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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 e�ects 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
di�erent compositions.

In the �rst 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 modi�cations 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 veri�ed for each type of test. It was found that this concept, when determining strength
parameters using strain-compatibility, can be successfully applied to K0-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 K0-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 K0-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 K0-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 insu�cient restraint during the test. Moreover,
the pins located on the porous stones were unable to su�ciently grip the sample as they failed to pen-
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etrate air-dried samples. For su�ciently 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 e�ect on the factor of safety. Following the �eld
measurements of Van Duinen (2020) and Calabresi et al. (2013) a conservative estimate of the additional
strength based on the K0-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 �eld measurements. Although it is likely that the increase is
more than 1.7%, this cannot be substantiated with the current limited number of �eld 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 e�ectively 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 e�ciently 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.

x
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1. Introduction

1.1 Background

In the Netherlands �ood 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 pro�le 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 (su / � 0

vc)
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 �ne-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 �ow
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 �ne-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 e�ect of capillary rise,
is present to some extent for most of the year. This e�ect 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 a�ects the permeability and this is governed by the cyclic dehydration
and hydration which in�uences the hydromechanical response. In short, the degree of saturation during
the year is varying and thus also the e�ect of capillary rise. Depending on the local situation, this can
in�uence 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
in�uenced 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
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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
e�ect, recent research by Gori (2020) on Gorinchem clay showed that conventional laboratory tests may
be unreliable when strength parameters are determined at the speci�ed 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-
ti�ed using conventional laboratory tests for initially unsaturated clay and how this may in�uence 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 in�uence on the existing method of calculating macro stability in order to adequately quantify any
possible e�ect.

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 di�erent 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 �tted to a constitutive model of interest.
In D-Stability, users can de�ne 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 �ow.

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 simpli�cations 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 �rst 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 e�cient 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.
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1.3 Research questions

In this section the research objective will be introduced. From this research objective a main research
question will be de�ned. 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 in�uence 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 experiments?"

1.3.3 Sub-questions

To help answer the main research question several sub-questions should be answered �rst. 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 speci�c.

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 III: 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 simpli�ed to several zones for each relevant design condition using site
speci�c laboratory tests?

2. What is the in�uence of unsaturated clay on the macro-stability in relevant design conditions and
can this be quanti�ed?
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1.4 Scope limitations

It is important to de�ne 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 de�ned as:

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

ˆ 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.

ˆ 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.

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

ˆ 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 e�ect of temporally varying hydraulic conductivity during
a normative event will be outside the scope of this research.

ˆ The stability of the dike is time-dependent as a result of a temporally varying degree of saturation.
To su�ciently 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 o�ered hereof
based on the structure of the report.

Part I: Theory
In this �rst part of the research the theoretical sub-questions are investigated after a comprehensive
literature study using scienti�c 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 bene�t 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 in�uence of
unsaturated clay on the factor of safety can be quanti�ed.
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1.6 Structure

The thesis will be executed in a logical sequence such that all research questions can be answered in
an e�cient manner. The work�ow is schematised in Figure 1.1 where the di�erent phases and steps in
each phase are visualised. Four distinct phases have been identi�ed of which three have previously been
discussed. The �nal 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.

Figure 1.1: Schematized thesis work�ow
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Part I: Theory
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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 di�erent
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 ( ) and
one of the following: (i) the volumetric water content ( � ), (ii) the gravimetric water content ( w) or (iii)
the degree of saturation (Sr ). These soil characteristics are de�ned using Equations 3.1 through 3.4.

 = ua � uw (2.1)

where ua represent the pore air pressure anduw the pore water pressure.

� =
Vw

Vv + Vs
=

ew

1 + e
(2.2)

where Vw , Vv and Vs are the volume of water, voids, and solids respectively. The water and void ratio
are represented byew and e.

w =
M w

M s
(2.3)

where M w is the mass of water andM s is the mass of solids.

Sr =
Vw

Vv
=

ew

e
=

�
� sat

=
w � Gs

e
(2.4)

where � sat is the saturated volumetric water content and Gs is the speci�c 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 2.1) 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 �lled 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
modi�ed the picture after Fredlund et al. (2012)

2.1.1 The e�ect 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 di�erent zones: (i) the boundary
e�ect 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 e�ect is expected to occur. This allows a
soil to have two di�erent 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 e�ective stresses can
be experienced by the soil at a given saturation level.
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Figure 2.2: Typical SWCC with di�erent regions of desaturation. Adopted from Sun et al. (2016)

The shape of the SWCC is governed by �ve 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 con�ning 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 identi�ed 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) e�ect (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 2.3 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 in�nite 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 �rst-cycle drying path has a higher shear strength
than a comparative sample on the �rst-cycle wetting path at a given matric suction which can be at-
tributed to hysteresis. According to Goh et al. (2010) and Goh et al. (2014) the hysteresis e�ect results
in the specimen on the �rst-cycle drying path to obtain a higher peak shear strength, lower sti�ness and
a higher axial strain at failure and for a comparative sample on the �rst-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 2.4.

