for tests with a maximum shear strain of 12%, s’ and ¢ are
located at the top and centre of the Mohr-Circle respectively.

Dabeet (2014)) found using discrete element modelling that due to a more uniform stress distribution
across the specimen DSS results at small shear strains are more reliable than those obtained at large
shear strains. His work showed that at large shear strains, the stresses can be highly non-uniform. This
is the case in a narrow zone adjacent to the lateral boundaries, and hence only at the specimen core the
sample represent ideal simple shear conditions. Moreover, his research showed that with the development
of shear strain, the planes of maximum obliquity rotate continuously. This implies that in order to deter-
mine the mobilized friction angle, the appropriate interpretation method should be selected depending
on the stress state corresponding to the amount of shear strain.

Klar et al. (2019)) showed using fiber optics embedded in 3D printed rings that it was possible to evaluate
stress paths during the tests and how the principal stress directions rotate until failure for a drained
test on clean sand. Their work showed that for a test performed up to 25% shear strain, Equation 3.10
would be applicable as the stress path reaches the failure envelope at the same point as the tangent to
the Mohr circle.

3.5.4 Stress-strain inhomogeneity in direct simple shear

In the interpretation of a DSS test, it is assumed that complementary shear stresses act on the vertical
boundaries of the sample. In practice, these boundary conditions cannot be achieved during the test
and hence stress-strain inhomogeneities develop. A pure shear state of stress implies that the volume
of the specimen remains unchanged while it undergoes, in plane strain conditions, uniform extension
in the axial direction and uniform compression in the lateral direction. In simple shear conditions, a
constant volume deformation is assumed, while it undergoes, in plane strain conditions, that the sample
displaces only in the direction parallel to the axial direction of the specimen. It is therefore equal to pure
shear plus a rotation. In both cases stresses need to be applied along all sides to maintain a uniform
deformation. In a DSS test the absence of shear stresses along the lateral boundaries of the test create
a difference between the pure shear state of stress and the simple shear state of stress (see Figure .
In the right-hand side of the Figure dashed arrows indicate that a pure shear state of stress is only
experienced in the core of a specimen as was deduced from tests by i.e. Budhu (1984)), Airey and Wood
(1987) and in studies by i.e. Doherty and Fahey (2011)) and Dabeet (2014]).
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Figure 3.7: A pure shear state of stress (L) and a simple shear state of stress (R)

Besides the lack of complimentary shear forces, an eccentricity may develop between the top and bottom
normal forces. As a result, normal forces appear on all faces of the specimen. Roscoe (1953) performed a
mathematical analysis assuming a linear elastic material which is approximately valid in the first stages
of deformation. The result of this analysis shows that on all faces of the sample both compression and
tensile forces act. Moreover, Roscoe (1953)) showed that only on the central third of the sample the
stress distribution can only be considered uniform. Experiments on a plasticine specimen sheared in a
Cambridge apparatus confirmed the analytical hypothesis as a void with an acute angle would develop
between the sample and the platen. This phenomenon was more easily observed at lower vertical stress
(12 kPa) than at higher vertical stress (495 kPa). Prevost and Hgeg (1976)) expanded Roscoe’s analysis by
incorporating this effect which could occur at the platen-soil interface and which is caused by differential
displacement. Slippage was found to induce significant variation in normal and shear stresses on the
upper and lower face of the specimen. Finn et al. (1971)) performed complementary experimental work
on plasticine samples. They found that a significant part of the sample remains unrestrained as only a
small region near the centre is resisting the shear load if smooth upper and lower plates were to be used.
An important implication of their work is that the measured apparent strength would be substantially
less than the actual strength of the specimen would be if this phenomenon is not prevented during a
DSS test. To avoid this phenomenon most commercially available DSS devices have been equipped with
cones or pins on the top and bottom porous stones. Although, as a minimum vertical stress needs to be
applied to a specimen such that sufficient grip is created, slippage remains a possibility at low vertical
stress (as was observed by Grognet (2011) on peat samples).

3.5.5 Practical interpretation of a DSS test

Traditionally, in the interpretation of a DSS test, complementary shear stresses are assumed to act on the
vertical boundaries of the sample. As discussed in the section above, these cannot be imposed in practice.
Wood (1990) presented different failure modes during shearing which could occur during a DSS test (see
Figure : “in mode A horizontal rupture planes are generated whereas in mode B inclined rupture
planes are formed”. Both failure modes are possible to obtain in a Kjellman-type DSS apparatus. This
can also be achieved in a NGI-type apparatus where a reinforced membrane is used and in the Berkeley
type where the sample is only supported by an unreinforced membrane (Joer et al., 2010).

A Y \
\ \

\ \

\ \
\ \
\ \

\ \
\ \

Figure 3.8: Failure modes according to Wood (1990). Type A (L) and Type B (R)

3.5.5.1 ‘The traditional interpretation method’

According to the current guidelines for dike design (WBI 2017) the geotechnical strength parameters for
a DSS test are to be determined at 40% shear strain. Gori (2020)) showed using the principle of strain
compatibility for Gorinchem clay that it is possible to determine strength parameters at 15% shear strain.
As stated in section [3.5.4] it is not straightforward to determine the principal stresses at the end of a
DSS test such that the stresses can be plotted by means of a Mohr Circle. Zwanenburg et al. (2019))
stated several assumptions in line with earlier work by i.e. Doherty and Fahey (2011) such that this can
be done:
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1. “Critical state stress conditions are reached at the end of the test.”
2. “The measured horizontal stress is equal to the intermediate principal stress 5.’
3. “At critical state, the combination of 7 and ¢/, correspond to the top of the Mohr Circle.”

4. “These stress conditions are reached rapidly for undrained tests while for drained tests it is ques-
tionable whether they are reached before terminating the test.”

Using these assumptions Zwanenburg et al. (2019) derived the principal stresses at critical state:

/ / / /)2
;L aww+ayy (Uacac+ayy) 2
oy = T ) o, (3.14)
oy =o' (3.15)
o +o ol 4ol )2
o = 2z - vy (9%q 5 vy) +T:%y (3.16)

In these formulas 7., represents the horizontal effective stress in shear direction, O’lyy the vertical effective
stress, o7, the effective out of plane horizontal stresses and 0’1’2,3 the principal effective stresses. These
principal stresses can subsequently be used to determine the mean effective stress and undrained shear
strength, s’ and ¢, respectively. They are defined as:

/ /
o = Tz Ty
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/! + / 2
t= \/(UI‘TUWJ) +72 (3.18)

2 e
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3.5.5.2 "The AG method" for a diagonal failure mode

Joer et al. (2010) presented a new interpretation method (“the AG method”). In this failure mode, a
diagonal failure plane is formed between the top and bottom of the sample. Generally, the diagonal runs
between the back of the top platen and the front of the bottom platen (see Figure and |3.9b]).

(a) Schematic overview (b) Photo of a vertical cross-section of a typical
DSS sample with highlighted white dashed diago-
nal failure plane

Figure 3.9: Diagonal failure plane in a DSS test
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Joer et al. (2010) therefore states that if such a failure plane developed clearly, “it would be more
appropriate to consider the stress that act on the inclined failure plane, rather than to focus on the shear
stresses applied by the apparatus parallel to the sample ends as is the case in the traditional interpretation
method”. This interpretation method proposes a linear failure plane based on experimental evidence. A
free body diagram, deformation of the sample and the assessment of the friction angle can be seen in
Figure 3.10| respectively.

| ‘ i Failure plan
Acv' ov Acy' 1 (crack)
|

\ Dsample

Figure 3.10: Schematic illustration of the boundary conditions of a sample: Free body diagram (L),
deformation of the sample (C=center) and the assessment of the friction angle (R). Adopted from Joer
et al. (2010

The normal o}, and shear stresses Ttail are determined both on the geometry of the sample and on the
stresses on the outside boundary of the sample which are acting on the failure plane. Using the applied
effective stresses, the horizontal and vertical load on the failure plane can be estimated:

™
F,=Fs— ZDsampleHefo;l (3.19)
Y
F, = ZDgampleU; (3'20)

In these equations, Dgsgmpie, Tepresents the diameter of the sample, H.yy is the effective height of the
specimen and F is the horizontal load applied on the sample. Please note, that F should be the corrected
horizontal load for both the membrane and the slide table friction. Joer et al. (2010) assume that the
differential vertical stress averages to zero across the failure plane. This method therefore assumes that
the average mobilized resistance along the failure plane is not influenced by this. Thus, during the
shearing phase, the specimen only sustains a horizontal displacement of the top platen relative to the
bottom platen (6h). Although a possible change in the height of the sample (dv) is theoretically possible,
this term is zero in this research as DSS tests are performed using a constant height. The angle of the
diagonal failure plane can then be defined as:

Hg sy —ov
6 =tan [—SL " 3.21
[Dsample - 5h] ( )
The cross-sectional area of the failure plane can then be determined using:
D wHef f
A, o = AZsamptes” 7 J 3.22
Jail sinf ( )

The angle between the resulting load and the normal to the failure plane (see Figure 3.10R) is known as
the friction angle along the failure plane and can be determined using;:

¢ = 9+tan*1[%] (3.23)

The stresses acting on the failure plane can then be estimated using;:

F3+F;
et = g cose (3.24)
. F2+F?
Tfail v h
ol = tand/ = Tfail = Tron cos¢’ (3.25)
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The effective friction angle can then be estimated using:

T Ly (3.26)
Jﬂ

Joer et al. (2010) concludes that this new method works well for both sands and cemented soils as
this method results in post-peak strain softening, but that there is little difference observed with the
traditional method for soft clays. Joer et al. (2010])) suggests that “this is possibly caused by the failure
mechanism being a combination of both a discrete diagonal shear plane and a conventional type of
direct simple shear deformation”. Sharma et al. (2017) found in a study between ‘flexible’ (the sample
is only supported by an unreinforced membrane) and ‘rigid’ boundaries (the sample is supported by a
membrane enclosed by concentric rings) that a diagonal shear plane only developed in a DSS apparatus
with a flexible boundary on offshore carbonate sediment and at shear strains greater than about 15%.
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Part II: Geotechnical laboratory testing of
initially unsaturated clay
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4. Methodology: set-up of a laboratory plan
and test results

This chapter describes the set-up of all laboratory tests, their execution as well as their results. First, a
general understanding of the soil characteristics is presented in section 4.1. In section 4.2 the SWCC is
determined. Strain compatibility is investigated in section 4.3 which can then be used in the interpreta-
tion of the triaxial tests in section 4.4. Preliminary results of DSS on clay are presented in section 4.5
and subsequently in section 4.6 DS tests are used to investigate the occurrence of critical state which
can then be used to further investigate the DSS tests in section 4.7. Finally, in section 4.8, it is in-
vestigated whether unsaturated soil samples fit commonly used probability distributions in geotechnical
engineering.

4.1 Index tests

In this section several key index properties of the soil are investigated which help characterize and identify
the soil. Historically, many empirical relationships were developed for a specific area such that without
having to perform elaborate laboratory testing, rough estimates of geotechnical parameters would be
available. First the Atterberg limits are discussed, followed by the particle size distribution curves and
the consistency index.

4.1.1 Atterberg limits

In the plasticity chart (according to NEN-EN-ISO 14688-2 (2019)) soils are designated a symbol consisting
of three or four letters. The first two letters identify the primary component of the soil: silt or clay.
The third letter second symbol identifies its plasticity characteristics (low, medium, high or very high
plasticity). The vertical line at the liquid limit indicates the boundaries of each zone (being 35, 50 and
70 respectively). The fourth symbol is optional if a sample mostly consists of organic material. In this
chart both a U-line and an A-line are plotted. The A-line separates clayey soils (above the line) from
silty soils (below the line) whereas the U-line can be regarded as the upper boundary which is expected
for natural soils. Finally, in this chart there is a zone where both low plasticity silts and low plasticity
clays may exists and this is indicated by a zone enclosed by grey lines. Note that NEN-EN-ISO 14688-2
(2019) aims to provide indirectly by means of the Atterberg limits, an approximate indication of the soil
characteristics whereas other norms such as the NEN-ISO-14688-1 (2019) describe the characteristics of
the soil in detail. In this research the Atterberg limits have been determined 31 times using the Fallcone
method on triaxial samples which have been tested to failure. As the samples for the triaxial tests come
from different borings, naturally some heterogeneity is to be expected. The results are displayed in Table
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Table 4.1: Overview of Atterberg limits per boring

Test | Boring | Liquid limit | Plastic limit | Plasticity index | w,[%] | Ic Ay
TC1 | B012-6 36.16 17.02 19.13 21.85 | 0.70 | 0.83
TC3 | B012-6 39.94 18.61 21.33 23.39 | 0.73 -
TC4 | B041-3 29.78 15.16 14.62 20.87 | 0.54 | 1.12
TC5 | B041-3 29.46 16.06 13.40 21.65 | 0.58 -
TC6 | B041-6 34.61 15.70 18.91 22.88 | 0.57 -
TC7 | B012-2 34.01 18.19 15.82 21.98 | 0.70 -
TC8 | B012-3 43.19 21.75 21.43 28.14 | 0.66 | 1.02
TCY9 | B039-1 35.18 17.89 17.29 23.06 | 0.64 | 0.69
TC11 | B012-4 43.03 22.75 20.29 24.25 | 0.93 -
TC12 | B035-2 59.45 28.43 31.13 43.37 | 0.49 -
TC13 | B038-8 51.59 26.66 28.65 36.71 | 0.43 | 1.02
TC14 | B012-8 49.02 23.85 25.17 28.70 | 0.43 -
TC15 | B039-2 41.97 20.92 21.05 21.98 | 0.60 -
TC16 | B035-2 40.49 21.36 19.13 37.79 | 0.78 -
TC17 | B038-4 52.35 23.19 29.16 31.56 | 0.71 | 1.33
TC18 | B015-3 40.32 19.74 20.58 23.15 | 0.83 | 2.51
TC19 | B012-8 50.88 24.36 26.52 28.47 | 0.81 -
TC20 | B038-8 66.21 27.18 39.04 41.31 | 0.61 -
TC21 | B038-5 42.33 20.33 22.00 25.06 | 0.74 | 0.92
TC22 | B038-9 62.17 27.23 34.94 45.73 | 0.47 -
TC23 | B015-7 40.01 19.56 20.44 27.16 | 0.31 -
TC24 | B015-8 41.36 18.51 22.85 26.94 | 0.63 | 0.71
TC25 | B039-6 47.52 22.73 24.79 26.92 | 0.83 -
TC27 | B038-9 57.83 26.35 31.49 41.99 | 0.50 -
TC28 | B015-8 46.86 22.29 24.56 28.79 | 0.74 -
TC29 | B038-6 54.01 24.11 29.90 39.49 | 0.49 | 0.96
TC30 | B041-6 31.66 14.67 16.99 22.19 | 0.56 -
TC31 | B015-4 29.77 15.89 13.87 22.30 | 0.54 -
TC32 | B038-6 50.96 23.78 27.18 32.27 | 0.25 -
TC33 | B041-6 24.04 13.45 10.59 19.88 | 0.39 -
TC34 | B039-5 48.57 25.75 22.82 31.48 | 0.75 -
" 43.70 21.08 22.74 28.75 | 0.61 | 1.11
o 10.17 4.11 6.45 742 | 0.16 | 0.50

It can be seen in the classification chart (Figure that a majority of the samples can be classified as
a medium plasticity clay (15), with 7 samples to be classified as low plasticity clays and 9 samples as
high plasticity clays. If a linear regression line is plotted through the data points the following formula

can be derived with an R? =0.968: PI =0.623 x LL — 4.527.
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Classification chart of Atterberg Limits
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Figure 4.1: Atterberg limits of Ravenstein-Lith and Veessen-Wapenveld
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Although there seems to be a clear relationship between the plasticity index and the liquid limit, there
is only a very weak relationship between liquid limit, plastic limit, the plasticity index versus the dry
density (Figure 4.2¢) with an R? of about 0.2-0.3. It indicates that if the dry density increases, the soil
becomes stiffer (less plastic) which is generally to be expected.
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4.1.2 Particle size distribution curves

For this research 16 particle size curves have been constructed. Of these, 15 have been of Ravenstein-Lith
and one for the dike section of Veessen-Wapenveld (italicized entry in the table). Table indicates
per boring, the lutum (< 2um), the silt (2 < z < 63um), sand content (63 < z < 2000um) and organic
content.

