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SUMMARY

In the Netherlands, natural gas extraction from the Groningen field has induced seismic
activities, notably recording the highest magnitude of My, 3.6 at Huizinge. Despite the
lower magnitudes of these induced earthquakes compared to their natural counterparts,
their impact is significantly magnified due to the shallow depths at which they occur and
the high site amplification over areas with soft soils. In response, the Dutch Research
Council (NWO) launched the DeepNL research programme to conduct thorough scien-
tific research into these phenomena. The SOFTTOP project, part of this initiative, aims
to fill the knowledge gaps regarding the effects of soft soil deposits on earthquake dy-
namics and subsequent soil responses. This thesis, nested within the SOFTTOP project,
focuses on the cyclic and dynamic behaviours of soft organic clays, which are prevalent
in the Netherlands’ deltaic subsurface. It starts with a detailed investigation into the
monotonic behaviours of these clays, laying the groundwork for further exploration into
their cyclic and rate-dependent responses.

Through an extensive experimental programme, a characteristic organic diatoma-
ceous clay from the Netherlands was tested under various stress paths, uncovering limi-
tations in existing models. To address these, an advanced elastoplastic model, JMC-clay,
was developed. Starting from a previous formulation for peats, modifications were made
to the yield surface shape and the rotational hardening rule, enhancing the models’ abil-
ity to predict pre-failure behaviours accurately. This foundational work paves the way for
studying cyclic behaviour under ‘slow’ testing conditions, deliberately chosen to min-
imise the effects of non-uniform pore pressure distribution. The study’s exploration into
the slow cyclic response of Dutch organic clay has unearthed critical insights into the
effects of loading frequency, soil composition, initial stress state, and cyclic stress ampli-
tude on the soil’s mechanical properties. Among the findings, the soil’s cyclic response
significantly depends on the cyclic strain amplitude.

A pivotal aspect of this thesis is extending the JMC-clay model to include cyclic be-
haviour, incorporating bounding surface plasticity for a more accurate and predictive
modelling framework of soil behaviour under cyclic loading conditions. This develop-
ment, however, brought to light challenges in model validation. Simulations indicated
that a larger bounding surface, indicative of a higher apparent over-consolidation ra-
tio (OCR), aligns more closely with experimental observations than anticipated. This
suggests that contrary to the expected purely elastoplastic response, creep behaviour
plays a significant role during consolidation, necessitating adjustments to the model
to capture these observations accurately. The JMC-clay model is extended to include
an elastoplastic-viscoplastic bounding surface formulation to capture time-dependent
soil response. The strain-rate saturation feature of the coupled elastoplastic-viscoplastic
framework requires further investigation with experimental data at a higher loading rate.

However, the existing equipment falls short when conducting ‘fast’ testing, design-
ing and constructing a cyclic-dynamic multi-directional shear apparatus for organic soft

Xi



Xii SUMMARY

soils (CYC-DoSS) in-house aimed to fully cover the earthquake frequency spectrum. The
development and application of the device, a state-of-the-art earthquake simulator, marks
a significant leap in element testing. Designed to overcome the limitations of traditional
testing apparatuses, the CYC-DoSS features digitally controlled servo-hydraulic actua-
tors and in-house developed local response sensors, offering a comprehensive suite of
measurement capabilities. The inclusion of advanced measurement techniques, such
as P-wave and S-wave bender element measurements, accelerometers, and fibre optic
pore pressure transducers, alongside custom-developed sensors for capturing detailed
deformation patterns, pore pressure responses, and acceleration data, significantly en-
hances the ability to measure cyclic responses. This is crucial for accurate seismic risk
assessment and mitigation strategies and enables a deeper insight into the dynamic be-
haviours of soft soils under seismic load.

By weaving together experimental research, advanced constitutive modelling, and
the deployment of an innovative testing apparatus, this thesis presents a comprehensive
approach to unravelling the behaviour of Dutch soft organic clays under seismic con-
ditions. The contributions of this research extend beyond theoretical advancements,
offering practical insights and methodologies to enhance the resilience of infrastructure
in seismic-prone areas.



SAMENVATTING

Gaswinning uit de Groninger gasvelden heeft in Nederland geleid tot geinduceerde aard-
bevingen, met de magnitude My, 3.6 beving bij Huizinge als zwaarste geregistreerde be-
ving. Ondanks dat de magnitude van deze geinduceerde bevingen lager is vergeleken
met natuurlijke bevingen, zijn de gevolgen aanzienlijk door de relatief geringe diepte
waarop zij plaats vinden en de sterke opslingering die optreedt in de bovenste slappe la-
gen. Naar aanleiding van de Groninger aardbevingsproblematiek heeft de Nederlandse
Organisatie voor Wetenschappelijk Onderzoek (NWO) het DeepNL onderzoeks programma
gelanceerd, teneinde diepgaand wetenschappelijk onderzoek naar deze verschijnselen
uit te doen voeren. Het SOFTTOP project, als onderdeel van dit initiatief, probeert de
kennisleemten rondom het gedrag van slappe grondlagen onder aarbevingsbelasting te
dichten. Dit proefschrift focust zich, binnen het SOFTTOP project, op het cyclisch en
dynamisch gedrag van slappe organische kleisoorten, zoals die veelvuldig voorkomen
in de bodem van de Nederlandse delta. Dit proefschrift vangt aan met een uitgebreide
studie naar het gedrag van deze kleien onder monotone belasting, hetgeen de basis legt
voor nadere studie naar het gedrag onder cyclische en belastingsnelheidsafthankelijke
respons.

Door middel van een uitgebreid experimenteel programma is een typisch Neder-
landse organische klei, met een aanzienlijk gehalte diatomeeén, getest onder verschi-
lende belastingpaden. Dit heeft de beperkingen van bestaande materiaalmodellen bloot-
gelegd. Om deze tekortkomingen op te lossen is JMC-Clay, een geavanceerd elasto-
plastisch materiaalmodel, ontwikkeld. Uitgaande van een bestaande modelbeschrij-
ving voor veengronden, zijn aanpassingen gedaan aan de vorm van de bezwijkomhul-
lende en aan de rotational hardening beschrijving, welke de geschiktheid van het model
verbeteren om accuraat het materiaalgedrag tot het moment van bewijken te beschrij-
ven. Dit vormt de basis om vervolgens het cyclisch gedrag te bestuderen onder ‘traag’
veranderende belastingcondities, zo gekozen dat de invloed van niet-uniforme water-
spanningsverdeling minimaal is. Deze speurtocht door het traag cyclisch gedrag van
Nederlandse organische kleien heeft belangrijke nieuwe inzichten opgeleverd met be-
trekking tot de invloed van wisselende belastingsnelheden, grondsamenstelling, initie-
éle spannings-condities en de cyclische belastingamplitude op materiaaleigenschappen
van de grond. Onder andere is duidelijk geworden dat de geotechnische respons onder
cyclische belasting sterk afhangt van de cyclische rekamplitude.

Een kernpunt in dit proefschrift is de uitbreiding van JMC-Clay om ook cyclisch ge-
drag te kunnen beschrijven, door de invoering van een plastische bezwijkomhullende
welke een meer accurate voorspelling van het grondgedrag onder cyclische belasting
mogelijk maakt. Deze modelontwikkeling ging hand in hand met uitdagingenom het
model ook te kunnen valideren. Modelsimulaties laten zien dat een grotere bezwijkom-
hullende, behorend bij een hogere dan verwachte overconsolidatie ratio (OCR), meer
in lijn ligt met de uitkomsten van laboratoriumproeven. Dit suggereert dat, in tegen-
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stelling tot het verwachte zuiver elastoplastiche gedrag, kruip een aanzienlijke invloed
heeft op het grondgedrag tijdens consolidatie, en dat aanpassingen aan het materiaal-
model noodzakelijk zijn om dit gedrag accuraat te beschrijven. Het JMC-Clay model
is vervolgens uitgebreid met een elastoplastich-viscoplastische bezwijkomhullende om
het tijdsafhankelijke grondgedrag te kunnen beschrijven. De reksnelheidsafthankelijke
verzadiging die in dit elastoplastisch-viscoplastisch model is besloten vraagt nog verder
exeprimentele validatie met laboratoriumproeven bij hogere belastingsnelheden. Be-
staande laboratoriumopstellingen schieten echter tekort waar het gaat om het uitvoeren
van‘snelle’ proeven.