Goh et al. (2010) observed that the shearing behaviour of a specimen on the �rst-cycle drying path
was reminiscent to the shearing behaviour of a normally consolidated (NC) specimen and similarly a
sample on the �rst-cycle wetting path was reminiscent to that of an overconsolidated soil. Additionally,
a specimen on the �rst-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. (2014) 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
a�ect the strength and deformation of a soil.
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Figure 2.4: Schematic overview of the strength of a specimen in the �rst cycle of drying and wetting
under di�erent matric suctions. Adopted from Goh et al. (2014)

Goh et al. (2014) investigated how the strength characteristics due to hysteresis would be a�ected 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 e�ects on the specimen.

Goh et al. (2014) found that in subsequent cycles the di�erence between the shear strength on the drying
and wetting path was relatively small compared to the di�erence that was observed during the �rst
cycle. This di�erence 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 sti�ness, 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 e�ect similar to
a preconsolidation pressure, when the magnitude of matric suction on subsequent levels does not exceed
the highest level recorded on the �rst cycle of the drying and wetting process (Rahardjo and Fredlund,
2003; Goh et al., 2010). After the second complete cycle any e�ect 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 e�ects 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 �lter 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 di�erence in results from the di�erent 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 di�cult 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 �nes, (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-speci�c 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 �nite element modelling to investigate the e�ect 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 �tted 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 di�erent 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 di�erent empirical SWCC equations and as-
sesses the �t using the average Akaike information criteria on eight di�erent United States Department
of Agriculture (USDA) soil classi�cation 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).

� ( ) = � r +
� s � � r

[1 + ( � j j)n ]1� 1
n

(2.5)

In this equation � r is the residual volumetric water content [m3/m3], � s is the saturated volumetric water
content [m3/m3], � is the inverse of the air entry suction (empirical �tting parameter) [kPa-1], n is a
measure of the pore-size distribution (empirical �tting 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:

� w = w
� d

� w
(2.6)

In this formula � w is the volumetric water content [m3/m3], w is the gravimetric water content [%], � d
is the bulk density (dry mass divided by the original volume) [kg/m3] and � w 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 e�ective 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 modi�cation to the Terzaghi equation in section 2.2.2. Then,
in section 2.2.3 the independent stress state variable approach will be discussed and �nally in section
2.2.4 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 uncon�ned 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 di�erence 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
di�erence in air and water pressure. At �rst, 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 2.5 below.

Figure 2.5: Schematic illustration of a constant water content test. Adopted from Rasool and Aziz (2020)
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2.2.2 Modi�ed e�ective stress

Bishop modi�ed Terzaghi's classical e�ective stress equation to include air pressures as well as a factor
� 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 e�ective stress equation. However, in practice� is di�cult
to determine and it has been proven to be non-unique theoretically and experimentally. This can be
attributed to the hysteresis e�ect observed in the SWCC which allows the soil to experience two dif-
ferent possible e�ective stresses at a given degree of saturation (depending on either wetting or drying
conditions).

Bishop's equation for e�ective stress and followed by the extended Mohr-Coulomb failure criterion for
unsaturated soil:

� 0= � � ua + � (ua � uw ) (2.7)

� f = c0+ [( � � ua) + � (ua � uw )]tan� 0 (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 modi�ed version
of the conventional testing apparatus of interest. For instance, but not limited to, by using a modi�ed
version of the triaxial apparatus, a modi�ed version of the direct shear apparatus (i.e. Gan et al., 1988)
or a modi�ed 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 (� � ua) and matric suction (ua � uw ) 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.

� f = c0+ ( � � ua)tan� 0+ ( ua � uw )tan� b (2.9)

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

� =
tan� b

tan� 0 (2.10)

From laboratory experiment both � b (the angle of increase of shear strength with matric suction) and
� 0 (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� is expected to remain constant. However, as� is a function of the degree of saturation
there is an inherent contradiction.

Fredlund and Morgensterns (1977)� b de�nes 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 e�ect 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 e�ect stage, � b, is equal or close to� 0. 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
�tting 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 �tting
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-speci�c and are less generally valid.