Table 4.2: Distribution of sieve content per boring

Boring | Lutum [%] | Silt[%] | Sand[%] | Organic Content|%]
B012-3 21.0 69.7 9.3 2.1
B012-6 23.0 46.9 29.8 1.6
B014-3 36.0 60.5 2.8 1.9
B015-3 8.2 61.0 29.9 2.9
B015-5 16.0 54.3 28.9 0.8
B015-8 32.0 55.3 12.7 1.5
B036-4 36.0 62.6 14 2.2
B036-5 34.0 64.5 1.5 5.0
B038-4 22.0 40.9 36.7 3.4
B038-5 24.0 43.8 32.2 1.2
B038-6 31.0 66.9 2.1 1.2
B038-8 28.0 50.9 20.8 1.5
B039-1 25.0 64.8 9.9 1.5
B039-4 21.0 67.7 11.3 0.8
B041-3 13.0 47.7 38.3 1.2
B027-2 19.0 21.5 59.5 1.2
I 24.7 57.2 17.8 1.9
o 8.0 9.0 13.2 1.1

Note: The italicized entry in the table is a sample from Veessen-Wapenveld. As such it was disregarded
in the calculation of the average and standard deviation of the respective content. The particle size
distribution can be seen in Figure [I.3]and the textural plot of soils can be seen in Figure [£.4] respectively.

Particle size distribution curve
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Figure 4.3: Particle size distribution curves of Ravenstein-Lith and Veessen-Wapenveld
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Figure 4.4: Textural plot showing the various fractions per boring

It is interesting to note that while the textural plot clearly shows that the soils are dominated by silt, the
plasticity chart indicates that the soils are being dominated by clay. As the soils have a significant silt and
sand component, their physical properties in laboratory testing may deviate from a typical clay. If the
soil is to be correctly characterized as a silty clay or a clayey silt, it raises the question whether dilatancy
is sufficiently considered in the plasticity chart. However, when the lutum, silt and sand content are
plotted versus the plasticity index it is impossible to establish a trend (Figure 4.5). According to NEN-
EN-ISO 14688-1 (2019) all samples in this research can be classified as weak calcareous homogeneous
silty clay with a colour range of lightgrey to darkbrown.
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4.1.3 Consistency index

The consistency index of a soil ((Liquid Limit- Natural Moisture content)/PI) can be used as an estimate
of the firmness of a soil. An overconsolidated soil with natural moisture content less than the plastic
limit will have an Ic < 1, whereas a sensitive clay may have an Ic > 1. Based on 31 samples for which
the Atterberg limits where determined, the soil can be classified as medium stiff (Ic = 0.25-0.50) to very
soft soil (Ic = 0.75-1.0) with most samples classified as soft soil (Ic = 0.50-0.75). The activity of a soil
indicates whether a soil is prone to swelling and shrinkage behaviour. To calculate this, for each sample
the plasticity index must be divided by the lutum content. For 10 samples this information was available
and this classified the soil as a normally active clay (between A; = 0.75-1.25). This means that some
swelling and shrinkage behaviour is expected.

4.2 SWCC

In this thesis the SWCC is measured using a tensiometer (Hyprop; Decagon devices) to measure suction
forces up to 100 kPa and a WP4C (Decagon devices) which measures suction forces between 100 kPa
and 300 MPa using the dew point chilled mirror technique. The latter technique is the easiest as it only
requires a cup with a few grams of soil to measure the amount of matric suction. For each datapoint
three independent measurements were taken and then averaged. Per data point this process takes ap-
proximately half an hour and afterwards the sample is put in the oven for at least 24 hours at 105 ° C to
determine the gravimetric water content. This analysis used these specific methods as opposed to others
as the TU Delft geotechnical laboratory was equipped with only these.

The Hyprop on the other hand, is a more complex measurement device, and it takes approximately
one week to obtain a measurement curve. Half of this time can be attributed to the proper set-up of
the experiment as it requires that all air bubbles in the measurement cell and tensiometers have been
removed by means of applying a vacuum, and the other half can be attributed to the actual measurement
and the oven drying after the test. As there is a risk of cavitation in the tensiometers in the Hyprop, the
results should be carefully analysed to see until which value of matric suction the measurement data is
valid. The WP4C measures the total suction which is the sum of matric suction and osmotic suction. If
a wet sample is measured in the WP4C, the corresponding value can be assumed to be the contribution
of the osmotic component and hence all measurement data can be corrected using this value. Figure 4.6a
displays the sample that was used in the Hyprop device and Figure 4.6b displays several samples that
were measured using the WP4C (note that the darker colour of the sample indicates a wetter sample
which experienced less matric suction).

= ) . =,
.~

(a) Hyprop sample (b) WP4C samples

Figure 4.6: Some of the samples used for the determination of the SWCC
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The Van Genuchten-Mualem equation was fitted to the measurement data and optimized using the non-
linear optimization Nelder-Mead algorithm (Nelder & Mead, [1965)). The result of this method and the
measurement, data based on a soil sample of boring B036-4 of the Ravenstein-Lith trajectory can be seen
in Figure [I.7] and the parameters can be seen in Table [£.3]

Table 4.3: Optimised Van Genuchten-Mualem parameters

0, ‘ 0 ‘ o ‘ n
8.6216¢~11 | 0.5266 | 0.0284 | 1.3180
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Figure 4.7: Experimental SWCC measurements fitted to Van Genuchten-Mualem

Based on the particle size distribution curves it can be noted that the soil characteristics of this boring
(BO36-4) deviates as opposed to the mean values. This boring deviates approximately 1.5 x the standard
deviation from the mean lutum percentage, is within one standard deviation from the mean for the silt
percentage, is more than 1 standard deviation from the mean sand percentage and is within one standard
deviation from the mean organic content. It must therefore be noted that locally, the shape of the SWCC
may be slightly different, as its shape mainly depends on the make-up of the soil.

4.2.1 The Staring Series

In literature there are several databases to determine Van Genuchten-Mualem parameters. One of these
databases is the Staring series developed by Heinen et al. (2020) for the Netherlands. It classifies both
top soils (code starting with a B) and lower soils (code starting with a O) based on both the soil particle
gradation and the organic content of the soil. If the Staring series approach for soil quantification is
followed, the mean organic content is 1.2%, lutum content (all particles smaller than 2 pm) of 24.7 % and
a silt content (all particle smaller than 63 pm) of 81.9 %. Based on these characteristics three soils in the
Staring series would be an acceptable match to the soil used in this research. The Staring characteristics
are displayed in Table 4.4.
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Table 4.4: Staring parameters

Parameters
Staring series 0, 0 « n
B04 0.02 | 0.462 | 0.0149 | 1.397
008 0.00 | 0.454 | 0.0113 | 1.346
009 0.00 | 0.458 | 0.0097 | 1.376

The possible matches are plotted over the experimentally determined SWCC (see Figure .
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Figure 4.8: Experimental SWCC measurements fitted to Van Genuchten-Mualem with Staring series

It should be noted, that although the initial behavior is not matched well, the behavior matches quite
closely beyond 100 kPa. Measurements by Van Duinen (2020) and interpreted by Buiten (2020) showed
that suction stresses up to at least 80 kPa can be expected in a clay dike in the eastern part of the
Netherlands (at Oijen and at Westervoort). This implies that the initial part of the SWCC is of im-
portance and hence a good match would be required. This means, that although the Staring series can
be used to give an indication of the expected SWCC, a unique SWCC should be determined for each
distinctly different layer in a dike section if unsaturated behaviour is to be accounted for. Moreover,
the Staring series was developed for agricultural soils and not for man-made dikes, explaining one of the
reasons why discrepancies may occur. As the unsaturated hydraulic conductivity was not measured in
the laboratory, the respective value of the closest Staring series will be considered when modelling the
time- and spatially dependent distribution of matric suction.

4.3 Strain Compatibility

Gorinchem clay was shown to be prone to excessive strain softening and used the principle of strain
compatibility to recommend that geotechnical strength parameters are to be determined at lower strains
than currently are recommended in the Dutch guideline (Gori, [2020). The concept of strain compatability
facilitates a comparison of the results of different geotechnical laboratory tests using the equations
presented in section [3.1.2] The soil used in this research bears similarities to Gorinchem clay and
therefore it is expected that strain compatibility can be applied too such that strength parameters can
be determined at lower strain levels. Normally, for this analysis, DSS, triaxial compression and triaxial
extension tests are to be used on NC samples with approximately the similar plasticity index and yield
stress. In this research an attempt was made with several tests to show that this principle may be useful
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too in the Ravenstein-Lith dike section. Please note that for this fully saturated samples are used to
limit the influence of possible unsaturated effects, and thus this limits the number of adequate tests.
Nonetheless, three NC DSS tests (DE1, DE2 and D20) and two NC K0-CAU triaxial tests (TC13 and
TC14) were found to fulfill these conditions. The procedure outlined in sectionwas used to convert
the axial strain in a triaxial test to shear strain such that results from both tests can be compared. The
friction angle for triaxial tests is 26.38 degrees determined from the set of triaxial tests and subsequently
fitted to a Mohr-Coulomb failure envelope (see section [4.4.4). The resulting graph can be seen in Figure
4.9
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Figure 4.9: Strain compatibility using DSS and Triaxial compression tests

For Dutch soils the normalised shear strength is expected to be about 0.3 for NC soils, which is approx-
imately reached. The dotted blue vertical line (at 9.45% shear strain) indicates the maximum stress
ratio for triaxial tests. In the concept of strain compatibility, this should approximately coincide with
the maximum of the respective DSS tests. Although limited tests are available for this analysis, these
indicate that determination of geotechnical strength parameters at the recommended strain levels is
conservative, but that these should be determined closer to those specified by Gori . It could be
argued that based on these few tests, that parameter determination can be done at even smaller strains,
but as only few tests are available the recommended values by Gori will be used as a conservative
approach. Therefore, in thesis, geotechnical parameters will be determined at 15% shear strain in DSS
tests and at 10% axial strain in triaxial tests.

4.4 Triaxial tests

4.4.1 Set-up of the triaxial test program

In this research triaxial tests have been performed on a GDS shearbase system with either a 1 or 5 kN
loadcell subject to availability. The tests have been conducted in accordance with the latest version
of the relevant Dutch protocol - Protocol Laboratoriumproeven voor grondonderzoek aan waterkeringen
(Greeuw et al., [2016). The aim of these tests was to (i) to determine whether the SSCC can be succesfully
applied to KO-CAU tests and (ii) to determine geotechnical strength parameters in accordance with the
SSSC concept. For the latter, the objective was to perform approximately 3-5 tests for at least three
different levels of water content at varying stress levels.
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4.4.2 Specimen preparation

For this test an undisturbed sample from for e.g. an Ackerman tube is trimmed to its predetermined
height and diameter. Currently, in the Netherlands (but also in the international version of the norm), a
sample of 100 mm in height and 50 mm in diameter is prescribed. In the past, smaller samples were used
(with a diameter of 38 mm) but these were found to suffer from more pronounced sample disturbance
compared to larger samples. Due to the trimming process, the sample often deviates slightly (depending
on the skill of the technician this may be a tenth of a mm to several mm at most) from the prescribed
height and diameter, but nevertheless it is still a valid sample a long as the height to diameter ratio is
between 1.8 and 2.2. Figure 4.10a displays the temperature controlled storage room required for preser-
vation of soil samples and Figure 4.10b displays a device which is used to trim triaxial samples.

(a) Temperature-controlled storage room (b) Trim device

Figure 4.10: Preparing a triaxial sample

At this stage, the water content of the sample can be determined, and the choice can be made to air-dry
the sample to a specific water content. Practically this meant, that the sample should be turned every
1-2 hours such that the sample dries evenly, and that crack formation does not occur. Once the sample
has reached its target mass, it is wrapped in plastic and placed in the fridge at 7 © C for at least 24 hours
such that the pore water in the sample will again be homogeneously distributed. The exact time can be
calculated if the consolidation coefficient of the soil is known.