Door het eigenhandig ontwerpen en realiseren van een meerassig cyclisch-dynamisch
schuifapparaat voor slappe orgaische gronden (CYC-DoSS) tracht dit project het volle-
dige belastingfrequentiespectrum van (geinduceerde) aardbevingen te bestrijken. De
ontwikkeling en eerste toepassing van deze opstelling, een state-of-the-art aardbevings-
simulator, betekent een grote sprong voorwaarts in laboratoriumproeven. Specifiek ont-
wikkeld om de beperkingen van traditionele opstellingen te overkomen, bevat CYC-DoSS
digitaal aangestuurde servo-hydraulische aandrijvingen en speciaal ontwikkelde senso-
ren om de locale grondrespons te meten, waarmee een uitgebreide en veelomvattende
set aan meetapparatuur gerealiseerd is. Het gebruik van geavanceerde meettechnieken,
zoals P-golf en S-golf bender elements, versnellingsopnemers, waterspanningsmeters
op basis van glasvezel, alsook speciaal binnen dit project ontwikkelde sensoren voor het
meten van de locale deformatie van de grondmonsters, de waterspanningsfluctuaties
en de versnellingen, vergroot de mogelijkheden om het cyclisch gedrag van de grond te
meten aanzienlijk. Dit is cruciaal voor een nauwkeurige inschatting van aardbevings-
risico’s en het vaststellen vaan beheersmaatregelen, en leidt tot verdiept inzicht in het
dynamsich gedrag van slappe gronden onder invloed van aardbevingen.

Door het samensmelten van experimenteel onderzoek, geavanceerd constitutief mo-
delleren van grondgedrag en de ingebruikname van een innovatieve laboratoriumopstel-
ling, levert dit proefschrift een veelomvattende bijdrage aan het begrijpen van het ge-
drag slappe Nederlandse organische kleien onder aardbevingsbelastingen. Deze bij-
drage reikt verder dan enkel theoretisch inzicht, en levert tevens practische kennis en
toepassingsmogelijkheden om de betrouwbaarheid van infrastructuur in aardbevings-
gevoelige gebieden te verbeteren.



PREFACE

Ralph Waldo Emerson once wrote, "Do not go where the path may lead, go instead where
there is no path and leave a trail." As I reflect on the challenging journey that led to this
PhD thesis, Emerson’s words resonate profoundly with my experience. When I embarked
on the study of Dutch organic clays cyclic behaviour, I realised that the available appa-
ratus were inadequate to capture the intricacies and complexities of the response. While
established paths existed, they were marked by gaps, revealing uncharted territories of
knowledge.

Inspired by Emerson’s call, I took the challenge not only of navigating these paths
but of creating a new one. The result is the development of an apparatus that I hope
will stand as my contribution to forging new directions in this field. The journey was far
from easy. From conception to execution, I faced numerous obstacles. Yet, with each
challenge, Emerson’s words reminded me of the vital role of innovation and persever-
ance.

This thesis is more than just a scientific investigation into soil mechanics; it embod-
ies my belief that researchers, like explorers, must be unafraid to venture into the un-
known, challenge established norms, and create new tools and knowledge to deepening
our understanding of the world.

Ching-Yu Chao
Delft, October 2024
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INTRODUCTION



2 1. INTRODUCTION

1.1. PROBLEM STATEMENT

I n the Netherlands, induced seismic activity is recorded from the Groningen gas field,
with the highest magnitude ever registered of My, 3.6 at Huizinge. Although the mag-
nitude of these induced earthquakes is relatively low compared to the one of natural
earthquakes, they still cause damage to buildings and infrastructures due to their shal-
low depths and high site amplification in areas covered by soft soils (van Thienen-Visser
and Breunese, 2015). In 2015, the Dutch Safety Board released a report entitled ‘Earth-
quake Risks in Groningen’ highlighting the insufficient attention given to the develop-
ment of knowledge concerning gas extraction in the Groningen region in the past. In
response to this concern, the Dutch Research Council (NWO) initiated the DeepNL re-
search programme. This programme is designed to conduct comprehensive and inde-
pendent scientific and applied research into the issue.

To elucidate the underlying geotechnical considerations driving this research, it is
essential to discuss the specific attributes of shallow soil layers in seismic activity. The
top 20-30m of shallow layers below the ground surface are responsible for approximately
80% of site amplification and almost all permanent displacements. Currently, questions
concerning the impact of soft deposits on earthquake progression and subsequent soil
response remain unanswered. Additionally, existing models do not take into account the
short duration and repetitive nature of induced earthquakes, which significantly affect
soil layers. There is an urgent need for research to enhance our understanding of how
these soft top layers behave during cyclic and dynamic loadings. The SOFTTOP project
aimed to address these gaps. It intended to augment the current analysis toolkit with
appropriate constitutive models for sand and organic soils, the predominant soil types
in the deltaic shallow subsurface. This research is one of the work packages under SOFT-
TOP, which specifically focused on researching the cyclic and dynamic behaviour of soft
organic clays.

Given the broad objectives of the SOFTTOP project, the focus was directed towards
a primary constituent of the deltaic shallow subsurface — soft organic clays, which were
considered the ‘weakest link’ of the subsoil in the engineering response. Soft organic
clays are predominant natural geomaterials found at the depths commonly explored for
geotechnical engineering works in many deltaic areas worldwide. These clays have been
characterised in previous studies by their high compressibility and relatively high fric-
tion angle, features that significantly influence their geotechnical behaviour. The fab-
ric of these soft soils, often including amorphous organic matter, fibres, stems, wood
fragments, and microorganisms like algae and plankton, along with silicate and calcium
microfossils (Cheng et al., 2007), profoundly affects their response to stress and other
environmental factors. Soft clays are susceptible to stress-induced anisotropy, and can
lose their structure under relatively low stresses (Parry and Nadarajah, 1974; Burland,
1990; Hight et al., 1992; Callisto and Calabresi, 1998; Cotecchia and Chandler, 2000; Bur-
land, 1990; Zdravkovi¢ et al., 2002; McGinty, 2006; Pineda et al., 2016). Additionally, they
exhibit time-dependent, or 'creep,” strains (Bjerrum, 1967; Graham et al., 1983; Sheahan
etal., 1996).

Investigation into the cyclic behaviour of clay has been conducted by numerous re-
searchers over the past decades. Sangrey et al. (1969) executed cyclic undrained tests
on Newfield clay, identifying both excess pore pressure and irrecoverable strains under
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cyclic shear stresses. This discovery parallels findings from other researchers who have
studied a range of cohesive soils (Takahashi et al., 1980; Sheu, 1985; Zergoun, 1991; Zer-

goun and Vaid, 1994). Broad consensus across these studies highlights three main factors

which govern the cyclic behaviour of clay: the stress or strain amplitude, consolidation

history, and loading rate. Evidence suggests that cyclic loading can lead to a decrease

in shear strength and stiffness of clay samples from their initial values. It has been ex-

perimentally demonstrated that this reduction in strength and stiffness is influenced by

the applied stress or strain amplitude, soil structure, sensitivity, and the accumulation

of excess pore pressure (Andersen et al., 1980; Azzouz et al., 1989; Yasuhara et al., 1992;

Andersen, 2009; Andersen, 2015).

The rapid nature of seismic excitation does not allow enough time for dissipation of
excess pore pressure in the in-situ state of clays. Consequently, laboratory experiments
are usually performed under undrained conditions to emulate field drainage conditions.
‘Slow’ cyclic undrained tests, as defined by Boulanger and Idriss (2004), are conducted
at a pace which allows pore pressure equalisation within the soil specimen. Conversely,
‘fast’ cyclic undrained tests do not permit equilibrium of pore pressure within the spec-
imen. To ensure reliable measurement of pore water pressure, the tests are typically
performed slowly enough, depending on the hydraulic conductivity and the size of the
sample being tested.

To the aim of comprehensive understanding of the soil response under seismic events,
it is essential to consider the effect of multidirectional loading, as studies have demon-
strated that the response is influenced by multiple loading directions (Rutherford, 2012;
Matsuda et al., 2013; Matsuda et al., 2016; Nhan and Matsuda, 2016; Yang et al., 2016).
A few multidirectional direct simple shear systems have been developed to explore the
soil behaviour under seismic loads (Jaime, 1975; Ishihara and Yamazaki, 1980; Boulanger
et al., 1993; Duku et al., 2007; Rutherford and Biscontin, 2013; Rutherford, 2012). Since
then, several commercial multidirectional simple shear equipment have been made avail-
able (Rudolph et al., 2014; Li et al., 2017), however, typically limited to a range of fre-
quencies with a maximum of 5 Hz. Shafiee et al. (2017) improved the apparatus built by
Duku et al. (2007) so that the device can apply realistic earthquake loadings under stress
control. Recently, Bhaumik et al. (2023) presented a new multidirectional simple shear
device based on the design of Rutherford and Biscontin (2013).