2.2.4 Modi�ed stress variable approach for stress-strain analysis in consti-
tutive modelling

Based on the di�culties associated with the previous two stress de�nitions numerous researchers came
up with a modi�ed 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
Modi�ed 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 �nite 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 e�ective 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 modi�cations 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 �rst 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 speci�c 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 signi�cant
mathematical manipulation, this could be adjusted for other, perhaps more applicable, soil water char-
acteristic curves. Lu and Likos (2006) expanded Bishop's e�ective stress theory such that the e�ective
stress relationship in terms of suction stress can be expressed as:

� 0= � � ua � � s (2.11)

where � 0 is the e�ective stress [kPa], � is the total stress[kPa], ua is the pore air pressure [kPa] and� s

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 e�ective cohesion and friction angle as determined from Mohr circles described by:

� s = �
c0

tan� 0 (2.12)

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

� f = � 0tan� 0= ( � � ua � � s)tan� 0 (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 de�ned 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.

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 e�ective 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

�
(S

n
1� n
e � 1)

1
n for 0 � Se � 1 (2.14)

In this equation Se is the e�ective degree of saturation,� and n are the empirical Van Genuchten-Mualem
parameters. The e�ective degree of saturation can be determined as follows:

Se =
� w � � r

� s � � r
(2.15)

where � w is the volumetric water content of the sample and � r and � s 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 di�erent regions
of the SWCC.

Patil et al. (2020) reviewed the applicability of the closed-form expression by Lu et al. (2010) on di�erent
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-�t model to accurately characterize the suction stress. In this research these advanced laboratory
tests are not investigated and as such Patil et al. (2020) �ndings 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 di�erent 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 e�ective stress equation and if the
soil is fully saturated it reduces to Terzaghi's classical e�ective stress equation.
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3. Determination of geotechnical strength
parameters for macro-stability assessment

In geotechnical engineering a wide array of �eld and laboratory tests is available to characterize a soil.
First an overview of the Dutch contemporary practice is presented in section 3.1. 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 �eld
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 di�erent 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 (1991) and Bjerrum et al. (1974). This can be seen in Figure 3.1. 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. (2012) 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 sti�ness may have di�erent magnitudes
depending on the orientation of the major principal stress to the vertical direction. Anisotropy is believed
to be in�uenced 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 con�rmed by O'Neill (1987).

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 su�ciently sheared,
the soil will reach a constant state such that it �ows similar to a frictional �uid which contains a tur-
bulent �ow of particles in which the shear-strength remains constant and thus is independent of the
strain level (Scho�eld & 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
a�ected by stress history, compression, dilation, volume change, and how the e�ective stresses change as
a result of shearing and its associated change in pore pressure (Je�eries & 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 de�ned 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 �atter particles
and if the orientation of the particles becomes parallel as it resembles laminar �ow as opposed to tur-
bulent �ow, 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 di�erent (see Figure 3.2). The slope of
a CSL in compression tests is given by the critical state parameterM and � 0

cs 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 speci�c 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 3.2 the dry side lies above the CSL and the wet side lies beneath the
CSL.

Figure 3.2: Idealized e�ective 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
speci�c volume, or void ratio, can then be plotted as a logarithmic function of the mean normal stress.
According to the Modi�ed 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 e�ective stress(q=p0) must be constant at critical state
as well as the incremental changes in this ratio and pore pressure.

M =
6sin� 0

cs

3� sin� 0
cs

(3.1)

q
p0 =

q
p� u

=
� 1 � � 3

� 1+2 � 3
3 � u

(3.2)

dq
dp0 =

dq
dp� du

=
d� 1 � d� 3

d� 1+2 d� 3
3 � du

(3.3)

The undrained shear strength at critical state found in TC, DSS and TE tests are approximately expected
to be similar (Mayne, 1985; Prevost and Høeg, 1976) due to di�erences in strain rates, initial stress states,
the imposed loading and boundary conditions of the respective tests (Ladd, 1991). According to Abelev
and Lade (2004) di�erent 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 di�erence 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 3.4 (Koutsoftas & Ladd, 1985). In this equation the plane
strain mobilized friction angle, � 0

mob;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 3.6 (Ladd & DeGroot, 2004).

�
� 0

vc
= qcos�0mob;ps (3.4)

� 0
mob;ps =

9
8

� 0
mob;tc (3.5)


 = 1 :5� a (3.6)

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-de�ned stress history can be
obtained. The top of a highly desiccated region often features weathering and it is di�cult 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:

su = S� 0
vi OCRm (3.7)

S = (
su

� 0
vi

)nc (3.8)

m = 1 �
�
�

= 1 �
a
b

(3.9)

where S is the NC (OCR = 1) undrained shear strength ratio and can be thought to be a friction
parameter. � 0

vi is the in-situ e�ective vertical stress, OCR is the overconsolidation ratio andm represents
a parameter relating the contribution of the OCR to the undrained shear strength. This parameter can
be determined using Equation 3.9 where� is the slope of the virgin compression line in logarithmic
scale and � 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 and � = b respectively (Ministerie
van Infrastructuur en Waterstaat, 2019).