After trimming, the sample is weighed and is installed on moist porous stones. If dry stones were to be
used, in which air is present within the pores, this in turn may result in incorrect measurements from
the volume controllers due to air bubbles. On the other hand, completely wet stones, would result in
the sample absorbing an unknown amount of water due to the suction forces inside it. If the stones
are moist, meaning that on the side of the sample the stone is tapped dry with a piece of paper, the
volume measurements of the back pressure volume controller will be more accurate, while at the same
time minimizing the amount of water being absorbed by the sample. However, this does mean that there
is an inaccuracy in the measurement of the mass (and therefore the water content) of the sample, but
this inaccuracy is approximately equal for all samples. Another inaccuracy, inherent to this technique,
is when testing increasingly dryer samples that air bubbles may infiltrate the volume controllers. These
measurements are used to determine the diameter of the sample and in turn all stresses and therefore
directly influence the test results. One of the ways that this could be reduced, is by using special volume
controllers that can also measure the amount of air or by using a custom set-up where the existing volume
controller is attached to a scale such that the mass displaced can be measured more accurately.

The next step is to attach so-called paper consolidation strips to the sample. The function of these
strips is to speed up the consolidation process inside the triaxial cell. These strips influence both the
vertical and horizontal stresses in the sample and thus must be corrected according to NEN-EN-ISO
17892-9 (2018). Similarly, a correction factor is required due to the influence of the membrane on both
the vertical and horizontal stresses in the sample.
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If the sample is properly installed inside a triaxial cell, it can be filled with de-aired water and installed
on the load frame. An example of the triaxial set-up used in this research can be seen in Figure 4.11.
The first step in a KO-CAU test, is to isotropically consolidate the sample to a cell pressure. In this
thesis, NC triaxial test have been performed, which means that according to the Greeuw et al. a
KO value of 0.45 for this type of clay can be used. The cell pressure can then be calculated by multiplying
the KO0-value by the so-called B Value which is retrieved from a CRS test. If instead of a CRS test an
oedometer test is used, the B Value can be approximated as 2.5 x the yield stress (Greeuw et al., .
In 2020 an exhaustive laboratory research has been performed on the dike section Ravenstein-Lith by
Inpijn Blokpoel ingenieurs and for most of the borings oedometer tests had already been performed. In
addition to this, two oedometer and four CRS tests have been performed. The additional oedometer
tests were performed on the same boring as two of the CRS tests and this showed a difference in the
yield stress. However, this is often seen in geotechnical practice and currently a topic of research. For
all triaxial test, this B-value was determined to be at least 2.5 times the yield stress, but if permitted
by the load cell, this value was increased to 3-4 times the yield stress. The advantage of this, is that
one with more certainty could state that the test is executed normally consolidated and thus virgin soil
behavior can be observed in the tests.

Figure 4.11: A triaxial apparatus

To check whether the consolidation phase is finished (often after about 24 hours), a check is performed
by setting the back volume controller to hold volume. If the difference in pore water pressure is not
more than 3 kPa per 30 minutes (Greeuw et al., , the sample can be stated to be consolidated.
The next stage is to anisotropically consolidate the sample. This can be done by slowly applying a
load to the sample. This load can be determined by taking the difference of B-value stress and the
cell pressure divided by the surface area of the sample. A practical rule-of-thumb states that this load
is applied in 10 x the pressure difference minutes. This means that if this difference is 100 kPa, the
load will be applied in 1000 minutes to the sample. Again, it must be checked whether the sample has
finished consolidating after the load has been applied (typically 24 hours after the load has been applied).
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Finally, the sample can be sheared to at least 25% strain to determine its strength parameters. The
shearing rate is determined according to NEN-EN-ISO 17892-9 (2018), but in practice this meant for all
samples that the shearing rate is 1% per hour. After this stage, the sample can be removed from the
triaxial cell. After several tests, it was observed that the calculated volume based on the measurements
of the volume controllers did not closely match the actual volume of the sample. For the relatively moist
samples (00> 33.50%), this difference between the calculated and the measured volume of the sample
was at most approximately 1-5 em3 (0.5%-2.5% of the total sample volume), whereas for dryer samples
this difference was potentially up to 30 cm? (15% of the total sample volume). This difference can likely
be attributed to the nature of the unsaturated samples which have a (large) amount of air entrapped
inside the sample. As air is compressible, this means that the volume measured by the volume controllers
is not necessarily correct. As the volume is used to determine the diameter of the sample, which is in turn
used in the calculation of the different pressures on the sample, this directly impacts the interpretation
of the respective test too. It was therefore decided to determine the volume of the sample at the end of
each test by means of wet weighing according to NEN-EN-ISO 17892-2 (2014). If linear interpolation is
assumed to be valid in both the isotropic and anisotropic consolidation phase, the difference in volume
measurements could be corrected such that after the shearing phase the calculated volume matched the
measured volume. A comprehensive guide describing how an unsaturated K0-CAU triaxial test should
be performed can be found in Appendix B.

4.4.3 A guide to performing conventional KO-CAU triaxial tests using the
SSCC concept

In literature no clear description is available how conventional laboratory tests are to be conducted using
the SSCC concept. Although Xing et al. (2016) presented their test procedure, some questions were
raised over which valves were closed during which phase during the test. This meant that several triaxial
tests had to be used to determine how this method works in practice, and more importantly, to make
sure that indeed that all possible ways of interpretation of their test procedure were checked. Especially
the following two italic sentences were open to debate: After the excess pore water (air) pressure gen-
erated by the application of confining pressure was completely dissipated, the axial stress with the axial
deformation rate 0.04 mm/min was applied to the specimen. During the shearing phase, the drainage
valve was kept closed and the excess pore pressure was monitored at the bottom of the specimen (Xing
et al.,|2016|). This is an inherent contradiction as during conventional triaxial testing the drainage valves
are open during the consolidation phase to allow dissipation of pore pressures before being closed during
the shearing phase (in an undrained test).

One test was performed where drainage was allowed during consolidation before being shearing (TC1)
and one test was performed where drainage was prohibited during consolidation before being sheared
(TC16) (see Figure [f.12)). It clearly showed that for a test performed such as TC16 that the KO-value
can never truly be reached as due to the constant suction force in the sample, the horizontal effective
stress is constantly increasing throughout the test. Normally, this value would remain approximately
constant throughout the test as it can be directly related to the prescribed cell pressure minus several
correction factors for the membrane and filter paper as described above. Thus this test showed, that the
test procedure as described above, is in fact the correct one and should be used.
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Figure 4.12: Check to see which method should be used to perform a K0-CAU triaxial test

4.4.4 Interpretation of results

In the SSCC concept it is of importance that for analysis the tests are grouped per volumetric water
content respectively. In this section only the final results of the conventional KO-CAU triaxial tests will
be presented and a complete overview of graphs displaying the soil behaviour can be found in appendix
A for each volumetric water content. Figure .13 displays the failure mode of a triaxial sample for each
volumetric water content. A complete overview of the 27 tested specimens and relevant parameters is

displayed in Table [£.5]

Figure 4.13: Overview of the failure mode corresponding to the driest specimen (L) to the fully saturated
(R)
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Table 4.5: Geotechnical strength parameters at 10% axial strain

Average 0,0 | Test | Oy [-] | & [kPa] | t [kPa]
TC13 | 51.60 140.06 68.93
TC14 | 49.49 182.41 87.94
51.50 TC20 | 51.13 200.81 99.25
TC22 | 52.78 219.96 | 102.47
TC32 | 52.49 183.31 79.82
TC8 39.99 240.54 | 124.26
TC12 | 41.90 176.97 91.63
TC15 | 42.70 227.37 | 11591
TC19 | 43.20 220.47 | 108.81
TC21 | 41.90 172.33 91.54
TC23 | 42.60 321.60 | 160.07
TC1 35.41 184.90 | 105.99
TC3 37.05 153.52 83.56
35.87 TC6 35.80 242.16 | 120.99
TC7 | 34.53 238.18 | 126.67
TC9 36.57 246.00 | 122.99
TC4 33.73 270.40 | 158.26
33.50 TC10 | 34.18 306.70 | 174.55
TC17 | 32.60 317.78 | 181.23
TC11 | 26.31 326.81 | 193.04
TC18 | 25.70 380.47 | 204.07

42.05

26.01
TC25 | 27.20 | 629.76 | 289.76
TC27 | 26.90 271.02 | 133.45
TC28 | 15.30 | 673.81 | 278.72
TC29 | 16.22 331.32 | 186.08
16.09

TC31 | 16.66 | 381.05 | 199.72
TC34 | 16.19 541.15 | 240.17

For each volumetric water content, based on the s’ and ¢ values, Mohr Circles were plotted to which a
Mohr-Coulomb failure line was fitted. The complete overview of all Mohr-Coulomb failure lines is shown
in Figure Please note that although the volumetric water content differed slightly for each group
of triaxial tests, the different distinctions were based on the measured SWCC such that at most the
difference was 50 kPa between the lowest and the highest value of volumetric water content within a
group, and then averaged.
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Figure 4.14: Mohr-Coulomb failure envelopes for varying volumetric water content

It can be observed that all lines roughly have the same slope, except for the two driest samples, as
opposed to findings by Xing et al. (2015). This can most likely be attributed to the presence of air
particles in the volume controllers as well as by imperfections in the dimensions of the sample due to
uneven shrinkage. An overview of relevant parameters can be seen in Table [.6]

Table 4.6: Average geotechnical strength parameters at 10% axial strain

Gvol w [%] d [kPa‘] ¢l [0] Os [kPa‘] w [kPa] TSsccC [kPa] TBishop [kPa] TFredlund [kPa}
51.50 | 41.20 5.97 26.38 | -12.04 5.97 6.08 7.38 7.43
42.05 | 29.00 10.26 2799 | -19.30 48.86 9.75 17.48 17.93
35.87 | 22.42 26.30 24.44 -57.89 99.02 29.25 29.29 30.20
33.50 | 20.94 33.44 28.41 -61.82 128.60 31.23 36.25 37.43
26.53 | 16.58 50.86 | 23.19 | -118.71 | 290.51 59.97 74.38 77.05
16.09 | 10.06 | 100.66 | 15.55 | -361.70 | 1456.96 182.74 349.06 362.44

The suction stress characteristic curve is presented in Figure [£.15] In this figure both the closed-form
SSCC is plotted based on the experimentally determined Van Genuchten parameters and the values
determined which were found as a result from conventional KO-CAU triaxial tests. It should be noted
that the triaxial samples in this study come from different in-situ borings, and hence heterogeneity
in the properties is expected (which can be verified using the Atterberg limits and the particle size
distribution curves). Nonetheless, the experimental results seem to match the theoretical closed-form
SSCC remarkably well and thus it can be concluded that this method seems to work well for anisotropic
triaxial tests and that the tests were executed with sufficient precision.
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Suction stress vs Volumetric Water Content obtained from conventional KO-CAU triaxial tests
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Figure 4.15: Suction stress characteristic curve

Using the SSCC, relevant design graphs can be determined being both the volumetric and the gravimetric
water content versus the effective cohesion in Figure [1.16] and [1.17] respectively. In these figures three
horizontal lines are plotted which display, (i) 80 kPa being the maximum amount of suction measured
in field experiments by Deltares at the time of this research, (ii) 150 kPa and (iii) 200 kPa which are
most likely attainable but these have not been independently verified with field measurements and are
solely meant to illustrate what the effect is on the effective cohesion which could be attributed to a soil
layer if this amount of suction is verified to exist in the field. In the SSCC effective cohesion can be
determined directly from the laboratory experiments, but it should be noted that this is the sum of fully
saturated cohesion and the apparent cohesion due to matric suction. Thus if these graphs were to be
used in critical state design (such as those used in the Netherlands), the fully saturated cohesion (which
is the cohesion at the maximum volumetric water content) should be subtracted to form a curve of solely
the apparent cohesion versus either the volumetric or gravimetric water content.

Volumetric water content vs effective cohesion
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Figure 4.16: Volumetric water content versus effective cohesion
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Gravimetric water content vs apparent cohesion
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Figure 4.17: Gravimetric content versus effective cohesion

A general overview of how effective cohesion seems to develop versus suction is displayed in Figure .18
Please note that there is reason to believe that the two measurement points for which effective cohesion
is highest deviates from the expected value and hence that only the first four measurements are accurate
as concluded from Figure
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Figure 4.18: Suction versus effective cohesion
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4.4.4.1 Determination Bishop and Fredlund and Morgenstern parameters

Using the experimental results an attempt is made to determine both Bishop’s and Fredlund and Mor-
genstern shear strength parameters which culminates in a comparison of calculated shear strength versus
matric suction. These parameters are determined in a similar fashion as is done in Xing et al. (2016).
The effective friction angle, ¢’, is assumed to be the average of the results found from the Mohr-Coulomb
failure lines. In this thesis, the first four measurement points are assumed to be approximately valid,
and hence ¢/ = 26.3°. The tangent of the slope of the regression line in Figure is used to determine
op = 13.7°.
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Figure 4.19: Determination of Fredlund and Morgenstern shear strength parameters

The slope of the regression line in Figure [£:20] is x = 0.466. Using the theoretical definition of x =
tandy/tang’ using the previously determined values, x = 0.484. This indicates good agreement between
the two methods.
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Figure 4.20: Determination of Bishop shear strength parameters
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Figure displays the shear strength versus matric suction based on the SSCC, Bishop and Fred-
lund and Morgensterns approach (see Equation and respectively) and the respective input
parameters can be found in Table [4.6]

7p = (0 —ua — 0)tang’ (4.1)
7 =d +[(0— ua) + x(ta — ww)]tang’ (4.2)
75 = + (0 — ug)tand’ + (uq — Uy )tang® (4.3)

It can be observed that both Bishop and Fredlund and Morgensterns approach are quite similar, whereas
the SSCC starts to deviates from matric suction of 200 kPa. In part this is due to the the previously error
in volume measurements for the extremely dry samples resulting in a very low friction angle. Moreover,
it was assumed that y, and thus both ¢, and ¢, remain constant with increased matric suction in both
Bishop and Fredlund and Morgensterns approach, whereas it is known that this is only true for low
stress levels. For higher stress levels this is variable depending on the degree of saturation of the sample.
Although, in Dutch conditions, if Deltares measurements are expected to be the upper boundary (or even
200 kPa as mentioned), all three methods produce similar results which deviate at most by 17.5% (which
is to be expected due to the origin of the different shear strength formulations). Another reason why the
deviation is greater for larger values of matric suction, becomes apparent from Equation [{.I] and Figure
As the equation of the curve in this figure originates from a Van Genuchten formulation, the impact
of a deviation for drier samples is greater than for more saturated samples. This can clearly be observed
from Figure [.7] where especially a dry sample, with a relatively low volumetric water content, may be
strongly impacted by the nature of the logarithmic curve if an uncertainty exists in the determination of
the volumetric water content of the respective sample. This uncertainty is propagated through Equation
The large deviation in shear strength for the last data point in Figure [4.21] can likely be attributed
to this error.
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Figure 4.21: Shear strength for unsaturated soil using varying methods
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4.5 Direct Simple Shear tests and preliminary results

In this section the set-up of the test program will be discussed followed by the presentation of the initial
laboratory results as well as interesting observations.