To model the experimental results collected so far, various constitutive approaches
have been developed in the past decades. Elastic-plastic models suitable for soft clays
are documented in the literature, with notable contributions by Hashiguchi (1977), Sekiguchi
and Ohta (1977), Dafalias (1986), Yu (1998), Pestana and Whittle (1999), Wheeler et al.
(2003), Dafalias et al. (2006), Jiang and Ling (2010), Sivasithamparam and Castro (2016),
among others. Within the class of elastoplastic models featuring rotational hardening,
two models are particularly significant for the context of this work: S-CLAY1 (Wheeler et
al., 2003) and SANICLAY (Dafalias et al., 2006). They have been developed based on ex-
perimental results from central-northern European soft clays, and they have been subse-
quently refined and validated using data sets for a broad range of clays (e.g., Karstunen et
al., 2005; Yildiz et al., 2009; Taiebat et al., 2010; Dafalias and Taiebat, 2014; Seidalinov and
Taiebat, 2014; Sivasithamparam et al., 2015; Sivasithamparam and Castro, 2016; Dafalias
et al., 2020; Rezania and Dejaloud, 2021). Rotational hardening is a pivotal component,



4 1. INTRODUCTION

proving to be fundamental for accurately modelling and predicting the monotonic re-
sponse of soft clays (Wheeler et al., 2003; Karstunen et al., 2005; Dafalias et al., 2006;
Yildiz et al., 2009; Huang et al., 2011; Dafalias and Taiebat, 2013; Rezania et al., 2016;
Rezania et al., 2018; Miithing et al., 2018; Shirmohammadi et al., 2021).

Interestingly, the presence of a robust elastoplastic formulation makes the exten-
sion to cyclic response relatively straightforward. Owing to its mathematical simplicity,
bounding surface plasticity has been adopted by several researchers, such as Rezania
et al. (2014) and Seidalinov and Taiebat (2014), to predict the cyclic behaviour of clay.
Although quite effective, early bounding surface proposals proved not accurate in pre-
dicting pore pressure build up as a consequence of undrained cyclic loading. Amend-
ments to the original formulation include the proposal by Shi et al. (2018), who intro-
duced a hybrid plastic flow rule. The approach aims to more accurately predict the evo-
lution of pore pressure during cyclic loading by eliminating the premature stabilisation
observed when using image stress flow rules. In addition to bounding surface plastic-
ity models, researchers have developed a variety of other formulations to capture the
cyclic behaviour of clays. For example, Stallebrass and Taylor (1997) introduced a Three
Surface Kinematic Hardening model (A3-SKH), which builds upon the established prin-
ciples of transverse isotropic elasticity put forth by Graham and Houlsby (1983). Mean-
while, Fuentes et al. (2021) extended the existing anisotropic hypoplastic model for clays
(Masin, 2014) to create a new anisotropic hypoplastic model incorporating the Inter-
granular Strain Anisotropy (Fuentes and Triantafyllidis, 2015). Tafili (2020) bridged hy-
poplasticity and elastoplasticity in the Anamnesis model, which also accounts for rate
effects such as creep and stress relaxation.

Exploring the literature, it was observed that validation and calibration of the previ-
ous models was limited in general to compression paths in the meridian plane. How-
ever, it is important to note that stress states and paths in real-world scenarios are rarely
purely compressive. One crucial feature of these soils is stress-induced plastic anisotropy.
While many current models incorporate this feature via a rotational hardening rule, there
remains a paucity of information on how this stress-induced plastic anisotropy evolves
when subjected to extensional stresses on the meridian plane. Although some attempts
have been made to address this gap, most notably on Otaniemi clay and Shanghai soft
clay (Wheeler et al., 2003; Huang et al., 2011), further research is still needed. Addition-
ally, although there has been extensive international research on soft organic clays, in-
cluding efforts to characterise these soils in the Netherlands (Tigchelaar et al., 2001; Den
Haan, 2003; Cheng et al., 2004; Cheng et al., 2007; Wegman, 2020), advanced material
modelling specifically for Dutch soft organic clays remains underdeveloped.

Current frameworks for modelling the cyclic behaviour of clay each have their own
strengths and weaknesses. A study by Duque et al. (2022) assessed the predictive ca-
pabilities of four advanced constitutive models—CAM, AHP-ISA, SANICLAY-B, and A3-
SKH—in relation to anisotropic fine-grained soils. Various conditions were used to val-
idate these models’ accuracy and reliability. Interestingly, only the CAM model could
partially replicate the eight-shaped effective stress paths observed in undrained cyclic
triaxial tests. SANICLAY-B stood out for its unique ability to realistically reproduce an
increasing double strain amplitude following cyclic mobility. Predicting cycles to failure
under varying cyclic load amplitudes remains a formidable challenge. While the CAM
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and AHP-ISA models showed superior performance in reproducing these curves, they
did so at the expense of requiring additional parameters. Notably, none of the models
performed as proficiently under conditions of varying initial stress ratios as they did un-
der isotropic conditions.

In light of the rate-dependent nature of soft soil behaviour, a couple of viscoplastic-
elastoplastic bounding surface models have been formulated to account for variables
such as creep strain, stress relaxation, and rate effects during monotonic loading. A lim-
ited number of researchers have attempted to validate or extend these models under
cyclic loading conditions (Kaliakin, 1991; Shi et al., 2019; Huang et al., 2022). Nonethe-
less, most of these studies are restricted to a loading frequency of 2Hz, likely a conse-
quence of the conventional ‘slow’ test protocols used to ensure uniform pore pressure
distribution. As a result, the existing body of work may not fully represent the complex
behaviour of soils under the high-frequency, dynamic loading conditions commonly ex-
perienced during seismic events.

While the dynamic properties, stress-strain behaviour, and post-cyclic responses of
clays have been extensively researched, the specific cyclic behaviour of soft organic clays
remains largely unexplored. Some studies have examined the cyclic behaviour of soft
marine clays (Vucetic, 1988; Hyodo et al., 1999; Wichtmann et al., 2013; Pan et al., 2022).
However, the impact of organic matter on these characteristics is often neglected. This
gap is particularly surprising given that previous work by Hight et al. (1992) and Paul
and Barras (1999) had shown the substantial influence of organic matter on the mono-
tonic behaviour of soils. For instance, the presence of organic material in the soil matrix
of Bothkennar clay was found to significantly affect soil plasticity and compressibility,
with organic cement playing a crucial role in maintaining large soil aggregates or pel-
lets. While the significance of the initial stress state preceding cyclic loadings on soils
has been underscored by multiple researchers (Wichtmann et al., 2013; Wichtmann and
Triantafyllidis, 2018; Tafili et al., 2021; Ushev and Jardine, 2020), efforts to model and
characterise the cyclic behaviour under varying initial stress states have been limited.
This gap in our understanding is particularly relevant given that soils in real-world con-
ditions are seldom exposed to isotropic stress states.

Filling the previous gap in understanding sof organic clays response under earth-
quake and dynamic loading conditions necessitates the use of advanced testing equip-
ment capable of assessing the influence of hydro-mechanical coupling on soil behaviour.
Traditional simple shear devices—and by extension, their more modern, multidirec-
tional counterparts—have a few limitations (Lucks et al., 1972; Shen et al., 1978; Vucetic
and Lacasse, 1982; Saada et al., 1983; Budhu, 1984; Budhu, 1985; Budhu and Britto, 1987;
DeGroot et al., 1994; Reyno et al., 2005). One key issue is that these devices cannot con-
trol shear stress on the specimen’s lateral sides. This makes it impossible to achieve a
uniform stress state, which has to be assumed as a hypothesis in processing the results
of the tests. Additionally, these conventional setups lack the ability to measure lateral
stresses, creating a knowledge gap about the stress state and stress paths within the soil
samples.

Accurate pore water pressure measurement is indispensable for the cyclic testing
of soils, particularly to evaluate the role of hydro-mechanical coupling on the soils re-
sponse. In standard configurations, pore water pressure in simple shear devices is de-
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rived either from changes in vertical stress in constant-height tests or via pressure trans-
ducers situated at the sample’s base. Reliable pore water pressure measurements require
tests to be conducted at speeds adjusted for uniform pore pressure distribution within
the sample. However, recent studies indicate that achieving uniform pore water pressure
in soft soils may be a significant challenge, even under controlled, monotonic loading
conditions. This is a concern of particular relevance when considering the high load-
ing frequencies typical of earthquakes, where rate effects are pivotal in determining the
behaviour of soft soils.

This research aims to start addressing current experimental and theoretical limita-
tions to advance the knowledge on the behaviour of Dutch soft organic clays, starting
from monotonic behaviour as a key foundation towards cyclic response, by means of a
comprehensive research approach that includes both experimental testing and constitu-
tive modelling. A typical organic diatomaceous clay from the Netherlands was tested in
an extensive experimental programme, including monotonic and non-monotonic stress
paths on both compression and extension sides. The data confirm a few limitations of
currently available models, which are amended by changing the shape of the yield sur-
face and improving the rotational hardening rule. The comparison between experimen-
tal data over a variety of stress paths and numerical simulations demonstrates the ad-
vantages of the new model over previous ones in accurately describing the pre-failure
behaviour.