3.1.4 Parameter selection and strategy to �nd 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 e�ective 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 su�cient accuracy as each individual specimen may produce a slightly
di�erent S-value (Ministerie van Infrastructuur en Waterstaat, 2019). In a CRS or oedometer test, the
parameters � and � 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 di�erent 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 3.2.1 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, K0 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 classi�ed as a silty clay. Recently,
extensive laboratory investigation has been conducted for which oedometer test results as well as OC-
K0-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 K0-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 K0-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 K0-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 di�erent 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 arti�cial 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 di�erent
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 di�erent ways or dried to see di�erences in strength
development. Moreover, indirect testing was performed meaning that �rst 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, Nkt , 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-speci�c Nkt 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 andNkt 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 Nkt 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 e�ects can be taken into account better.

Zein (2017) suggests that theNkt is di�cult 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 increaseNkt 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-varyingNkt 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 in�uence of suction onNkt is
poorly understood, continuous measurements at the same location would be required to investigate this
e�ect 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 speci�c. Currently, ongoing research by Deltares
hopes to �nd 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 di�erent 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 K0-conditions)
imposed on the sample. If modi�cations are made to the conventional apparatus, a sample can tested
under a speci�c 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 3.4c). 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 speci�c 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 speci�c 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 e�ects 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 e�ect of undrained creep is entirely neglected, and the axial strain rate is often minimized which
in�uences 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 e�ect 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 e�ect 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 �rst 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 di�erent 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 di�er 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).

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, di�erent 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 �lter paper correction
formulas showed that the membrane correction is strain-level dependent and in�uenced by the friction
between the membrane and the specimen and the �lter 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 aNkt factor for the unsaturated zone,
whereas a CPT can provide the respectiveNkt 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 e�ective stress in an UU test is equal to the matric suction. A �nal re-
mark is that care should be taken as especially UU samples are prone to (signi�cant) 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 e�ects of anisotropy
which lowers the undrained shear strength with increase anisotropy�. Mun et al. (2016) executed a
detailed study into the rate e�ects 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 �eld 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 o�shore structures). In
section 3.5.1 the origin of the test will be explained followed by di�erent 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 di�erences 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 di�cult 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 �t
perfectly to the lateral boundaries and it must be su�ciently sti� 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 con�ne 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 su�cient 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 Modi�ed Cam
Clay model and �nite 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. Di�erent 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 3.6) 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":

tan� =
� yx

� yy
(3.10)

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

sin� =
� yx

� yy
(3.11)

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":

sin�cos�
1 + sin� 2 =

� yx

� yy
(3.12)

Figure 3.6: Three possible intepretations of a direct simple shear test. Adopted from De Josselin de Jong
(1971)

Borin (1973) performed a single test on a kaolin sample with a custom built DSS device in which the
sample is completely con�ned by load cells. This con�rmed the hypothesis of De Josselin de Jong (1971)
as it allowed for the stress state to be completely de�ned. Generally, the �rst hypothesis (Equation 3.10)
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:

tan� dss =
� xy

� y
= �tan� (3.13)

In this equation a linear relationship is proposed between the shear stress ratio on the horizontal axis
and the tangent of the angle of� 1 with the vertical axis. The material constant, � , was shown by Oda
(1975) to be related to the ratio of the initial horizontal and vertical stresses which is equal to theK 0
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 �ndings is presented
in this subsection. A back-analysis of a DSS test on a peat sample in the �nite 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 3.11. 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 �nite 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 con�rms the experimental observation of Dyvik et al. (1987).
Moreover, their research showed that the type of DSS device in�uences the changes in total stress and
excess pore pressure signi�cantly. 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 a�ecting 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%,s0 and t 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 �ber 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 di�erence between the pure shear state of stress and the simple shear state of stress (see Figure 3.7).
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 �rst 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 con�rmed 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 Høeg (1976) expanded Roscoe's analysis by
incorporating this e�ect which could occur at the platen-soil interface and which is caused by di�erential
displacement. Slippage was found to induce signi�cant 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 signi�cant 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 su�cient 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 di�erent failure modes during shearing which could occur during a DSS test (see
Figure 3.8): �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).

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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