4.5.1 Set-up of the DSS test program

In this research DSS tests have been performed on a GDS shearbase system with a 1 kN loadcell. The
tests have been conducted in accordance with the latest version of the relevant Dutch protocol - Protocol
Laboratoriumproeven voor grondonderzoek aan waterkeringen (Greeuw et al., . The sample is en-
closed by an unreinforced rubber membrane surrounded by concentric rings. On both sides of the sample,
a porous stone with protruding cones is used. The aim of these tests was to (i) determine geotechnical
strength parameters in accordance with the SSCC concept and (ii) obtain operational knowledge of DSS
tests on clayey samples at low vertical stresses (<100 kPa).

The objective for the first aim was to perform approximately 3-5 tests for at least three different levels
of water content. Especially the latter point is of interest as in Dutch geotechnical practice relatively
few DSS tests are performed on clay samples. In dike design DSS tests are most often performed to
determine geotechnical strength parameters of peat samples.

4.5.2 Specimen preparation

Similar to the triaxial tests, DSS tests samples were tested at saturated, in-situ water content and dryer
conditions. For in-situ water content samples, the relevant Dutch protocol could be followed (Greeuw
et al., . For drying samples, the sample was taken with a cutting ring and then air dried to the
specified mass before being covered with several layers of foil and left for at least 48 hours before testing
would commence. For fully saturated samples, the sample was taken with a cutting ring, but then a
porous stone was placed both on top and at the bottom of the sample before being placed in a container
of water. Results in section [£.1.3] indicated that some swell could possibly occur and therefore on top
of this an extra mass of 1 kg was placed such that the swell would be prevented. Please note that at
this time the sample is still inside the cutting ring and thus the additional mass is carried by the cutting
ring only and hence it does not impact the integrity of the sample. Moreover, the vertical stress that
would be applied during the DSS test would be higher than any swell force that would be generated
by 1 kg, implying that no significant changes in stress-strain behaviour would be expected due to swell.
After 48 hours the sample was taken out of the container of water, covered in several layers of plastic
foil and then, again with the additional mass on top, rested for at least 48 hours before testing would
commence. As a final check, the height of the sample before saturation was measured, and just before
installation into the DSS apparatus and there was no observable difference in height (within the 1 mm
measurement accuracy of the measurement device). Figure 4.22a shows an example of a DSS apparatus
used in this research and Figure 4.22b shows a sample in the process of saturation. An overview of the
DSS specimens can be found in Table 4.7.

-\ <'
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(a) A DSS apparatus (b) Saturating a DSS sample

Figure 4.22: Set-up and preparation of DSS tests
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Table 4.7: Characteristic parameters for each Direct Simple Shear test

Test | Boring | oy, [kPa] | Yield stress [kPa] | OCR | 6,y | Strain rate [%/hr] Note

D01 | B014-2 22 62 2.82 | 0.45 5.0

D02 | B036-4 69 106 1.54 | 0.435 5.1

D03 | B014-2 22 62 2.82 | 0.445 5.0

D04 | B036-4 69 106 1.54 | 0.452 5.0

D05 | B036-5 75 115 1.53 | 0.458 5.0

D06 | B036-5 75 115 1.53 | 0.454 5.1

D07 | B014-1 13 36 2.77 | 0.422 1.1

D08 | B014-1 13 36 2.77 472 2.2

D09 | B014-1 13 36 2.77 | 0.452 2.0

D10 | B014-1 13 36 2.77 | 0.306 2.0 Very sandy
D11 | B012-4 64 70 1.09 | 0.366 2.0

D12 | B014-1 13 36 2.77 | 0.135 2.0 Too dry

D13 | B014-1 13 36 2.77 | 0.167 2.0 Too dry

D14 | B038-4 31 103 3.32 | 0.395 2.0 Fully saturated
D15 | B038-8 51 76.5 1.50 | 0.498 2.0 Fully saturated
D16 | BO15-5 77 163.4 2.12 | 0.402 2.0 Fully saturated
D17 | B015-5 7 163.4 2.12 | 0.126 2.0 Too dry

D18 | BO39-4 66 194.8 2.95 | 0.232 2.0 Too dry

D19 | BO39-4 66 194.8 2.95 | 0.413 2.0 Fully saturated
D20 | BO12-8 101 84.4 0.84 | 0.426 2.0 Fully saturated
D21 | BO12-8 101 84.4 0.84 | 0.239 2.0 Original porous stone
D22 | BO12-3 55 76.8 1.40 | 0.147 2.0 Original porous stone
D23 | B038-5 39 107 2.74 | 0.086 2.0 Too dry

D24 | B035-2 22 61.6 2.80 | 0.455 2.0

D27 | B012-2 46 54.9 1.19 | 0.417 2.0

D28 | B038-6 44 95 2.16 | 0.434 2.0 Fully saturated
D29 | B038-6 44 95 2.16 | 0.434 1.9

D40 | B039-2 48 115 2.40 0.37 2.0 Stopped early
D41 | B039-2 48 115 2.40 0.37 2.0

DE1 | B038-8 268 76.5 1.00 | 0.552 2.0 NC

DE2 | B038-6 285 95 1.00 | 0.386 2.0 NC

Vo1 | B027-2 60 - - - 2.0 Veessen-Wapenveld
V02 | B027-5 32 - - - 2.0 Veessen-Wapenveld

Note: In this context, ’too dry’, meant that these samples were unsaturated to such a degree that the DSS
test could not be performed accurately and within the prescribed boundary conditions. The pins on the
porous stones were unable to penetrate the sample and the stack of rings was unable to provide sufficient
restraint due to excessive shrinkage of the sample. Please see section 4.7.3 for further details.

4.5.3 Preliminary DSS test results

Initially, several DSS test were performed samples from borings of Ravenstein-Lith (a complete overview
of parameters can be seen in Table . These tests showed signs of slippage between the tests and the
platens as well as diagonal failure surface. This prompted the author to execute a strain rate study to
investigate its effect on the DSS tests in section but also the interpretation method was studied
and presented in section
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4.5.3.1 The slip phenomenon

The initial test were sheared at a strain rate of approximately 5% /hr and then both the slip phenomenon
and the diagonal failure plane were observed. All samples discussed in this section were performed at
in-situ water content (and thus were unaltered) The results of these tests are shown below were Figure
4.23a displays the shear strength versus the shear strain and Figure 4.23b shows the normalised shear
strength versus the normalised vertical stress.
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Figure 4.23: DSS tests performed at 5% /hr

Figure 4.23(a) displays striking behaviour for what is theoretically expected in a DSS test. Normally,
in a DSS test, the sample is sheared such that the measured shear strength gradually increases, until a
plateau is approximately reached. At this point the sample is normally said to have reached the so-called
critical state. Samples on Gorinchem clay by Gori showed softening such that a plateau was never
reached at the end of the test. However, these samples show an initial peak around 5% shear strain after
which the shear strength diminishes until a minimum is reached at 10-15 % shear strain before increasing
to a second peak. It is thought that at the minimum, the sample has (partially) failed and after this
point membrane effects start to play a role. At large strains, some of the load may be carried by the
membrane, and therefore a value for shear strength may be measured which does not occur in the sample.
Based on this hypothesis, it would be recommended to disregard any part of the test after this point as
the results are unreliable. When considering the normalised shear strength versus normalised vertical
stress, odd behaviour can be observed too. Normally such a line is expected to curve to the right for an
OC soil (which are performed in this research) and to the left for an NC soil. Generally, this behaviour
occurs, but approximately halfway the line seems to follow a circular trajectory before continuing. This

behaviour seems to approximately coincide with the minimum in the shear strength versus shear strain
graphs.

Figure 4.24: A DSS test in which slippage has occurred
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The slip phenomenon can clearly be observed in Figure 4.24 where it can be seen that the stack of
rings has not homogeneously sheared during the test and approximately three separate zones can be
distinguished. After these initial tests in which the slip phenomenon was observed, it was decided to
test whether the strain rate at which the test is performed potentially has any unwarranted effects. It
was hypothesized based on Le Meil et al. that the clay may be sufficiently stiff. In this case, the
metal pins on the porous stones would be dragged through the sample, and thus creating signs of slip.

If the sample would be very stiff, applying a lower strain rate may reduce and or limit the magnitude of
these effects.
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Figure 4.25: DSS tests performed at varying strain rates

In Figure 4.25 the results from varying the strain rate can be observed. At a first glance, generally similar
behaviour can be observed. However, when qualitatively investigating the top and bottom of the sample,
it showed that at lower strain rates the length of the slippage gaps was lower too and more consistent
over the entire sample as compared to those performed at 5%/hr. Little difference could be seen between
the test performed at 1%/hr and the test performed at 2%/hr (although this could be related to soil
heterogeneity and the limited number of tests too). To try and limit any adverse affects caused by a too
high strain rate, it was decided, that all further DSS tests would be performed at 2%/hr. This strain

rate was chosen for practical reasons such that the number of DSS test being able to be performed would
not be affected.
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Figure 4.26: DSS tests performed at varying vertical stress levels at 2% /hr

Figure 4.26 displays DSS tests performed at varying vertical stress levels while at 2% /hr. Generally the
behaviour seems quite similar, but it should be noted that for samples tested at a higher vertical stress,
less slippage was observed. As discussed in the literature study, this is to be expected, as a larger vertical
stress creates more confinement at the soil-platen interface.
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4.5.3.2 Traditional vs "AG method" interpretation

In these samples in which slip occurred, a clear diagonal failure pattern originating at the front of the top
part of the specimen running to the back of the bottom of the specimen was observed in all samples. In
section two methods were discussed on the interpretation of the DSS test: one being the traditional
method and the second one being the AG method (which was developed for samples with a diagonal
failure plane). To the best knowledge of the author a comparison has not been made in literature between
the two methods and therefore it would be interesting to see how they compare. Both methods have
been applied and visualised to the results of two DSS tests of which one has been performed NC and
one OC (see Figure 4.27).
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Figure 4.27: Comparison of results of DSS tests using different interpretation methods

Although both methods produce acceptable results, at this time, it is unclear which method represents
best the conditions during the test in case of diagonal failure plane. The test can be modelled using
Discrete Element Modelling such that the exact rotation of principle stress axis is known which enables
accurate determination of the stress paths.

4.6 The Direct Shear test

In the previous section it was shown that slippage occurred at a relatively early stage in the test and
concerns were raised pertaining to the validity of the DSS tests if slip occurs. Currently, Dutch design
standards suggest that the geotechnical strength parameters should be determined at a shear strain of
40%. To determine the strength parameters for clay at this amount of strain does not make much sense
given the obtained laboratory results, as (i) slip has occurred and (ii) membrane effects will play a role
which will artificially increase the measured maximum shear strain. It was therefore suggested to check
whether critical state would have been reached before slip starts to occur.

Although the Direct Shear tests inherently has a different shear plane, it would be possible to have a
first order estimation at which percentage of shear strain, critical state would be reached. This has
been investigated by means of 9 (of which 8 were valid) tests at the geotechnical laboratory of Deltares.
Another important difference is that in this test the sample is submerged, meaning that is possible for
the pore fluid to freely communicate with the water surrounding the shear box as opposed to the DSS
tests. It was performed submerged, in accordance with section 6.5.3 in NEN-EN-ISO 17892-10 (2018) , as
the objective of the DS test was to determine when critical state would occur as opposed to determining
unsaturated strength parameters. Moreover, a substantial increase in the degree of saturation is not
expected if a back pressure is not applied during the test (Borden & Putrich, [1986).
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(a) A DS apparatus (b) Failure mode in a DS test

Figure 4.28: Set-up and failure mode of a DS test

Figure 4.28a displays a DS apparatus and Figure 4.28b shows the failure mode of a DS test. An overview
of the tests and relevant parameters can be found in Table 4.8 below.

Table 4.8: Characteristic parameters for each Direct Shear test

Sample DS1 DS2 DS4 DS5 DS6 DS7 DS8 DS9
Boring B14-1 | B12-4 | B12-7 | B12-5 | B12-8 | B38-5 | B14-2 | B12-7
Tvo[kPa] 13.0 64.0 88.0 74.0 101.0 39.0 22.0 93.0

Tmaaz [KPa] 178 | 664 | 67.7 | 680 | 774 | 416 | 316 | 1339
Tresiquar [KPa] | 152 | 645 | 668 | 68.0 | 73.8 | 41.6 | 29.1 | 130.0
Tmag/Tresiduat | 117 | 1.03 | 1.01 | 1.00 | 1.05 | 1.00 | 1.09 | 1.03

eo 0.684 | 0.736 | 0.679 | 0.659 | 0.618 | 0.957 | 0.731 | 0.701

pary [kg/m3] | 1584.7 | 1539.3 | 1584.8 | 1613.9 | 1548.3 | 1354.3 | 1530.7 | 1682.8

Wingtial %) 213 | 216 | 156 | 195 | 287 | 271 | 256 | 175

W finat (%) 23.8 | 238 | 214 | 225 | 292 | 302 | 306 | 235

Note: Test DS3 was determined to be invalid as it was performed with a load cell with insufficient maz-
imum measurement capacity.

An area correction to the measurements has been applied according to Bareither et al. (2008):

I
A.=A; %cos (

Sh.  26h 5h?
o) =\ D (44)

where A, is the corrected area, A; the initial area, dh is the horizontal displacement and D is the di-
ameter of the shear box. The normal and shear stress are then calculated by dividing the vertical and
horizontal force by the corrected area.