After thoroughly investigating and accurately capturing the monotonic behaviour of
Dutch soft organic clays, the scope of the research is extended to the cyclic behaviour.
Specifically, it focuses on the impact of organic matter and initial stress states during
‘slow’ test conditions, deliberately excluding the influence of non-uniform pore pressure
distribution. Data gathered from these ‘slow’ cyclic tests are employed to further validate
and extend the monotonic model, developing a bounding surface formulation.

The limitations of existing multidirectional shear systems, coupled with the critical
need to understand the behaviour of soft soils under cyclic and dynamic conditions,
have spurred the design and manufacturing of the cyclic-dynamic multidirectional shear
apparatus for organic soft soils (CYC-DoSS). This apparatus aims to investigate the mul-
tidirectional hydro-mechanical coupled response of soft organic soils commonly found
in the deltaic regions of the Netherlands. Notably, the new system addresses several
pressing issues: it ensures limited mechanical compliance, permits higher loading fre-
quencies, and provides accurate measurements of stress, strain, and pore water pressure
under a wide range of loading rates—both slow and fast. Utilising the newly constructed
CYC-DoSS, ‘fast’ tests can now be performed and their results validated against the pro-
posed bounding surface model.
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1.2. RESEARCH OBJECTIVES

T he research aims to address significant gaps in the understanding of the behaviour
of Dutch soft organic clays under both monotonic and cyclic loading conditions. It

focuses on stress-induced plastic anisotropy, the role of organic matter, and the impact

of initial stress states in of Dutch soft organic clays. It aims to contribute to the field by:

* Conducting experimental tests: Undertaking a comprehensive experimental test-
ing programme on organic clay samples from the Netherlands. The experiments
begin with the static paths to build a foundation for interpreting the cyclic be-
haviour of the organic clay under ‘slow’ cyclic tests. The tests aim to understand
the limitations of existing constitutive models and improve them, especially con-
cerning the role of organic matter and the plastic anisotropy induced by varied
loading conditions.

 Refining existing models: Extending current constitutive models for predicting the
behaviour of soft organic clays by incorporating specific factors like organic mat-
ter, anisotropy, and time-dependent behaviour. The proposed models undergo
rigorous validation through experimental data. After calibration against labora-
tory data, they can be implemented in numerical platforms to provide a more ac-
curate representation of real-world conditions.

* Developing advanced testing apparatus: Setting up an innovative cyclic shear ap-
paratus called CYC-DoSS. This apparatus aims to provide high-frequency, multi-
directional, and complex cyclic loading patterns. Equipped with state-of-the-art
measurement systems like bender elements, accelerometers, and pore pressure
transducers, it will yield a unique and reliable dataset for model development, cal-
ibration, and validation. This addresses existing limitations in current equipment,
which cannot control or measure lateral stresses or offer nuanced insights into
hydro-mechanical coupling.

This research aims to push the boundaries of current knowledge and technology,
providing more reliable models and datasets for the understanding and application of
Dutch soft organic clays in the engineering practice.
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1.3. THESIS ORGANISATION

T his thesis begins by studying the behaviour of organic clay under static conditions,
which serves as a reliable basis for understanding its cyclic behaviour. The consti-

tutive model is then developed based on experimental observations. Lastly, the thesis

presents the development of a new experimental setup. The chapters of the thesis can

potentially be converted into independent research papers or are currently under re-

view:

* Chapter 2 delves into a thorough experimental programme on typical organic soft
clay from the Netherlands. This chapter explores static stress paths in triaxial com-
pression and extension. The findings point out certain limitations in existing mod-
els, which were addressed by modifying the yield surface shape and enhancing the
rotational hardening rule.

* Chapter 3 presents results from ‘slow’ cyclic tests on typical organic soft clay from
the Netherlands. The chapter investigates the cyclic response under various ini-
tial stress states, organic content, and loading amplitudes. Data from these tests
are used to extend and validate the proposed model, adopting a bounding surface
formulation.

* Chapter 4 discusses the role of rate-dependency when modelling the cyclic be-
haviour of organic soft clay. The proposed model is extended to an elastoplastic-
viscoplastic bounding surface formulation. The model is validated with a relevant
set of experimental data from slow cyclic tests.

* Chapter 5 introduces a cutting-edge multidirectional shear device developed as
part of this work and now available at the Geo-Engineering Section at TU Delft.
This device surpasses previous equipment by enabling higher loading frequen-
cies and a broader array of multidirectional cyclic loading patterns. Preliminary
test results are provided to showcase the complex loading conditions that can be
achieved. Thorough validation tests with commercial apparatus are performed on
organic soil samples.

* Chapter 6 provides a comprehensive summary of the results, conclusions, and rec-
ommendations derived from this research.

The thesis is supplemented by three appendices:

* Appendix A describes the calibration of testing equipment utilised in the thesis.

* Appendix B presents the sensitivity analysis on the model parameters of the JMC-
Clay bounding surface model.

* Appendix C provides the sensitivity analysis on the model parameters of the JMC-
Clay elastoplastic-viscoplastic bounding surface model.

An illustrative map of the thesis is displayed in Figure 1.1.
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Static Behaviour: Slow Cyclic Loading:
Experimental Insights and Constitutive Modelling Experimental Analysis and Modelling

o | o T

Denatori stress, a (Pa)

5 10

s 75w
a0 Mean effective sres, ' (W)
g

0w ww i
Mean effectve siress, ' (kPa)

M,=09

g %
Su- .
g, um0s -
3o 1.
004
2
o @

I
Mean effective siress, p 192)

Rate Dependency in Modelling Cyclic Behaviour: Beyond Conventional Testing:
Elastoplastic-Viscoplastic Framework A Novel Cyclic Multidirectional Shear Device
w4 R e ‘
. SV [ [
T v

Deviatoric sres,  (P2)
Devatric Stress, o (Pa)

T T T T 1
75 a0 w10 005 oo 0 ooms  oms
Mean effective stress, o (3) il stain, 5, ()

1008 o oo

oot a0n
Devitorc strane )

Figure 1.1: Illustrative map of the thesis
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In building science, as in building life, a solid foundation is everything.
Without it, nothing holds.

Carl Sagan

The content of this chapter has been submitted as a research article to the International Journal for Numerical
and Analytical Methods in Geomechanics.
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2.1. ABSTRACT

he engineering behaviour of soft organic clays is influenced by anisotropy, stress his-

tory, and the characteristics of organic matter. While their response under compres-
sion has been extensively studied, and existing models can effectively replicate these
behaviours, questions remain about their behaviour under stress paths other than com-
pression. This study offers a comprehensive analysis of axisymmetric stress paths, in-
cluding extension, and introduces a new dataset to support the calibration and develop-
ment of constitutive models. An organic diatomaceous clay from the Netherlands was
subjected to an extensive experimental program that included both monotonic and non-
monotonic stress paths in both compression and extension. The data reveal a few lim-
itations in current elastic-plastic models, which were addressed by introducing greater
flexibility in the yield function shape and enhancing the rotational hardening rule. The
newly developed JMC-clay model is evaluated and validated across various stress paths.
Comparisons between experimental data and numerical simulations demonstrate the
model ability to accurately describe pre-failure behaviour. The findings emphasize that
the model performance is particularly sensitive to elastic-plastic compressibility, more
so than any other parameter. Moreover, the true challenge in applying this class of
anisotropic models lies in accurate initialisation rather than calibration.
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2.2. INTRODUCTION

oft organic soils are commonly found as predominant natural geomaterials at the

depths of interest for geotechnical engineering works in many deltaic areas around
the world. With the increase in global population, structures and infrastructures con-
struction on soft soils is becoming more and more extensive. Advancing the understand-
ing of the mechanics of these soils is essential to optimise construction techniques, min-
imise risks, and ensure the long-term integrity of infrastructure. Reliable information is
crucial for designing and assessing structures in compliance with both ultimate limit
states and serviceability limit states, necessitating accurate predictions of soil behaviour
under both pre-failure and failure conditions.

Previous investigations have predominantly focused on compression stress paths in
the meridian plane. These studies have revealed that organic clays are characterised by
high compressibility, relatively high friction angles, stress-induced anisotropy, possible
loss of structure at relatively low stresses, and strain-rate dependency (Parry and Nadara-
jah, 1974; Burland, 1990; Hight et al., 1992; Callisto and Calabresi, 1998; Zdravkovié¢
et al.,, 2002; Pineda et al., 2016; Bjerrum, 1967; Graham et al., 1983; Sheahan et al.,
1996). These findings have underpinned the development of various constitutive models
within frameworks such as elasto-plasticity, hypo-plasticity, and bounding surface plas-
ticity for simulation and practical applications (Karstunen et al., 2005; Masin, 2005; Reza-
nia et al., 2018; Seidalinov and Taiebat, 2014). It is worthwhile noting that, once a com-
prehensive and robust rate-independent model is established, extending it to account
for time/rate-dependent responses and/or cyclic behaviour becomes relatively straight-
forward within frameworks like elastic-viscous-plasticity (Coelho et al., 2021; Leoni et al.,
2008; Rezania et al., 2016; Sivasithamparam et al., 2015) or bounding surface (visco)plasticity
(Jiang et al., 2012; Rezania and Dejaloud, 2021; Seidalinov and Taiebat, 2014). However,
the success of this approach hinges on the parent rate-independent formulation ability
to accurately reproduce soil behaviour across a variety of stress paths. Addressing this
challenge forms the core focus of this research, representing the first step toward devel-
oping a comprehensive modelling approach suitable for organic soft clays.

Focusing on elastic-plastic approaches, numerous models for soft clays have been
proposed, particularly following the seminal work of Sekiguchi and Ohta (1977) and
Hashiguchi (1977). Most of these models address stress-induced plastic anisotropy through
a rotational hardening rule applied to the yield function and plastic potential. Within
this category, two models, S-CLAY1 (Wheeler et al., 2003) and SANICLAY (Dafalias et al.,
2006), are particularly noteworthy. Both models expand upon the Modified Cam Clay
(MCC) formulation (Roscoe and Burland, 1968) by incorporating a rotational hardening
rule dependent on plastic strains. The primary difference between these two models lies
in their use of associated (S-CLAY1) versus non-associated (SANICLAY) yield and plastic
potential functions. The associated formulation simplifies the model, making it easier
to calibrate and sufficiently accurate for many applications. However, subtle features of
the soil behaviour such as the observed decrease in deviatoric stress before reaching the
critical state on the wet side (Pineda et al., 2016), cannot be captured by an associated
formulation without additional model complexities. Some researchers attribute this be-
haviour to loss of structure, which has been modelled as a reduction of the elastic do-
main, or softening, at increasing stress ratios (Huang et al., 2011; Karstunen et al., 2005).
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However, this behaviour can also be modelled by adopting different shapes for the yield
surface and plastic potential, thereby leading to the development of a non-associated
formulation (Dafalias et al., 2006; Yamada et al., 2001).

Despite extensive global research on soft clays and significant experimental char-
acterisation efforts within the Netherlands (Cheng et al., 2007; Cheng et al., 2004; Den
Haan, 2003; Tigchelaar et al., 2001), advanced material modelling of Dutch soft clays lags
behind, even as the demand for numerical modelling in engineering practice increases.
This research aims to address this gap by achieving two primary objectives: (i) expand-
ing the database of experimental results for soft clays across various triaxial stress paths,
including extension paths, which are critical yet seldom thoroughly investigated; and
(i) refining existing elastic-plastic models to better capture pre-failure behaviour and
responses under extension stress paths, which are crucial for engineering applications.
Recognising that a non-associated formulation is better suited to most Dutch clays, SAN-
ICLAY was selected as the starting point. Building on this foundation, a new model, JMC-
clay, is proposed, which enhances the yield surface shape and rotational hardening rule
to better fit new experimental evidence, including extension stress paths.

2.3. EXPERIMENTAL INVESTIGATION

2.3.1. MATERIAL DESCRIPTION

he material used in the experimental investigation was collected at the Leendert de

Boerspolder in the Netherlands, where a full-scale test on a historical regional dyke
was performed (Jommi et al., 2019). Samples were retrieved from the soft clay foundation
layer using a 106 mm piston sampler at two locations: between 6.1 and 7.3 m below the
ground surface underneath the crest of the dyke, and between 3.9 and 4.4 m below the
polder. To reduce bio-degradation, the material was stored in a climate-controlled room
at10+1°C and 90% relative humidity. To avoid loss of organic matter, oven-drying for soil
classification was performed at 60°C (Head, 1992). The specific gravity of the soil, G, was
measured with a helium pycnometer (D5550-14, 2014) and the organic content, OC, was
assessed by ignition at 440°C (D2974-14, 2014). The material retrieved below the crest of
the dyke is a clayey sandy silt with variable organic content ranging from 2.7 to 7.3%. The
material from the polder side is a silt with a higher clay fraction (38%) and an organic
content of about 4%. The tested samples are divided into groups depending on their
organic content and sampling location (groups (III) to (IX) below the crest of the dyke,
group (X) from the polder side). Figure 2.1 reports the particle size distribution from
wet-sieving and hydrometer analysis for the tested groups. Relevant index properties
are summarised in Table 2.1.

An impression of the fabric of the tested material is displayed in Figure 2.2 from
ESEM photomicrographs. The fabric is organised in aggregates with a characteristic size
of the order of 100um (Figure 2.2(a)), where silt particles and diatoms microfossils are
visible (Figure 2.2(b)).
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Figure 2.1: Particle size distribution of the tested material

Table 2.1: Index properties of the tested material

Index property Value
Water content, w (%) 46 - 101
Plastic limit, wy, (%) 30-41
Liquid limit, w; (%) 50 - 102
Plasticity index, I, 20-61

% of particles <0.002 mm 3-38
Organic content, OC (%) 27-73
Specific gravity, G 2.60 - 2.67

(@)

Figure 2.2: ESEM photomicrographs of the tested material (group VIII) at different magnification levels: (a)
1000x and (b) 5000x
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2.3.2. TESTING PROGRAMME

ndisturbed samples having a nominal 38 mm diameter and 90 mm height were

tested in the triaxial apparatus. Table 2.2 collects an indication of the stress path
followed on each sample, the initial void ratio, ey, the maximum mean effective stress,
Pt max Teached during the test and the mean effective stress at the start of the shear, p}.
The triaxial system includes a submersible 1 kN load cell, back pressure and cell pres-
sure volume controllers with an accuracy of +1 kPa on pressure and +200 mm? on vol-
ume (0.1% full-scale range). A suction cap was used to ensure perfect contact between
the load cell and the top cap. All the drained tests were performed under stress control,
assuring a maximum excess pore pressure lower than 3 kPa.

Samples from groups (VI) and (IV) were brought to failure with standard TxCD tests
or nearly constant p' tests (Figure 2.3(a) and Figure 2.3(b)). Different loading histories
(i.e. isotropic and Ky compression, radial - 1 = g/ p’ constant - compression and exten-
sion paths) and shearing constraints (i.e. TxCU, p’ constant, g constant) were imposed
on samples from groups (VID), (VIII) and (IX) as displayed in Figure 2.3(c)-2.3(d). Ky
stress-controlled compression tests were performed in the triaxial apparatus with vol-
ume change and axial displacement back measurement, allowing for automatic adjust-
ment to guarantee negligible radial strains. Multistage, loading-unloading, radial com-
pression, constant p’ and constant g stress paths were followed on the samples from
group (III) to better evaluate the non-monotonic pre-failure response (Figure 2.3(e)).
Samples from the group (X) were compressed along different radial paths to specifically
assess the evolution of anisotropy (Figure 2.3(f)).
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Table 2.2: Initial state and type of stress path followed in the triaxial tests

Tube Sample Test OC Group e  Pemax  Ps
ID (%) ) (kPa)  (kPa)
B103-13 T1 Isotropic 6.4 III 1.97 149 26
T2 Kp* 6.4 1.97 - 11
T3 Mixed™* 6.4 191 69 36
B103-13 T1 Mixed 6.0 IV 1.81 67 36
T2 Mixed 6.0 1.71 68 36
B103-14 T1 p' constant 4.0 VI 1.26 14 14
T2 TxCD 4.0 1.33 14 14
B103-14 T1 Isotropic 29 VI 1.51 - 7
T2 Ky 2.9 1.40 - 7
T3 Mixed 2.9 1.45 70 38
T4 Mixed 2.9 1.47 70 38
B106-13 T1 Mixed 3.5 VII 1.60 - 5
B106-13 T1 Mixed 27 IX 1.22 70 38
T2 Mixed 2.7 1.24 69 39
T3 Ko 2.7 1.21 - 6
B101-10 T4 Ko 2.2 1.17 - 7
B101-8 T1 Mixed 42 X 277 - 6
T2 Mixed 4.5 2.74 - 6
T3 Mixed 3.8 2.58 - 5
T4 Mixed 3.5 2.61 - 7
TS5 Mixed 4.6 2.76 - 5
T6 Mixed 3.7 2.60 - 6
T7 Mixed 3.4 2.28 - 6
T8 Mixed 3.2 2.24 - 5
T9 Mixed 3.2 2.39 - 5

* K triaxial compression at null lateral strain
** Mixed: various combinations of stress paths at constant stress ratio, p’ constant
loading-unloading and g constant paths (see Figure 2.3 for the specific soil samples)
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2.4. RESULTS AND INTERPRETATION

he triaxial data are elaborated adopting the common triaxial stress-strain variables:

mean effective stress p’, deviatoric stress g, volumetric strain, ¢,, and deviatoric
strain, £4,. Compressive stresses and strains are assumed positive. Natural strains (Lud-
wik, 1909) are adopted to avoid bias in the data interpretation caused by the large dis-
placements attained by the samples (Jommi et al., 2021).