It can be observed in Figure [£.:29) which displays the stress-strain graph for each individual test, that
there is sometimes a clear peak and residual shear stress visible, but for most tests this is not the case.
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Figure 4.29: Direct shear test results

If then the normalized stress versus shear strain is plotted, where the normalized stress is the shear stress
divided by the initial normal stress, Figure [£.30]is obtained. This figure also clearly shows that normally
consolidated samples (with a peak expected around 0.2-0.3 for Dutch soils) as well as overconsolidated
samples have been tested.
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Figure 4.30: Normalised direct shear test results

In general, these graphs show, that critical state is reached at approximately 15-17% shear strain (where
the curves flatten out). In the DSS tests slip was found to occur around this range of shear strain too.
Considering that the failure surface of both the DS and DSS are not 1-to-1 comparable, it is a reasonable
assumption to conclude from these DS tests that critical state will indeed be reached just before slip
occurs in DSS tests.
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4.7 DSS test results continued

In the previous chapter it was established that critical state has been reached before slippage occurs and
therefore the test program can be continued by varying the degree of saturation. Test on samples with
a gravimetric water content below 15% proved to be difficult to perform and as such different porous
stones, without protruding cones, were used to investigate whether those could be of use in section
[473] Additionally, DSS tests on clays with a higher organic content from two different locations were
conducted to investigate whether similar failure mechanisms would be observed in section [4.7.5]

4.7.1 Behaviour of saturated samples

The behaviour of fully saturated samples can be observed in Figure 4.31. The shear strength vs shear
strain graphs have a less pronounced minimum as opposed to samples performed at in-situ water content.

However, minor signs of slippage could still visually be observed on the samples, but no signs of the
diagonal failure surface could be found.
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Figure 4.31: Saturated DSS tests

4.7.2 Behaviour of NC samples

Normally consolidated soil samples in the DSS test behaved as expected (see Figure 4.32). No signs of
either slip or the diagonal failure surface could be observed. As a result of the higher vertical stress
under which the test is performed, it is less likely that the soil-platen interface looses grip and develops
slippage.
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Figure 4.32: NC DSS tests
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4.7.3 Effectiveness of (protruding) porous stones on air-dried samples

For the SSCC concept, it is essential that samples are tested at lower volumetric water contents too,
such that a curve (similar to Figure 4.14) can be derived. Figure 4.33 displays the soil behaviour of air-
dried samples. As expected from theory, the shear strength increases with increasingly dryer samples (as
suction creates apparent cohesion and therefore an increase in measured shear strength). However, when
investigating the sample after the test, it is clear that the protruding pins on the porous platens were
unable to penetrate the sample both on the top and bottom of the sample. Furthermore, no diagonal
failure surface could be detected. Similar to the behaviour of NC samples, no circular behaviour seemed
to occur when the normalised shear strength versus the normalised vertical stress would be plotted.
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Figure 4.33: DSS tests at low volumetric water content

Figure 4.34a displays the platens with protruding pins and Figure 4.34b shows platens without protruding
pins but with grooves.

(a) With protruding pins (b) Without protruding pins

Figure 4.34: DSS porous platens with and without protruding pins

As the porous stones with protruding pins were unsuitable in penetrating the sample such that sufficient
grip is created, it was tried to see if the original platens without protruding pins could offer a solution on
dry samples. Figure 4.35 displays the soil behaviour of two DSS tests that have performed using these
type of platens. A double peak can be observed in shear strength graph early in the test before the shear
strength diminishes. From these graphs, it is thus clear that this type of platen does not offer a solution.
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Figure 4.35: DSS tests using porous stones without protruding pins

DSS tests on dry samples have insufficient ability for the protruding pins to penetrate the sample and
create sufficient grip. Moreover, as the sample has decreased in diameter due to shrinkage in the drying
process, insufficient restraint by the membrane and the stack of rings can be provided, resulting in

unknown stress and strain effects. It is therefore recommended that DSS tests are not be performed on
dry samples.

4.7.4 Formation of the diagonal failure surface

Based on DSS tests on NC and air-dried samples, a hypothesis was formed that both slip and the
formation of a diagonal failure surface would be caused by the loop in the normalised shear strength
versus normalised vertical stress graph. A time-lapse using a GoPro camera has been made for eight
DSS tests which showed both signs of slip and had a diagonal failure surface. Using these, it could be
observed that at the end of the circular behaviour, slip was visually observed to occur. To validate this
hypothesis, two DSS were performed on samples from the same boring at in-situ water content. One of
these test was stopped early and one would be performed fully. The results of these test can be seen in
Figure 4.36 and visual comparison of both samples after the test can be found in Figure 4.37.
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Figure 4.36: Comparison of DSS tests for which the diagonal failure surface forms
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4 10 11

Figure 4.37: Comparison of DSS test to confirm the formation of the diagonal failure surface

In sample D40 the test was stopped early and no signs of slip could be observed, but it did show signs
of a diagonal failure surface. Sample D41 showed both signs, and therefore the hypothesis is likely true.
However, this also leads to speculation about the interpretation method, as sample D40 was executed
slightly after the minimum in shear strength was observed. This means that most likely the traditional
interpretation method for a DSS test can be used in the part that the DSS test is considered to be valid.

4.7.5 Samples with other compositions

The slip phenomenon and the diagonal failure surface were observed in sample with a different composi-
tion too. Samples from the Haarlemmermeerpolder (Figure 4.38) and from Veessen-Wapenveld (Figure
4.39) were available for this. As opposed to sample from Ravenstein-Lith which were often classified as
either a clayey silt or a silty clay, samples from these regions could also be classified as peaty clay or
clayey peat (indicating a much higher organic content). Both showed similar behaviour to the previously
discussed results on samples from Ravenstein-Lith. Please note that the indicated test numbers in the
figures below are not related to any information regarding the composition of the samples previously
stated in this chapter as the Atterberg limits and the particle size distribution curves were unavailable.
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Figure 4.38: DSS tests performed on Haarlemmermeerpolder samples
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Figure 4.39: DSS tests performed on Veessen-Wapenveld samples

4.8 Probability distribution

In geotechnical engineering, soil parameters (i.e. ¢/, ¢’, undrained shear strength) are generally assumed
to follow the normal or lognormal distribution. This section verifies whether this also holds if the dataset
contains unsaturated samples.

If the parameters of a Probability Density Function (PDF) are unknown, a frequentist procedure called
Maximum Likelihood Estimation (MLE) can be used. As these estimators are generally consistent
and asymptotically normally distributed with increasing sample size, a reliable estimate demands that
sufficient observations are available. Assuming that the data X contains n independent and identically
distributed (i.i.d.) observations z;,i = 1,...,n and that the distribution parameters are represented by
0, the join density of the data f(x|@). This joint density is commonly known as the likelihood function
L,(0) and is constructed based on the product of the marginals f(x;|6).

L.(0) =] £(xil0) (4.5)
=1

The maximum likelihood estimate is the maximum of this function. Since finding the maximum likelihood
estimate can be computationally expensive, it is often more convenient to work with the logarithmic
transformation of this function, known as the log-likelihood function.

0) =" logf(xif) (4.6)
=1

The unknown distribution parameters can then be found by differentiating with respect to the unknown
parameters and setting this equal to zero. The solution is known as the maximum likelihood estimate.

If the observed variables z = z1, ..., 2, are i.i.d. log-normal random variables given parameters y and o2
then:

(4.7)

nx)— 2
Flalu,6?) = m}

1
expy —
oV 2T p{ 202
For convenience a logarithmic data transformation is applied which allows for working with a normal

distribution. This is achieved by setting ¥; = In(X;), i = 1,..,n which leads to a normal distribution with
parameters p and o2. The likelihood of the normal dlstrlbuted random variables Y can be written as

p(ylp, o Z ewp{ - (‘%205)} (4.8)

z:l

This likelihood function is transformed to its log-likelihood variant such that:

I, 02|y) = ffln(27r)75ln f%z : (4.9)
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The derivative with respect to p and o2 and setting them to zero leads to the maximum likelihood
estimates of:

1 n
L= ﬁzyz (4.10)

0= =3 i) (4.11)

Figure displays the empirical cumulative distribution function (ECDF) based on the experimental
measurements and the fitted Cumulative Distribution Function (CDF) of the normal and lognormal
distribution based on MLE with a sample size of 27 (see valid triaxial test results and their undrained
shear strength).
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Figure 4.40: Cumulative distribution function of undrained shear strengths retrieved from triaxial tests

To compare if a distribution actually fits the data, a Kolmogorov-Smirnov (K-S) test is performed. In
this test, the sample is compared with a reference probability distribution and subsequently it deter-
mines the distance between the ECDF and the CDF of the respective distribution. If the K-S statistic is
below 0.05 the lack of fit is significant and thus the higher the statistic, the better the fit to a supposed
probability distribution is. For the lognormal distribution a K-S value of 0.182 is found and for the
normal distribution a K-S value of 0.121 is obtained. Although this means that both distributions are
acceptable, the lognormal distribution has a better fit to the data.

Another method based on an unbiased probability distribution called the maximum entropy distribution
which uses probability-weighted moments can be opted for (i.e. Deng et al., 2004; Kanwar and Deng,
2019). This method has been applied to the data gathered in this research, but successful convergence
could not be achieved such that the appropriate Langrangian multipliers could be found. It must be
noted that the current safety philosophy is based on the normal and lognormal distribution and therefore
it may not be desirable to use a different probability distribution.
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Part III: The application of unsaturated soil
parameters for macro-stability
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5. The macro-stability modelling of an ini-
tially unsaturated dike

In this chapter the results from the geotechnical laboratory tests described in chapter 4 will be used
to determine the influence on the factor of safety in D-Stability calculations. In section 5.1, the dike
trajectory will be examined and relevant assumptions required to model the initially unsaturated zone
are stated before a cross-section of dike trajectory Ravenstein-Lith is modelled in section 5.2.

5.1 Outline & Assumptions

If the strength associated to the initially unsaturated zone is to be taken into account for macro-stability
calculations, as opposed to a calculation following the WBI2017 approach which does not take these
effects into account, the following aspects are especially of importance:

e The geometry of the dike

o Spatial and time-dependent distribution of apparent cohesion (due to suction forces) throughout
the dike

5.1.1 General overview of the dike trajectory

Figure 5.1 depicts a typical part of the dike trajectory Ravenstein-Lith. Generally, in this trajectory there
is a road on the crest of the dike and buildings near the inner slope. Moreover, in ordinary conditions,
the crest of the dike is situated approximately 100 m from the main river channel. The crest of the dike
is typically covered by relatively large (at least 10 m tall) trees along the length of the dike trajectory.
At the western end of the dike trajectory, at Oijen, a Deltares test site is located (white arrow). At this
site, amongst others, suction is measured for a prolonged period of time. In this research, a cross-section
(orange arrow) will be investigated which is located approximately 1 km south of this test site. Therefore,
it can be assumed that the suction measurements are reliable and representative for this cross-section.

Neerlangel : :

Ravenstein .":_'

Figure 5.1: Overview of dike trajectory Ravenstein-Lith with a featured zoom of the Deltares test site
and cross-section DP 604. Adopted from Hoogewerf and Leemkuil (2019)) and Google Maps (2021)
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A recent schematization made by Witteveen+Bos for waterboard Aa & Maas corresponding to the
location depicted in Figure 5.1 was provided for use in this thesis and is shown in Figure 5.2. Generally,
this cross-section is approximately the same throughout the trajectory. A clay dike is situated on top of
a clay layer. Below this often a silty (sandy) clay layer can be found which is situated on top of a deep
sand layer. The groundwater level in this model is located underneath the Clay_EC formation. Model
parameters can be found in Table 5.1.
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Figure 5.2: D-Stability schematization

Above the phreatic surface Below the phreatic surface
Layer Shear strength model | vgy [KN/m?3] | ¢ [°] | Shear strength model | yyer [kN/m3] | S [-] | m [-]
Dike clay MC drained 19.4 30.9 MC drained 19.4 - -
Clay_EC MC drained 16.6 33 SHANSEP 16.9 0.24 0.8
Silty clayey sand_EC MC drained 19 30.9 MC drained 19.3 - -
Clayey sand MC drained 18 29.9 MC drained 20 - -
Sand EC MC drained 20.2 28.6 MC drained 20.7 - -
Sand_ KR MC drained 17 32.4 MC drained 19 - -

Table 5.1: Input parameters for each soil layer in D-Stability

5.1.2 Modelling assumptions

5.1.2.1 Geometry

The dike and blanket layer consist of a clay layer on top of a sand layer. Especially this clay layer can
develop an apparent cohesion due to matric suction. During a high-water event, the moisture content
of both the dike body and the blanket layer may increase, thus decreasing the amount of apparent
cohesion. However, this may not necessarily be the case in practice, as during a high-water event of
short duration little influence was found by Calabresi et al. (2013]) for a dike in Italy along the Po river
with an approximately similar characterisation of soil layers.

5.1.2.2 Cracks

Dikes in the Netherlands are typically assumed to be monitored frequently enough such that cracks are
discovered early in the process and that those cannot grow into significant cracks. This assumption
is powerful as it means that the full geotechnical strength can be attributed to that specific soil layer
instead of a possible strength reduction due to crack formation. Van den Akker et al. (2014) investigated
the nature and response of cracks in the dikes of the waterboard of Hoogheemraadschap Delfland and
found that most cracks in clay dikes are formed in August/September and are not closed naturally due to
precipitation until November/December. This means that infiltration is possible and thus it is likely that
locally the magnitude of suction will be altered compared to areas of the dike further away from a crack.
Moreover, inspections suggested that swollen cracks tend to reopen during the next dry spell and that
the magnitude depends on the lutum content in case of clayey soils. A simplified model was proposed
by Bronswijk (1988) based on the behaviour of Dutch clays to take into account all of these factors, but
at this time it is unavailable in models and programs available to practicing engineers who deal with dikes.

This dike trajectory can be characterised by trees growing on top of the dike. Although one would ini-
tially think the roots would hold the soil somewhat together, locally they can influence the magnitude of
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suction (Bakker et al.,[1995]). In Dutch practice the influence of trees is usually neglected due to various
reasons but an extensive report exist (Stowa, 2001)) which deals with all relevant aspects depending on
the type of tree and its influence on each specific failure mode in a dike.