2.4.1. COMPRESSION BEHAVIOUR

he volumetric response upon isotropic and Ky compression is displayed in Figure 2.4.
T A unique set of 1D and isotropic compression lines can be identified for each group
whose position depends on the initial void ratio as typically observed for silty soils (e.g.
Nocilla et al., 2006; Ponzoni et al., 2014). The slope of the 1D virgin compression line,
Mp-vcr, is slightly higher than the isotropic compression line, A;so-ncr, as shown in
Figure 2.4. An average ratio A1p_vcr/Arso-ncr = 1.14 is found.

2.4
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2
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g
5167
h=]
o
] i
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Figure 2.4: Isotropic and Ky compression paths for samples from groups (III), (VII) and (X)

Dependence of the compression response on the organic content is also expected
(Caicedo et al., 2018; Ponzoni, 2017; Reina Leal, 2019). Figure 2.5(a) shows the influence
of the organic content on the slope of the compression line for the tested soil, over the
stress paths in Figure 2.3. The ratio between the slope of the compression line and the
slope of the reloading line with the organic content is presented in Figure 2.5(b), a ratio
A/x=9 can be found.

The experimental data show a consistent increase in A from 0.1 to 0.35 with the or-
ganic content ranging from 2 to 7%, with the exception of samples from the group (X).
The higher compressibility of these samples compared to other groups, despite the sim-
ilar organic content e.g. (VII) and (VIII), might be attributed to their higher clay content
(Figure 2.1). However, inspection of ESEM photomicrographs reveals an abundance of
large intact diatoms microfossils in the matrix of samples from the group (X) (Figure 2.6)
compared to few and small broken diatoms inclusions in group (VIII) (Figure 2.2(b)).
The presence of large diatoms justifies an increase in compressibility due to their hollow
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skeleton and trapped water in their intraskeletal pore space (Caicedo et al., 2018; Diaz-
Rodriguez et al., 1992; Lo, 1962; Mesri et al., 1975; Shiwakoti et al., 2002; Tanaka and
Locat, 1999; Zhang et al., 2023).
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Figure 2.5: Variation of (a) the slope of the compression line with the organic content (b) the ratio between the
slope of the compression line and the slope of the reloading line with the organic content

Figure 2.6: ESEM photomicrograph of the tested material from the group (X)

2.4.2. SHEAR BEHAVIOUR

he response upon shearing is summarised in terms of stress ratio, n = g/ p’, versus

deviatoric strain for different groups of samples. For the sake of clarity, only the last
portion of each stress path up to failure is plotted. The results in Figure 2.7 show an ulti-
mate stress ratio Mg, . = 1.42 in triaxial compression and Mg . = 1.05 in triaxial extension,
corresponding to different friction angles ¢/, = 35° and ¢/, = 39.5°. Samples from group
(VD) tested at very low confining stresses, p’ < 25kPa, attain a peak stress ratio equal to
1.8 before tending asymptotically towards the ultimate stress ratio. Samples T2 and T3
from group (I1I) showed a slightly higher ultimate stress ratio at large strains due to poor
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controllability when the samples approach failure under g — constant stress path (Fig-
ure 2.3(e)).
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Figure 2.7: Stress ratio versus deviatoric strain during the final shearing stage up to failure for samples from
groups: (a) (I1T), (IV), (VI) and (b) (VID), (VIII), (IX)

The ultimate friction angle in triaxial compression, ¢, = 35°, gives a reasonably con-
sistent estimate of the at-rest lateral earth pressure coefficient in normally consolidated
conditions using Jaky’s simplified relationship (Kp = 1 —sin¢/, = 0.43) compared to the
experimental value, K¢ (0.43 - 0.48), determined from sample T2 (III), T2 (VII), T3 (IX)
and T7 (X). Figure 2.8(a) displays the evolution of the lateral stress ratio, K; = o)./d/,
during the Ky compression tests. For samples T3 (IX) and T4 (IX), the test included a Kj
loading and unloading path. Figure 2.8(b) reports the development of the lateral stress
ratio versus the over-consolidation ratio, OCR, compared with the relationship (Schmidt,
1966).

K o

W =OCR 2.1
where K(?C is the at-rest lateral earth pressure coefficient in over-consolidated condi-
tions and OCR is the over-consolidation ratio in terms of axial effective stress. Fig-
ure 2.8(b) proposes a comparison between the experimental data and the commonly
adopted values of m = 0.5 and m = sin¢, (Mayne and Kulhawy, 1982). The experimental
data seem to suggest m = 0.42 for the tested material.

Different responses upon Ky compression among the tested samples can be observed
in Figure 2.8(a). Samples T2 (III), T7 (X) and T9 (X) show a significant decrease in the lat-
eral stress ratio at around o, = 50 kPa, followed by a gradual increase towards the asymp-
totic value of 0.46. This ‘shoulder’ shape of the lateral stress ratio has already been no-
ticed by numerous authors (e.g. Leroueil and Vaughan, 1990; Watabe et al., 2003). Cotec-
chia and Chandler (1997) suggested structure changes associated with the transition be-
tween pre- and post-yielding domains as an explanation of this behaviour. Additional
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insight on Ky compression response is provided in Figure 2.9, where the results are plot-
ted in terms of the void index (Burland, 1990), I,, for both undisturbed and reconstituted
samples of each group. The results seem to suggest a more pronounced initial decrease
in the lateral stress ratio followed by an increase, for those samples whose state lies well
above the ICL (T2 (IIT), T7 (X), T9 (X)). In contrast, samples T2 (VII), T3 (IX) and T4 (IX),
which lie close to the ICL, show a monotonic gradual decrease in the lateral stress ratio.
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2.4.3. YIELD LOCUS

T he initial position and shape of the yield locus for the tested material were derived by
exploiting the multiple stress paths in Figure 2.3. Various criteria were adopted for

this aim (Becker et al., 1987; Muir Wood, 1990), and the points best matching all of them

were eventually chosen (see Muraro and Jommi (2021) for a detailed discussion). The

experimental yielding points in Figure 2.10 clearly suggest an anisotropic yield locus,

rotated on the p' axis.
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Figure 2.10: Trace of the yield locus on the p’ — g space from the estimated yield points and plastic strain
increment vectors

To fit the experimental yielding points, the expression proposed by McDowell and
Hau (2004) is extended to account for anisotropy:

(2.2)

R P e e

kp-1 P kp-1 Pe p.
where a; defines the inclination of yield locus in the p’ — g space and py, is the pre-
consolidation mean effective stress. The chosen surface allows enough flexibility in the
shape through the two coefficients ky and My. Standard shapes can be recovered, in-
cluding the anisotropic version of the Modified Cam clay model proposed by Dafalias
(1986) for kr = 2. As displayed in Figure 2.10, the experimental yield points are nicely
fitted by equation (2.2) with My . = 0.99, My, = 0.74, kf = 1.25, and a ¢ = 0.51. The ini-
tial inclination of the yield locus was calculated based on the Kj tests as described by
Dafalias et al. (2006). The initial inclination of the yield locus was determined as de-
scribed by Dafalias et al. (2006), assuming x /A =1/9 and v =0.2.

Figure 2.10 also shows a comparison between the experimental plastic strain incre-
ment vectors computed along the different stress paths at the onset of yielding and the
theoretical ones assuming normality condition with the yield locus in equation (2.2).
The volumetric and the deviatoric plastic strain increments, 655 and 585, have been de-
rived from the total ones by computing the elastic strains increment, d¢j, and ¢g, with
a hypo-elastic isotropic law with a constant Poisson’s ratio, v = 0.2:
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65‘;,:—;K:— (2.3)

. :5_q_G: 3(1-2v)
7 3G’ 2(1+v)

where v is the specific volume, K is the bulk stiffness, « is the slope of the unloading-
reloading compression line, G is the shear modulus, §p’ and §¢q are the increment in
mean effective stress and deviatoric stress, respectively. For each radial path, the value
of x has been determined from the experimental data. The comparison in Figure 2.10
suggests that the normality assumption does not hold for the tested material, as al-
ready highlighted by other authors on similar soils (Newson and Davies, 1996; Wong
and Mitchell, 1975).

b€ (2.4)

2.4.4. ANISOTROPIC PLASTIC DEFORMATION MECHANISM
N natural soft clays are expected to exhibit anisotropic response due to both the pre-
vious stress history (i.e. depositional conditions) and the subsequentloading (Wheeler
etal., 2003). The post-yielding plastic deformation response was analysed in terms of in-
clination f of the plastic strain increment vectors, where
p
beg
p
oey

tanf = (2.5)

along stress paths at constant stress ratio.
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Figure 2.11: Change in the inclination of the plastic strain increment vectors along radial paths

Figure 2.11 shows progressive reorientation of the plastic strain increment vectors
along radial paths at constant stress ratios. The magnitude of the rotation depends on
the previous stress history and loading direction. For the K, compression test on sample
T3 (IX), the plastic strain increment vectors do not rotate as a result of the initial align-
ment of the fabric along the Kj line.
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The experimental evidence in Figure 2.11 justifies adopting an anisotropic stress-
dilatancy rule (i.e. anisotropic plastic potential) such as the well-established expression
proposed by Dafalias (1986)

1 Mg
S tanf  2M-ag)

(2.6)

where d is the dilatancy, M, is the critical stress ratio, and a is a non-dimensional
anisotropic variable, which accounts for the deviatoric and volumetric plastic strain rates
coupling and introduces the anisotropic response in the plastic deformation mecha-
nism. By integrating equation (2.6), the plastic potential reads:

g=(q-pag)+Mz-al)p'(p' - py) @.7)

where pj is a dummy variable.