A conservative approach that takes reduced strength due to desiccation cracks into account, would be to
model a soil layer of the dike with a reduction of strength over a specific depth. Research by Molenaar
(2020) showed that the crack depth could vary between 0-2 m with a reduced strength of 20-50% com-
pared to the original strength parameters (the friction angle in a Mohr-Coulomb shear strength model)
of the layer as the reduction in geotechnical strength parameters was found to increase with increasing
crack length and depth. Research by Bakker et al. (1995) showed that for a measurement location in
Lith in a relatively dry year the depth of desiccation cracks did not exceed 80 cm. Therefore, in this
research it assumed that desiccation cracks only play a role in the top 1 meter of both the dike body
and the blanket layer. In this research scenario’s will be investigated in which desiccation cracks occur
in either the dike body, the blanket layer or both with a reduction in strength of 25% and 50% respectively.

As opposed to the dike body, it is not immediately clear how the blanket layer should be modelled
as it can be moister than the dike body at the time of a normative event. Therefore, a sensitivity
study is required such that insight is provided into the influence of the aforementioned effects. From
a conceptual point of view, one could argue that ‘preferred’ pathways may originate which influence
the local characterization of water content. As such two modelling situations are suggested: 1) where
only the dike is given an apparent cohesion (based on cracks and reduced strength), and 2) where both
the dike and blanket layer are given an apparent cohesion (again with cracks and reduced strength as
described earlier).

5.1.2.3 Spatial characterization of apparent cohesion

If there has a been dry period before a high-water event occurs, the dike body will be at its driest near
the crest and become moister towards the phreatic line situated inside the dike. Deltares measured at
least 80 kPa of suction in a dike near Oijen (at the western end of the dike trajectory) and Westervoort
(about 50 km to the North East). Both locations approximately have a similar cross-section as well as
similar soil characteristics. The measurements showed that suction only completely disappeared in early
March. Figure 5.3 shows that if 80 kPa is taken as conservative limit, this would correspond to 25 kPa
of apparent cohesion (at 23% gravimetric water content) for the soil investigated in this thesis for this
specific dike trajectory. As the soil becomes wetter, the apparent cohesion decreases cubicly following
a trendline of ¢/ = —0.002923 + 0.37152% — 15.647x + 217.08 with R? = 0.999 where z is the gravimetric
water content.

Gravimetric water content vs apparent cohesion
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Figure 5.3: Gravimetric content vs apparent cohesion corrected based on CCSM assumptions
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In the Dutch guidelines on dike stability assessment (Ministerie van Infrastructuur en Waterstaat, 2019)),
CSSM is applied. In Critical State it is impossible for cohesion to exist as the soil has been sheared to a
state critical state conditions (where volume change no longer occurs). In CSSM cohesion can only exist
if the soil is in an overconsonlidated state, meaning that the specimen has not been sheared to the critical
state yet. The soil in this thesis can be classified as a transitional soil. For such a soil, it seems that
each test converges to a different critical state line depending on the initial volume of the sample (i.e.
Ponzoni et al., 2014; Ponzoni et al., 2017). This is the case for the current interpretation of where critical
state is expected to occur in laboratory tests, but in principle critical state can be reached if sheared to
very large strains. However, this poses then the question how transitional soils fit within the framework
of CCSM. Earlier in this research, using the concept of strain compatibility it was shown that critical
state conditions are reached at 10% axial strain and 15% shear strain respectively. The Dutch guideline
Ministerie van Infrastructuur en Waterstaat (2019)) mentions the following causes as to why cohesion can
be found in fully saturated sample: (i) as an artefact of applying a best-fit procedure of a Mohr-Coulomb
line to multiple Mohr Circles and (ii) due to soil heterogeneity. Irrespective of this guideline, one could
argue that using the current interpretation of where to determine strength parameters in a transitional
soil using CSSM should be altered for this specific type of soil. Results from the triaxial tests (see
Table indicated that, when using the SSCC concept, fully saturated samples produced a cohesion
of 5.97 kPa. It could be argued that this should be the minimum value of cohesion applied to a soil
layer modelled with the Mohr-Coulomb model in D-Stability in which strain compatibility is an intrinsic
requirement. However, as currently it is unclear, whether transitional soils fit the current interpretation
of CSSM, or whether there is an unknown effect in laboratory testing for these specific type of soils,
as a conservative measure, this effect is not taken into account in the model in this thesis. Thus, at
fully saturated conditions, the cohesion is assumed to be 0 kPa in line with the current interpretation of
CSSM. Figure 4.17 was therefore corrected by shifting down all values by 5.97 kPa such that Figure [5.3
is obtained and can be used in a design.

5.1.2.4 Time-dependent characterization of apparent cohesion

Moreover, this is a highly time-dependent problem. If a dry spell is followed by a few wetter days followed
by again a dry spell this would mean that there would be a layering of apparent cohesion in the soil:
dry -> moister -> very dry. There are many possible combinations where one could use KNMI data as
modelling input and it would be recommended to further explore these modelling mechanisms in another
study.

Besides this, there is another important point to be considered. In Figure 5.4 a schematization is shown
for a typical dike with several zones indicating the spatial distribution of suction within the dike. Zone 4
is assumed to become saturated during a high water event and zone 5 is assumed to be always saturated
as it lies under the average lowest groundwater table. Zone 3 becomes more saturated over time and
thus can change its amount of apparent cohesion during a high-water event. Zones 1 and 2 remain
unsaturated, where zone 1 is the zone affected by potential cracks or by such high matric suction. High
matric suction may cause to the numerical problem to become unstable due to the very sharp gradients
throughout the dike. The sharp transition between zone 2 and 3 in this figure may not occur as this is
only expected if a steady state is reached.

Figure 5.4: Schematised zones of suction within a dike
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Ideally, one would like to perform a simulation where both weather data and river water levels are used
to predict the distribution of water content throughout the dike such that an apparent cohesion can
be assigned before a macro-stability calculation is performed. This would require an extensive FEM
calculation on the scale of a PhD thesis. Preferably, this is also complemented by a field test similar to
the one performed in Calabresi et al. (2013).

5.2 D-Stability

Using the assumptions and input of the previous section, the existing D-Stability model provided by
waterboard Aa & Maas was adjusted to account for suction and cracks. In this model it was assumed
that if a layer is cracked, that the entire layer in D-Stability reduces its geotechnical parameters by a
certain percentage. This is a valid approach as the cracked soil would generate a driving moment, but it
would not provide any strength to resist this driving moment. In this thesis, the Uplift-Van method is
chosen which assumes an equilibrium of forces between the active and passive slip circles.

If the water content is assumed to linearly increase with depth, a conservative option would be to model
a linear reduction in cohesion over the depth between 20.3 kPa at 22.4% and 0 kPa at 30% (as can be
seen in Figure 5.3). Although, this cannot be modelled directly in D-Stability version 20.1 (Deltares,
2019). It is possible to define several zones within each initially unsaturated soil layer within the dike
body in which each layer is assumed to have an average gravimetric water content. The value for the
gravimetric water content of each zone corresponds to an apparent cohesion which can be calculated
using the trendline in section [5.1.2.3] Ideally, one would use the s,-table option, but in the expressions
(see Equation and respectively) to determine unsaturated shear strength of a soil, a variable
describing the net normal stress (o — ug) is introduced of which the magnitude is unknown.

Figure 5.5 displays the phreatic line within the dike according to the Dutch guidelines. It can be seen
that this schematization assumes that the phreatic line inside the dike assumes steady-state conditions
and that aforementioned zone 3 displayed in Figure 5.4 does not occur. In this thesis the phreatic line
as prescribed by the Dutch guidelines has been adopted.

Figure 5.5: Schematization of the phreatic surface in a normative scenario

The cross-section of the dike was split into various sections: (i) the left slope of the dike body was is
assumed to be unaffected by both matric suction and desiccation crack formation, (ii) the upper 1 meter
of the dike body and the blanket layer could potentially have reduced strength as a result of desiccation
cracking and (iii) the core of the dike body would be subdivided in multiple layers depending on their
location respective to the steady state phreatic line. Clay layer 1 and 2 are situated above the steady
state water line in the case of a high water event and can thus be assumed to remain unsaturated during
such an event. Both layers were assumed to be of similar thickness of 0.4 m. It is likely that clay layer 1
experiences higher levels of matric suction during a high water event than clay layer 2 as it lays higher
above the steady state phreatic line.

Clay layer 3, 4, 5 are located below this phreatic line and are expected to increase in volumetric water
content and thus have lower matric suction (or perhaps even none) during the duration of a high water
event. The thickness of these layers has been assumed to be 0.8 m. This value resulted from a Plaxis
calculation which simulated 2018 weather data of the KNMI Volkel weather station on this cross-section
and as a trade-off between average gravimetric water content and ease of modelling in D-stability. Clay
layer 6 is assumed to contain zero additional strength as due to the interface of the different layers on
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both sides of the dike body, this layer may become saturated faster than the layers situated above it as
it is situated above a sand layer similar to results from field measurements by Calabresi et al. .
Figure 5.6 displays a schematic overview of the location of the different zones and Figure 5.7 shows a
zoom of the dike core.
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Figure 5.6: Overview of the adjusted cross-section in D-Stability

Dike_clay_original

Figure 5.7: Close-up of the adjusted cross-section in D-Stability

As the exact magnitude of suction during a high water event is unknown, a sensitivity study is performed
to investigate the effect of initially unsaturated soil layers at the time of a high water event. In this study
several scenario’s have been simulated. Each scenario represents a different initial condition in which the
magnitude of suction in each initially unsaturated clay layer is different too. As previously mentioned,
suction can be modelled by means of an apparent cohesion in D-Stability. In order to accurately predict
the corresponding magnitude of cohesion for each respective layer, a confidence interval is required. In
section 4.8 it was found that both normal and lognormal distributions may be used to describe the
laboratory tests. The normal distribution has been selected to construct a 95% confidence interval.
Table [5.2] displays the values of this confidence interval and it is visualised in Figure 5.8.

Table 5.2: Overview of 95% confidence interval parameters based on the normal distribution

Ovor [-] | ¢ [kPa] | St () [%] | o [%] | St (n—2+%0) [%] | St (p+2x0) [%]
5150 | 0.00 98.54 | 1.28 95.96 101.11
42.05 | 4.29 96.96 | 2.27 92.41 101.50
35.87 | 20.33 93.60 | 1.8 91.32 96.05
33.50 | 27.47 88.36 | 5.24 77.86 98.85
26.53 | 44.89 7340 | 5.81 61.76 85.02
16.09 | 94.69 49.67 | 4.68 40.30 59.03
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Figure 5.8: 95% confidence interval of the degree of saturation versus effective cohesion

Using the aforementioned assumptions, thirteen scenario’s were calculated in which the cohesion for each
zone was variable depending on the confidence interval. Moreover, depending on the scenario a zone
could be influenced by desiccation cracks with varying strength reduction. Detailed input parameters
and results for each zone can be found in Table and are meant to serve as an indication of what the
effect of the initially unsaturated zone is on the macro-stability of a clay river dike during a high water

event. An example of the slip circle at failure can be seen in Figure 5.9.

Scenario 1 2 3 | 4 | s | e | 7 | 8 | 9 | 10 | 1 12 13
Layer Cohesion [kPa] or strength reduction [%] due to desiccation cracking
Clay 1 0 20 40 20 20 20 20 20 20 20 20 20 20
Clay 2 0 10 20 10 10 10 10 10 10 10 10 10 10
Clay 3 0 6 6 0 0 0 0 6 6 6 6 6 6
Clay 4 0 4 4 0 0 0 0 4 4 4 4 4 4
Clay 5 0 2 2 0 0 0 0 2 2 2 2 2 2
Clay 6 0 0 0 0 0 0 0 0 0 0 0 0 0
Dike Clay 1 - - - - - 50% - - 50% - 50% - - 50% -25% - -25%
Blanket - - - - - - 50% - 50% - - 50% - 50% - -25% -25%
FoS 1.014 1.073 1.121 1.045 1.041 1.036 1.031 1.072 1.068 1.064 1.074 1.071 1.069
w.r.t.to #1 (%] 0.0 5.9 10.7 3.1 2.7 2.2 1.7 5.8 5.4 5.0 6.0 5.7 5.5
B 4.03 4.42 4.74 4.23 4.21 4.17 4.14 441 4.39 4.36 4.43 441 4.39
Py, 2.8E-05 | 4.9E-06 | 1.1E-06 | 1.2E-05 | 1.3E-05 | 1.5E-05 | 1.7E-05 | 5.1E-06 | 5.8E-06 | 6.5E-06 | 4.8E-06 | 5.2E-06 | 5.6E-06
X Prq of #1 - 5.7 26.5 2.5 2.2 1.9 1.6 5.6 4.9 4.3 5.9 5.4 5.1

Table 5.3: Input and results from D-Stability for various scenario’s in macro-stability assessment
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Figure 5.9: Results of a simulation with scenario 11 in D-Stability

The current design approach yielded a factor of safety of 1.014 (scenario 1). If cohesion was given to
the zones based on the measurements by Deltares and the corresponding amount of cohesion found as
a result of the SSCC concept applied to KO-CAU triaxial tests, the factor of safety increased to 1.073
(scenario 2). If the measurements in the field were not limited by 80 kPa due to sensor issues, and if
it assumed that 200 kPa would have been attainable, the factor of safety would have increased further
by another 4.8% to 1.121 (scenario 3). Moreover, it is interesting to note that the relative influence of
desiccation cracking on the factor of safety is limited - even if both the dike body and the blanket layer
are exposed to this. If either the blanket layer, the dike body or both were found to contain at least
50% cracks, the increase in factor of safety was smaller if suction was assumed to only appear above the
phreatic line, but was still 1.7% higher (scenario 7) compared to the current design approach. If suction
is present below the phreatic line too, the factor of safety may increase with 5.0% and possibly more if
cracks are not present in the dike body and blanket layer.

Although it is currently unclear which of these scenario’s represent reality best, it indicates that even
in the most conservative case which can be supported by field measurements (scenario 7), that a 1.7%
increase in factor of safety can be found compared to the current design approach. For a cross-section
which is slightly below the minimum factor of safety, this may have just been sufficient to avoid costly
upgrades. This is especially of importance as the budget for dike reinforcements is limited compared to the
shear amount of dikes that need to be reinforced and any reduction in conservatism in the determination
of the factor of safety may be useful to obtain a more efficient design.
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Part I1V: Conclusion & Discussion
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6. Conclusion

6.1 Answer to the main research question

"What is the influence of initially unsaturated clay on the macro-stability of river dikes in the Nether-
lands and is it possible to quantify this soil behaviour using conventional laboratory experiments?”