As shown in Figure 2.11, with enough straining along radial paths, the inclination of
the plastic strain increment vectors reaches a fairly constant value. At this stage, equa-
tion (2.6) allows deriving the asymptotic values of a called “equilibrium or bounding”
values, a gb» for different radial paths (Dafalias and Taiebat, 2013). To account for the
different friction angle in triaxial compression and extension observed in Figure 2.7, the
experimental data are normalised with the critical stress ratio, M(8), corresponding to
the Lode angle, 0, of the followed stress path, namely, Mg, . for n > 0 and Mg . for n <O0.
Figure 2.12 shows the comparison between the experimental data and the two analyti-
cal expressions proposed in S-CLAY1 (Wheeler et al., 2003) and SANICLAY (Dafalias and
Taiebat, 2013). The parameters of the reference analytical expressions were calculated
based on the Ky compression tests as described by Wheeler et al. (2003) and Dafalias
et al. (2006). As shown in Figure 2.12, both models fit reasonably well the experimental
data in the triaxial compression domain. However, the agreement is not satisfactory in
the extension domain, especially at high stress ratios, n/ Mg, < —0.5.

0g,/M(6)

-1 -075 -0.5 -0.25 0 025 05 075 1
n/M(6)

Figure 2.12: Bounding values of a g, for different radial paths
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To better fit the new experimental evidence in Figure 2.12, the expression proposed
by Dafalias and Taiebat (2013) is amended by weighing the asymptotic behaviour with a
strictly positive power coefficient, y, and giving the de-amplification factor, z of the orig-
inal proposal a dependency on the Lode angle. For triaxial compression and extension,
the proposal reads:

Mg, m \1Y
gy = Z_f\,[ [1 —exp (—swgifﬂ)] , %fn =0

- [1 —exp(—sm)] ifn<o0
where s is a positive model constant and z., z, are the values of z over triaxial compres-
sion and triaxial extension, respectively. This choice implies that the model can attain
different critical state lines in compression and extension paths, as already observed on
different types of clays (Yin and Chang, 2009). The experimental data for a wide range
of stress ratios were fitted with the proposed equation with y =2, z. = 1.6, z, = 1.2, and
s =2, as plotted in Figure 2.12.

It is worth mentioning that the results in Figure 2.12 are derived from experimental
results (i.e. plastic strain increment vectors) and theoretical assumptions on the plastic
deformation mechanism (i.e. plastic potential as in equation (2.7)). If the information
in Figure 2.12 is also used to infer the evolution of anisotropy of the yield surface, equa-
tion (2.8) can be adopted in the rotational hardening rule assuming that ay = ag = a
(Dafalias and Taiebat, 2013; Jiang and Ling, 2010; Jiang et al., 2012).

(2.8)

2.4.5. HARDENING MECHANISM

ritical state models often assume that the current size of the yield surface is con-

trolled solely by plastic volumetric strains, however, information on organic soils is
still scarce. Muraro and Jommi (2021) provided evidence that in highly organic peats the
hardening mechanism is also ruled by deviatoric plastic strains, likely due to the rear-
rangement/realignment of the fibres present in the peat fabric. To discriminate between
the two hypotheses for the tested material, the results of drained tests are analysed. Fig-
ure 2.13 reports the evolution of the pre-consolidation mean effective stress, pL, with the
volumetric plastic strains, 55, computed for different radial paths. The current value of
p. is normalised with the value when the inclination of the yield locus, a, reaches equi-
librium along each radial path. This allows isolating the change in the size of the yield
locus from its change in inclination.

The evidence in Figure 2.13 supports the assumption that the size of the yield locus
for organic clays is ruled solely by the plastic volumetric strains, as opposed to highly
organic fibrous soils like peats. All the experimental data align well with the traditional
volumetric hardening law (Muir Wood, 1990).

6/
p: A-x

(2.9)

A second hardening rule is needed to control the rotation rate of the yield locus pro-
duced by plastic straining. As anticipated adhering to a common choice, the rotational
rule derived for the plastic potential (equation (2.8)) is also used for the yield locus as
proposed by JDafalias and Taiebat (2013), Jiang and Ling (2010), and Jiang et al. (2012).
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Figure 2.13: Evolution of the pre-consolidation mean effective stress with volumetric plastic strain for different
radial stress paths

For the rotation rate, a = dag = da » the suggestion by Dafalias and Taiebat (2013) is
chosen, with

!
Sa= (L)cpatm% (@p—a) 2.10)
[
where the plastic multiplier, L, is enclosed in Macauley brackets () to track plastic load-
ing (i.e. L> 0 and (L) = L) and elastic unloading (i.e. L <0 and (L) = 0), pam is the
atmospheric pressure, p/, is the pre-consolidation pressure, ¢ is a model parameter con-
trolling the rate of the evolution of a, and «aj is the bounding value of a attained along
the reference constant stress ratio path (equation (2.8) and Figure 2.12).

2.5. NUMERICAL CALIBRATION, PREDICTIONS AND VALIDATION

2.5.1. MODEL PARAMETERS

he capabilities of the JMC-clay elastoplastic model built on the previous experimen-

tal findings are discussed by simulating the laboratory tests with a single Gauss point
scheme. To highlight the benefits of the JMC-clay model over previous formulations,
for a few specific tests a simulation with SANICLAY model (Dafalias and Taiebat, 2013),
which served as a reference model for this work, is included. Where the simulation with
SANICLAY is not reported, the two models perform in an almost identical way.

The model requires calibration of 12 parameters, which can be determined as fol-
lows:

e x*, A* and c are calibrated on isotropic compression test with axial strain and vol-
umetric strain measurements to assess the evolution of deviatoric plastic strain
component (i.e. anisotropic response). It is worth reminding that in the JMC-clay
model, x* and A* are defined on the In(v) — In(p’) space;

* vis estimated from a Ky unloading path;
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* Mg, Mg, are determined from triaxial compression and extension tests;

° Z¢ Ze, s and y are defined by fitting equation (8) on at least three triaxial tests: Ky
compression and two radial paths, one in compression and one in extension; if
no data is available on the extension side, z, can be obtained assuming z./z. =

el

* My . and kf are determined from yielding points along drained stress probe paths;
My . is obtained assuming My, ./ My . = Mg o/ Mg, .

In the simulation of the tests with the JMC-clay model, the unique set of calibrated
parameters collected in Table 2.3 could be used for all groups. For the slope of the com-
pression line and unloading-reloading line, a different strategy was preferred, and spe-
cific values were calibrated on each sample group to account for their strong depen-
dence on the organic content reported in Figure 2.5. The ratio x*/1* was assumed equal
to 1/9. The adopted 1* values are collected in Table 2.4. The calibrated parameters for
the SANICLAY model are listed in Table 2.5.

Table 2.3: Model parameters adopted in the JMC-clay simulations

Mg. MgelMg: v C Zc Ze s Yy M. ky
1.42 0.74 02 50 16 12 22 2 099 125

Table 2.4: Calibrated values for A* for different groups of samples depending on their organic content

Parameter (IID- (V) (VI) (VIID (IX) X
A* 0.137 0.085 0.095 0.065 0.140

Table 2.5: Model parameters adopted in the SANICLAY simulations

Mg. Mge/Mg., v ¢ z s Mg  ky
1.42 0.74 02 50 215 215 099 20

2.5.2. STRESS STATE INITIALISATION

hree initial state variables are needed for the proposed model, namely the initial void
T ratio, e;, corresponding to the initial mean effective stress at the beginning of the
triaxial test, p}, and the initial inclination of the yield locus and plastic potential, ;. The
latter was determined assuming Ky conditions when the sample was retrieved from the
field:

e+ [r0 - BN e M e o
= 2e(1-x*/A%) T -

a; ; (2.11)

where € = 3 and 7 is the stress ratio corresponding to K* = 0.43 coming from Jaky’s
relationship. For normally consolidated conditions, the corresponding initial pre-consolidation
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pressure, p, can be computed from equation (2.2) with a; and the estimated stress state
in the field (p; P qi,f)-

! NC
o', ;(1+2K))

3 $qip=0,;(1-K'0) 2.12)

p;,f =

For over-consolidated conditions, the yield surface is initialised based on the estimated
over-consolidation ratio.