In this thesis it is shown that when the initially unsaturated behaviour of clay is accounted for the macro-
stability of clay river dikes in the Netherlands increases. Moreover, it is shown that initially unsaturated
soil behaviour can be accurately quantified using the SSCC concept for KO-CAU triaxial tests, but that
it is unable to be applied to DSS tests due to the inherent constraints of the testing apparatus and in
the assumptions that are required for the interpretation of the test.

The current design philosophy is conservative in assuming that there is no additional strength due to
matric suction. The design guidelines can be improved by taking initially unsaturated behaviour into
account. Potentially there is some increase compared to the current determination of the factor of safety
during a high water event that currently is unaccounted for in the design process. In the future this
might be utilised to make a more efficient dike design or a more realistic prediction of the actual factor
of safety of the respective dike. At this time, there is insufficient measurement data available to quantify
the respective additional strength to each zone during a high water event. In this thesis assumptions
were based on the limited number of field observations of Van Duinen (2020) and a field test in similar
geological conditions conducted by Calabresi et al. (2013)) which may lead to a conservative design ap-
proach. However, as it is unclear how the additional strength should be taken into account in a practical
yet safe way for the determination of a factor of safety, care should be taken in applying this concept.
It is however, encouraging to know that applying this concept will only lead to a higher factor of safety,
and that the current method of determining the factor of safety can be seen as a lower-bound if suction
is not taken into account.

In addition to a favorable influence on the macro-stability, the triaxial test results would make it possible
to determine a N factor for a given amount of suction. Thus, if a CPT were to be performed in the
summer period when there is a possibility for suction to exist, the measured strength can be corrected to
current design conditions stated in the guidelines were suction is assumed to be non-existing. Practically,
this would mean that it would be possible to correct for the additional strength as a result of suction as
measured by the CPT. Therefore, this will ensure correct parameter determination in a design condition
without suction based on CPT results which may have been performed when suction existed within the
dike.

6.2 Answer to the sub-questions

"Which of the methods to determine undrained shear strength is most suitable for initially unsaturated
soil in the Netherlands?"

Based on this thesis it would be advised to use triaxial test to determine the undrained shear strength
of initially unsaturated soil. It is likely that in the future this can be done with in-situ tests such as
the Field Vane Test, but this was not further investigated in this thesis, and for this to work, it would
be required to know the corresponding matric suction or the suction stress. The latter can be found
accurately using conventional laboratory tests.

"How can the strength parameters of clay under variable degrees of saturation be determined using con-
ventional laboratory tests?"

Using conventional laboratory experiments it is recommended to make use of the SSCC concept de-
veloped by Lu and Likos (2006]). It was found that it can be successfully applied to KO-CAU triaxial
tests, but that due to shrinkage and boundary effects it is unsuitable to DSS tests. Moreover, if only a
first-order calculation has to be made or limited funds are available, it possible to use the closed-form
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expression of Lu et al. (2010) for which only the Van Genuchten parameters of the soil need to be deter-
mined.

"Do geotechnical laboratory test which are performed in line with the SSCC concept, allow the determi-
nation of an optimal parametric probability distribution that represents the laboratory data"

It can be concluded that both the lognormal and normal probability distribution fit the unsaturated
data gathered in this thesis and therefore no exotic distribution has to be developed or used.

"How does the degree of saturation change within a dike subjected to changing atmospheric conditions
and changing ground- and river water level and can this be simplified to several zones for each relevant
design condition using site specific laboratory tests? '

Although a Plaxis calculation has been performed to visualize the effect and the magnitude of the at-
mospheric conditions (evaporation and precipitation) to the degree of saturation, it was not possible to
do the same with variable ground- and river water level. The basis of this visualisation together with a
95% confidence interval based on the KO0-CAU triaxial tests formed the input for the various scenarios in
the D-Stability calculations. This is a simple and practical approach to model additional strength due
to changes in the degree of saturation, but it does not take into account time-dependence, which is of
paramount importance in these type of simulations.

"What is the influence of unsaturated clay on the macro-stability in relevant design conditions and can
this be quantified?"

A positive influence of unsaturated soil behaviour on the macro-stability in design conditions was found
to exist. Using the SSCC concept and conservative assumptions based on field measurements by Deltares
a minimum increase of 1.7% in the factor of safety was found. More likely, scenario 10, would exist in
the field, which would produce an increase of 5.0% in the factor of safety. Even if during a high water
event it is found that the additional strength due to matric suction completely disappears, the current
design philosophy remains valid, and thus can be seen as the minimum factor of safety.
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7. Recommendations & Further research

In this thesis it has been shown that it is possible to determine geotechnical strength parameters of unsat-
urated samples using conventional laboratory equipment as well as the influence of this in contemporary
modelling of macro-stability as used in the Netherlands. Both in the laboratory tests as well as in the
modelling, several assumptions were required which ideally should be further refined and verified before
this method can be applied in practice. Recommendations and possible options for further research
concerning laboratory tests are discussed followed for the modelling phase.

7.1 Geotechnical laboratory testing

1. Unsaturated soil properties

e It is recommended to determine the SWCC for each distinctly different soil layer which is
expected to be unsaturated for each dike section. Using the closed-form equation of the
SSCC, an accurate representation can be found for the unsaturated strength which then in
turn can be used in stability calculations.

e Any effects due to shrinkage and swelling of the samples have been neglected, but these are
known to for example have an effect both in the formation and in the dissolution of cracks.
Additionally, if a sample is prone to shrinkage, samples should be carefully monitored such
that uniform samples are created. This is especially important as even little deviations can
create stress and strain inhomogeneities throughout the sample and therefore directly affect
the validity of the geotechnical laboratory test of interest.

2. Applicability of the SSCC concept

e The SSCC approach described in this thesis has been applied to KO-CAU tests for the first time
and generally seems to work well and match the unsaturated shear strength formulations of
Bishop and Fredlund and Morgenstern. It was found that especially for relatively dry samples
with a volumetric water content lower than 26%, major discrepancies in the measurements
by the two respective volume controllers were introduced. The majority of the discrepancies
occurred in the anisotropic consolidation phase, with the isotropic consolidation phase only
being a minor source. As the volume measurements are used in the back-calculation of the
diameter of the sample, this is of significant importance. If volume measurements are thought
to be distorted by air bubbles, a practical approach should be used to determine the correct
diameter of the sample. As the sample does not have a uniform diameter directly after
shearing, it is advised to determine an average diameter by measuring the diameter after
shearing in at least three places (near the top, middle and bottom of the specimen). A
practical recommendation which is thought to result in a more accurate determination of the
diameter, would be to place the volume controllers on a scale which can log any changes
in mass such that an accurate volume measurement throughout the test can be established.
Moreover, for these dry samples it is of paramount importance that care is taken such that
these are air-dried evenly to prevent any stress and strain inhomogeneities.

e The SSCC approach is not recommended to be used in combination with DSS tests. This due
to a combination of both the pins being unable to penetrate highly unsaturated samples as well
as insufficient restraint created by the membrane and the stack of rings due to shrinkage of the
samples. This results that the tests are invalid given the imposed boundary conditions and
the known corresponding assumptions which are required for interpretation of this relatively
complex laboratory test. Based on this thesis, it would be recommended to only use this
approach on conventional triaxial tests.

3. Strain compatibility

e Design guidelines in the Netherlands recommend that the geotechnical strength parameters
should be determined at 25% axial strain in triaxial test and at 40% shear strain in DSS
tests. Similar to research by Gori (2020)), it would be suggested to use the concept of strain
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compatibility for large dike reinforcement projects where relatively stiff and heavy clay (18-19
kEN/m?) is found and excessive softening is observed in geotechnical laboratory tests. With
strain compatibility, only few additional laboratory tests are required, and if found to be
applicable, conservatism in the design parameters can be reduced. An important implication
of this would be that if strength parameters can be determined at a lower strain percentage,
the resulting strength parameters are generally slightly higher. This results in a higher design
strength meaning that a dike reinforcement could be smaller which can potentially save both
costs and emissions.

4. Slip in DSS tests

e In DSS tests the slip phenomenon was extensively observed. Several suggestions were made
to cope with this effect, but it would be recommended to model a DSS test using Discrete
Element Modelling to discover the physical reasons as to why this phenomenon occurs and to
investigate if this is caused due to the diagonal failure plane imposing an internal moment in
the sample or whether this is unrelated but occurs approximately simultaneously. This could
also verify the suggested approach in this thesis as well as come up with recommendations
for the interpretation of a DSS test which exhibits these phenomena. Thus, this could verify
whether the traditional approach or the AG approach should be used. With DEM the rotation
of principal axis throughout the test is known as opposed to a laboratory test.

e Practically, in the meanwhile, it would be suggested to watch for signs of slip during the test.
It would be unwise to automatically determine the geotechnical strength parameters at the
suggested 40% shear strain when signs of slip are present. To aid the engineer or the laboratory
technician in detecting this, ideally a time-lapse would be available. At a minimum, before
removing the sample from the apparatus, a picture should be taken of the stack of rings, as
well as pictures of the top, bottom and of the cross-section of the sample.

7.2 The modelling of unsaturated soil behavior for a macro-
stability analysis

1. Hydraulic conductivity

e In this thesis the hydraulic conductivity of the different soil layers was assumed to be tem-
porally and spatially constant. However, this is not the case in practice as due to suction,
the local (unsaturated) hydraulic conductivity can be significantly different. Due to cracks
the hydraulic conductivity may increase especially in the top layer. Moreover, the influence
of trees was neglected in this thesis. Their root zone can cause significant local drawdown
resulting in locally higher suction gradients as well as near the roots penetrating soil layers.
Currently, it is highly time intensive both in the determination of properties in the labora-
tory and in modelling to take any of these effects into account. It would be recommended to
execute a probabilistic study in which the spatial variability can be analysed or in which the
hydraulic conductivity is given a probability distribution (from literature or from laboratory
experiments) to investigate these effects as well as to establish a straightforward modelling
approach.

2. Distribution of suction in a dike

e In 2021 a high water event passed the suction sensors installed in the dikes, however this year
has been irregularly wet for the Netherlands as a whole, resulting in little to no suction being
measured at the time of the event. It therefore remains of interest to see how quickly suction
(and therefore the additional strength) dissipates during a high water event. Although this
can be modelled, it would be beneficial to verify these numerical calculations by means of
sensors in the field. Currently these sensors are only installed in two locations, but in the
view of the author it would be beneficial if more were to be installed in the Netherlands such
that a more complete picture would be created.

e Moreover, it would be recommended to execute an extensive numerical study which investi-
gates the extent of the unsaturated zones and the magnitude of suction during such an event.
Preferably, this would be done using a probabilistic approach as there are an infinite number
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of combinations possible in which the precipitation, the evaporation, the groundwater level,
the river water level, and the duration of (one or multiple successive) high water events may
influence the temporal- and spatial distribution of suction in a dike. Before any additional
strength may be attributed to a dike, both the influence and the magnitude of these effects
should be investigated such that the dike remains safe even if a high water event occurs in a
relatively wet year where little additional strength due to suction could have been created.

3. Constitutive modelling

e An attempt was made to investigate which constitutive model provides the best match with
laboratory tests, while using easily determinable parameters to model initially unsaturated
soil in daily engineering practice. Although the SSCC concept is based on the Mohr-Coulomb
concept, this does not mean that the observed soil behaviour matches the predicted behaviour
by the Mohr-Coulomb (or any other) constitutive model well. It would be recommended to
perform further research that the soil behaviour can be accurately modelled in a FEM program
such as Plaxis, such that the time-dependent aspect of the geotechnical parameters can be
modelled effectively.
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A. Triaxial test results
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Effective stress ratio n [-]
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Shear stress T [kPa]

Axial strain versus normalised mean stress

1.0 A
0.8 1 —==
0.6
0.4 1
— TC13
0.29 — TCl14
— TC20
— TC22
— TC32
0.0 T T T T
0 5 10 15 20 25
Axial strain €; [%]
Figure A.7: €, vs p/po
A2 0,,=42.05%
300 Mohr-Circles and Strength Envelope at 15% strain
— TC8
—— TC12 -
— TC15 -
25091 — TC19 e
— TC21 -~
— TC23 e
— == Mohr-Coulomb failure envelope Prag
200
150
100
50
0 T T T T T
0 100 200 300 400 500 600

Normal stress o’ [kPa]

Figure A.8: Mohr-circles and strength envelope at 10% axial strain

94



Deviatoric stress q [kPa]

Undrained shear strength t [kPa]

Deviatoric stress vs axial strain

350 N
300 A
250 1 —
200 A
_ ]
150 -
100{ — TC8
—— TC12
— TC15
501 — TC19
— TC21
— TC23
0 T T T
0 10 15 20 25
Axial strain g, [%]
Figure A.9: g vs ¢,
Mean effective stress vs undrained shear strength
17591 — TC8
—— TC12
— TC15
150 4 — TC19
— TC21
— TC23
125 A
100 A
75 1
50
25 1
0 T T T T T T T T
0 50 100 150 200 250 300 350 400

Mean effective stress s’ [kPa]

Figure A.10: s',t diagram

95



Normalised deviatoric stress g/po [-]

Effective stress ratio n [-]

Normalised mean stress vs normalised deviatoric stress

— TC8
161 — TcC12

— TC15
144 — TC19

— TC21

— TC23
1.2 A
1.0
0.8 1
0.6
0.4 4
0.2 4
0.0 T : : -

0.4 0.6 0.8 1.0 1.2
Normalised mean stress p/po [-]
Figure A.11: q/po vs p/po
Axial strain vs effective stress ratio
Lo \
3.0
—

2.5
2.0
1.5
Ly [ — U

—— TC12

— TC15
051 — TC19

— TC21

— TC23
0.0 T : : -

0 5 10 15 20 25

Axial strain g, [%]

Figure A.12: ¢, vs

96




Normalised excess pore water pressure Au/pg [-]

Normalised mean stress p/po [-]

2.00 4

1.75 1

1.50 1

1.251

1.00 A

0.75 A

0.50 A

0.25 A

0.00 A

Axial strain versus normalised excess pore water pressure

TC8

TC12
TC15
TC19
TC21
TC23

%

0

10

Axial strain g, [%]

15

Figure A.13: €4 vs Ay /Do

Axial strain versus normalised mean stress

20

25

1.2 1

1.0 1

0.8 1

0.6 1

0.4

0.2 1

0.0

— TC8
— TC12
— TC15
— TC19
— TC21
— TC23

/

10

Axial strain €; [%]

15

Figure A.14: €4 vs p/po

97

20

25



A3 0po =35.8T%

Mohr-Circles and Strength Envelope at 15% strain

200
— TC1 -7
—— TC3 -7
1751 — TC6 -7
— TC7 7
— TC9 //’
1501 . Mohr-Coulomb failure envelope ,,/
T 1251
=
~
wn
@ 100 -
]
5
s 75 1
50 -
25 A
0 r r r r - - -
0 50 100 150 200 250 300 350
Normal stress o’ [kPa]
Figure A.15: Mohr-circles and strength envelope at 10% axial strain
Deviatoric stress vs axial strain
250 -
¥
——
200 -
‘©
(=%
=
o
9 150
o
i
o
s
2 100+
[
[a]
— TC1
501 — TC3
— TC6
— TC7
— TC9
0 : : - -
0 5 10 15 20

Axial strain g, [%]

Figure A.16: q vs ¢4

98




Undrained shear strength t [kPa]

Normalised deviatoric stress g/po [-]

Mean effective stress vs undrained shear strength

— TC1

—— TC3
120

— TC6

— TC7

— TC9
100
80
60
40 -
20

0 : : : - -
0 50 100 150 200 250
Mean effective stress s’ [kPa]
Figure A.17: §',t diagram
Normalised mean stress vs normalised deviatoric stress

1.75 - Tl

TC3

TC6

1.50 4 TC7

TC9
1.25 A
1.00
0.75 1
0.50 A
0.25 1

0.00 T : : : : - - -
0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2

Normalised mean stress p/pg [-]

Figure A.18: q/po vs p/po

99




Effective stress ratio n [-]

Normalised excess pore water pressure Au/pg [-]

Axial strain vs effective stress ratio

3.51

3.0 1

2.5 4

2.01

1.5 1

1.0 1

0549 —

TC1
TC3
TC6
TC7
TC9

0.0

5 10 15
Axial strain g, [%]

Figure A.19: ¢, vs

Axial strain versus normalised excess pore water pressure

20

25

0.12 4

0.10 4

0.08

0.06

0.04 -

0.02 1

—0.02 4

—0.04 1

TC1
TC3
TC6
TC7
TC9

il

5 10 15
Axial strain g, [%]

Figure A.20: €4 vs Ay /po

100

20

25



Normalised mean stress p/po [-]

Shear stress T [kPa]

Axial strain versus normalised mean stress

1.2 4
e cr——
e
1.0 4
0.8 A
0.6
0.4
— TC1
i TC3
021 1c6
— TC7
— TC9
0.0 T T T T
0 5 10 15 20 25
Axial strain €; [%]
Figure A.21: ¢, vs p/po
A4 0,,=33.50%
300 Mohr-Circles and Strength Envelope at 15% strain
’/
— TC4 -7
—— TC10 Piad
— TC17 o7
2501 —-- Mohr-Coulomb failure envelope L
200 A
150 A
100 A
50
0 T T T T "
0 100 200 300 400 500 600

Normal stress o’ [kPa]

Figure A.22: Mohr-circles and strength envelope at 10% axial strain

101



Deviatoric stress q [kPa]

Undrained shear strength t [kPa]

Deviatoric stress vs axial strain

350 A

300 1

250 1

200 A

150 1

100 A

50 1

— TC4
—— TC10
— TC17

5 10 15 20
Axial strain g, [%]

Figure A.23: q vs ¢,

Mean effective stress vs undrained shear strength

25

175 A

150 1

125 A

100 A

75 1

50 A

25 A

— TC4
—— TC10
— TC17

100 150 200 250
Mean effective stress s’ [kPa]

Figure A.24: s’ t diagram

102

300



Normalised deviatoric stress g/po [-]

Effective stress ratio n [-]

Normalised mean stress v

s normalised deviatoric stress

2.00 A

1.75 1

1.50 1

1.25 1

1.00 A

0.75 A

0.50 A

0.25 A

— TC4
— TC10
— TC17

0.00

0.

4

0.6 0.8

er 1.2 1.4

Normalised mean stress p/pg [-]

Figure A.25: ¢

/po vs p/po

Axial strain vs effective stress ratio

3.51

3.01

2.5 1

2.01

1.5 1

1.0 A

0.5 1

0.0

— TC4
—— TCl0
— TC17

—

5 10

15 20 25

Axial strain €; [%]

Figure A.26

103

D €q VST



Normalised excess pore water pressure Au/py [-]

Normalised mean stress p/po [-]

Axial strain versus normalised excess pore water pressure

0 5 10 15 20 25
Axial strain €, [%]
Figure A.27: €4 vs Ay /Do
Axial strain versus normalised mean stress
| ammm— T+

1.4 4
1.2 4
1.0
0.8
0.6
0.4
024 — TC4

—— TC10

— TC17
0.0 T T T

0 10 15 20 25

Axial strain &, [%]

Figure A.28: ¢, vs p/po

104



A.5 0, =26.53%

Shear stress 1 [kPa]

Deviatoric stress q [kPa]

Mohr-Circles and Strength Envelope at 15% strain

500

400 A

300 A

200 1

100 A

— TC11
—— TC18
— TC25
— TC27
=== Mohr-Coulomb failure envelope

0 r r r r
0 200 400 600 800 1000
Normal stress o’ [kPa]
Figure A.29: Mohr-circles and strength envelope at 10% axial strain
Deviatoric stress vs axial strain
600
500
400 A
300 A
et
200 A
1004 — TC11
—— TC18
— TC25
— TC27
0 T T T T
0 5 10 15 20 25

Axial strain g, [%]

Figure A.30: q vs ¢,

105



Undrained shear strength t [kPa]

Normalised deviatoric stress g/po [-]

Mean effective stress vs undrained shear strength

300
TC11
TC18
TC25
250 A TC27
200
150 A
100 A
50 -
0 T T T T : :
0 100 200 300 400 500 600
Mean effective stress s’ [kPa]
Figure A.31: §',t diagram
Normalised mean stress vs normalised deviatoric stress
TC1l1
TC18
2.0 1 TC25
TC27
1.5 4
1.0 A
0.5 -
0.0 T T T : :
0.4 0.6 0.8 1.0 1.2 1.4

Normalised mean stress p/po [-]

Figure A.32: q/po vs p/po

106




Effective stress ratio n [-]

Normalised excess pore water pressure Au/py [-]

Axial strain vs effective stress ratio

3.5 1

3.01

2.51

2.0 1

1.5 1

1.0 A

0.5 1

TC11
TC18
TC25
TC27

0.0

—0.10 1

10 15 20 25
Axial strain g, [%]

Figure A.33: ¢4 vs

Axial strain versus normalised excess pore water pressure

10 15 20 25
Axial strain g, [%]

Figure A.34: €, vs Ay /po

107



Normalised mean stress p/po [-]

Axial strain versus normalised mean stress

1.4 A

1.0 1

0.8

0.6

0.4

— TC11
0.24 —— TC18
— TC25
— TC27
0.0 T T T T
0 5 10 15 20 25

Axial strain €; [%]

Figure A.35: €4 vs p/po

A.6 0,,=16.09%

Shear stress 1 [kPa]

Mohr-Circles and Strength Envelope at 15% strain

500
— TC28
— TC29
— TC31
200 — TC34
=== Mohr-Coulomb failure envelope
300 1
200 A
100
0 T T T T
0 200 400 600 800 1000

Normal stress o’ [kPa]

Figure A.36: Mohr-circles and strength envelope at 10% axial strain

108



Deviatoric stress q [kPa]

Undrained shear strength t [kPa]

Deviatoric stress vs axial strain

500 A
400
300 A
i
200 A

TC29

TC31

TC34

0 T T T
0 10 15 20 25
Axial strain g, [%]
Figure A.37: q vs ¢4
Mean effective stress vs undrained shear strength

TC28

TC29

TC31

250 TC34
200 A
150
100 A
50 A

0 T T T T T T T
0 100 200 300 400 500 600 700

Mean effective stress s’ [kPa]

Figure A.38: s',t diagram

109



Normalised deviatoric stress g/po [-]

Effective stress ratio n [-]

Normalised mean stress vs normalised deviatoric stress

2.0 1

1.5 1

1.0

0.5 A

0.0

TC28
TC29
TC31
TC34

0.4

0.6 0.8 1.0 1.2 1.4
Normalised mean stress p/po [-]

Figure A.39: q/po vs p/po

Axial strain vs effective stress ratio

4.0

3.5 A1

3.01

2.0 1

1.5

1.0 1

0.5 1

— TC28
— TC29
— TC31
— TC34

0.0

5 10 15 20 25
Axial strain €; [%]

Figure A.40: €5 vs

110




Normalised excess pore water pressure Au/py [-]

Normalised mean stress p/po [-]

Axial strain versus normalised excess pore water pressure

0.06 -

0.04

0.02 1

0.00

—0.02 4

—0.04 1

—0.06

— TC28
— TC29
— TC31
— TC34

[l

10 15 20
Axial strain €, [%]

Figure A.41: €4 vs Ay /Do

Axial strain versus normalised mean stress

25

1.4 1

1.2 A

1.0 A

0.8 1

0.6

0.4 1

— TC28

0.2 —— TC29

— TC31
— TC34

0.0

10 15 20
Axial strain €, [%]

Figure A.42: €, vs p/po

111

25



B. Guide to performing an unsaturated KO-
CAU triaxial test

This section aims to provide a comprehensive overview of how a KO-CAU triaxial test should be performed
while adhering to the SSCC approach based on this thesis. FEach triaxial test should in principle be
performed according to NEN-EN-ISO 17892-9 (2018) as well as the test protocol by Greeuw et al. (2016)
combined with the deviations mentioned below.

B.1 Required information before designing a triaxial test pro-
gram

o All tests should be performed on an approximately homogeneous cohesive soil. This can be checked
by performing index tests for which the determination of the particle sieve curves and the deter-
mination of the Atterberg limits would be recommended in addition to a visual description of the
soil.

e For each approximately homogeneous soil layer a unique SWCC should be determined. Measure-
ments must at least be taken in the 1 to 1500 kPa range as these values are expected to occur in
practice. Samples are advised to be air-dried and stored such that the moisture content within the
sample can be homogeneously distributed internally. This process typically takes 1-2 weeks.

o The yield stress should be available. This can be determined using either oedometer or (K0-) CRS
tests. Depending on the type of test chosen expect to need 1-4 weeks.

e Determine whether the concept of strain compatibility is applicable to the soil of interest and
determine the parameters. For this several conventional (so without the SSCC approach) K0-CAU
and DSS tests are recommended, and the required time is approximately 2-4 weeks. It must be
noted that this inherently implies that sufficient test capacity is available, otherwise this process
might take even longer.

B.2 Preparation of samples

e Determine at which volumetric water content each sample should be tested. Preferably, a minimum
of three tests are performed for each volumetric water content with varying stress levels. These
stress levels can be determined with the aid of the yield stress in case of NC triaxial tests and by
the in-situ vertical stress for OC triaxial tests. It is recommended to perform these tests for at
least three different volumetric water contents for which the corresponding value of matric suction
in the SWCC is available, and which is to be expected in practice. Based on the available field
measurements a volumetric water content corresponding to a matric suction of 0 kPa, 100 and
200 kPa. Note: 0 kPa means, that the sample can be tested with a saturation stage as normally is
done. If more tests can be done, it would be advised to perform more test per datapoint such that
the accuracy of each point is improved before samples at intermediate volumetric water content are
tested.

e Trim the triaxial samples in accordance with normal procedures and tolerances such that sample
disturbance is limited. Please note that the sample should immediately be wrapped in plastic foil
and stored in a temperature-controlled storage location. This is required as the moisture content of
each specific triaxial sample is unknown before trimming, and hence, can be determined by drying
the trimmings in the oven.

e After 24 hours in the oven at 105 degrees, the gravimetric moisture content can be determined, as
well as the specific weight by means of a pycnometer such that the target mass of the sample can
be determined.
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e Each sample can then be air-dried to its target mass. Depending on the target mass this process
may take several hours to several days. The sample should be supervised regularly to ensure that it
dries evenly. Depending on both the sample and the laboratory climate characteristics, the sample
should be wrapped in plastic foil after a few hours of air-drying such that the formation of shrinkage
cracks is prevented. By wrapping the sample in foil followed by storage in a temperature-controlled
room, the water content inside the sample is allowed to become approximately homogeneous again.
Note: if the sample at in-situ water content is dryer than its target, it is advised to adjust the
volumetric water content at which tests are performed. Samples at in-situ water content can only
be fully saturated in a triaxial cell and not to an intermediate water content if a conventional
triaxial set-up is used due to large uncertainties in the determination of the pore water volume.

e Once the sample has reached it target mass, the sample should be wrapped in plastic foil and
stored for at least 24 hours in a temperature-controlled room such that internal homogenization of
water content is allowed.

B.3 Execution of a KO0-CAU triaxial test

e The sample can then be installed in a triaxial cell and set-up as normally would be done.

e Normally, in a KO-CAU, the sample would first encounter a saturation stage, but using the SSCC
approach, this stage must be skipped.

e Thus, this means that first the sample is isotropically consolidated and a consolidation check must
be performed. This process typically takes 24-48 hours.

e Next, the sample can be anisotropically consolidated and afterwards again a consolidation check
must be performed. The time required for completion of this stage is dependent on the required
anisotropic stresses. This stage typically takes 48 hours for low stress levels (up to 150 kPa) and
up to a week for high stress levels.

e The sample can then be sheared to failure. The loading rate is determined by the rate of consoli-
dation and therefore this stage typically takes 24-48 hours.

o Remove the sample after the test has been completed and make pictures of i) the intact sample
and ii) the sample cut in half to get a good visualization of possible inhomogeneity in the sample.
It is further advised to determine the sample volume after the test using wet weighing according
to NEN-EN-ISO 17892-2 (2014). If any discrepancies between the calculated volume from the raw
test data and the measured volume are found, these can then subsequently be corrected.

All in all, expect to need approximately 2-3 weeks to perform K0-CAU triaxial tests in accordance with
the SSCC concept if all information is available. If this is not available, or funds are insufficient in an
early design phase, it would be recommended to solely investigate the SWCC parameters for each unique
soil layer and then apply Lu et al. (2010) closed form of the SSCC.
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