2.5.3. EVOLUTION OF THE YIELD SURFACE AND PLASTIC POTENTIAL

T he two novel ingredients introduced in the JMC-clay model from the experimental
evidence are the flexible shape of the yield locus (equation (2.2)) and the asymptotic
relationship for ag, (equation (2.8)). To validate these changes compared to existing
models, the model predictions for the yield locus and the evolution of the plastic strain
increment vectors are analysed.

Figure 2.14(a) displays the initial yield surface (dashed line) and the subsequent yield
locus, expanded and rotated, predicted by the JMC-clay after isotropic compression up
to 70 kPa. The predicted yield surface fits very well with experimental yielding points
obtained on samples (T3 (III), T1 (IV), T2 (IV), T3 - T4 (VII), T1 - T2 (IX)) after isotropic
loading up to 70 kPa, unloading to 40 kPa, and shearing following different probing stress
paths. Also, the model demonstrates excellent capability in describing the evolution of
the plastic deformation mechanism both in compression and extension as shown in Fig-
ure 2.14(b), where the experimental and predicted rotation of the plastic strain incre-
ment vectors along radial paths are compared.
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Figure 2.14: Experimental data and numerical prediction for: (a) expanded and rotated yield locus after the first
isotropic loading-unloading stage and (b) rotation of the plastic strain increment vectors along radial paths
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2.5.4. DRAINED TRIAXIAL TESTS
T he comparison between the experimental results and the model simulations is re-
ported in Figure 2.15 for Kj loading-unloading test and in Figure 2.16 for a multiple

drained stress path, which includes p’ constant, radial path and p’ constant loading-
unloading path.
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Figure 2.15: Comparison between numerical simulations and experimental data for Ky loading-unloading on
sample T3 (IX)

As expected, the model correctly estimates the final stress path corresponding to the
Kév C state given the calibration of the bounding values a gb- At the beginning of the
loading path, the model predicts higher over-consolidation than the one observed ex-
perimentally. Upon unloading, the predicted stress path follows the experimental one
reasonably well until p’ = 80 kPa, when the latter deviates, possibly indicating the oc-
currence of yielding. Both these observations seem to suggest that the shape of the yield
locus on the dry side could be slightly narrower than the one adopted in Figure 2.10.
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Despite these small differences, the model simulation shows good qualitative and quan-
titative agreement with the experimental results both in the volumetric and deviatoric
response for a wide range of strains. The qualitative and quantitative agreement be-
tween the JMC-clay model and the experimental data is also confirmed by the multiple
stress path in Figure 2.16.
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Figure 2.16: Comparison between numerical simulations and experimental data for multiple drained stress
paths including p’ constant, radial path, and p’ constant loading-unloading path on sample T1 (IV)

2.5.5. UNDRAINED TRIAXIAL TESTS: TXCIU

igure 2.17 shows the comparison between the experimental results and the numer-
F ical simulations of undrained triaxial compression tests on normally consolidated
and over-consolidated (OCR = 6) samples, starting from isotropic conditions, T1 (III)
and T1 (VII) respectively. For the normally consolidated side, the model shows good pre-
dictions of the initial stiffness and the overall stress path until the ultimate stress ratio,
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Mg . = 1.42. After the attainment of My ., the model shows a hook in the stress path with
afurther increase in the deviatoric stress, which is not observed in the experimental data.
As already discussed by Dafalias and Taiebat (2013), the discrepancy is a consequence of
the absence of volumetric plastic strains in the rotation hardening rule (equation (2.10)).
However, it is worth mentioning that geometrical effects in the triaxial setup may con-
tribute to the sample ultimate deformation mechanism, as shown by Chao et al. (2023).
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Figure 2.17: Comparison between numerical simulations and experimental data for TxCIU tests on samples
T1(II) and T1(VID)

The comparison with the over-consolidated sample T1 (III) highlights the limita-
tions of an elastoplastic model on the dry side. The predicted stress path intercepts the
yield locus for a stress ratio above the critical state, while the experimental data show a
smoother stress path reaching a lower ultimate deviatoric stress.

2.5.6. UNDRAINED TRIAXIAL TESTS: TXCAU

o better explore the predictive capabilities of the proposed model, Figure 2.18 shows

the comparison between numerical simulations and anisotropically consolidated
undrained compression tests, which better replicates stress-strain states relevant for field
applications. With reference to the normally consolidated sample, T1 (VIII), the model
shows very good agreement with the experimental data both in the pre-failure and fail-
ure state. Better performance compared to the original SANICLAY is due to the adopted
shape of the yield locus, which helps in reproducing the observed stress path more accu-
rately (Figure 2.18(a)). An equally good performance is found for the over-consolidated
sample, T3 (IX), except for a slight underestimation of the deviatoric stress at failure
mainly due to the predicted elastic response over Kj unloading (Figure 2.18(c)), as dis-
cussed previously.
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Figure 2.18: Comparison between numerical simulations and experimental data for anisotropic TxCAU tests
on samples T1 (VIII) and T3 (IX)

2.5.7. MULTISTAGE DRAINED TRIAXIAL COMPRESSION TESTS

A dditional insight into the predictive capabilities of the JMC-clay model is shown on
multistage drained compression tests, which included loading and unloading along
a variety of stress path directions, as displayed in Figure 2.19.

The comparison in Figure 2.20 shows very good performance of the JMC-clay model
on both the volumetric and deviatoric stress-strain response for a wide range of strains
up to £, = 0.3 and ¢4 = 0.15. It is worth remarking that the data in Figure 2.19 were
partially used (i.e. radial paths) to calibrate the bounding values a g, while all the other
paths are predicted by the model.

In spite of the simplicity of the elastoplastic framework, the proposed model appears
to be able to describe accurately the pre-failure behaviour of the tested material over a
variety of stress paths, which is particularly relevant for field assessment and monitoring.
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Figure 2.19: Multistage drained triaxial compression tests used to validate the proposed model

2.5.8. DRAINED TRIAXIAL EXTENSION TESTS: SLIGHTLY OVER-CONSOLIDATED
SAMPLES

he model capabilities are also evaluated in comparison with drained triaxial exten-
T sion tests, which include an initial p’ constant path followed by a radial path along
different stress ratios (Figure 2.21). The samples were first isotropically loaded to p}, = 70
kPa before unloading to p), = 38 kPa, corresponding to an OCR = 1.8 (Table 2.2).

The comparison in Figure 2.22 shows very good performance of the JMC-clay model
on both the volumetric and deviatoric responses along different stress paths. The agree-
ment between the simulations and the data is not surprising, as the radial paths in Fig-
ure 2.21 were used to investigate the bounding values agj,. However, it is worth noting
that the model performs well in the entire pre-failure domain, showing a remarkable
improvement compared to previous models in view of practical applications.

2.5.9. DRAINED TRIAXIAL EXTENSION TESTS OVER-CONSOLIDATED SAMPLES
FROM THE FIELD

o better assess the advantages of the model over extension stress paths, the model
T predictive capabilities are evaluated on the prediction of the extension tests in Fig-
ure 2.23, performed on undisturbed samples from the polder side. Differently from the
samples in Figure 2.21, these samples were sheared directly starting from the undis-
turbed state, with an estimated over-consolidation ratio OCR = 3 (Ponzoni, 2017).

Both the JMC-clay and the SANICLAY models show very good quantitative agree-
ment on the volumetric response with the experimental data (Figure 2.24(a)-2.24(c)-
2.24(e)). On the contrary, the quantitative agreement on the deviatoric stress-strain re-
sponse is less satisfactory (Figure 2.24(b)-2.24(d)-2.24(f)). Both models overestimate the
deviatoric strain, although the prediction of the new model is improving the one by SAN-
ICLAY, thanks to the new calibration of the rotational rule.
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Figure 2.21: Drained triaxial extension tests on samples slightly over-consolidated in the laboratory
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espite calibration and validation of the JMC-clay model on the new dataset of ex-
D perimental data, the model predictions in Figure 2.24 show a systematic overes-
timation of the deviatoric strain along the extension radial path performed on undis-
turbed samples from the field. The samples were retrieved from the polder side with
estimated in-situ vertical effective stress o', of about 15 kPa and estimated OCR = 3. In
the previous simulations displayed in Figure 2.24, the initialisation of the hardening vari-
ables, p.. and a;, followed the assumption of an over-consolidation state caused by 1-D
loading/unloading, with a corresponding stress path and initial yield locus as depicted
in Figure 2.25(a). However, Ponzoni (2017) observed that the samples retrieved on the
polder side were not fully saturated, with an estimated degree of saturation between 0.8
and 0.9. Given the water retention properties of the material, also reported by Ponzoni
(2017), this would correspond to a suction stress of about 35 kPa. The latter might have
been responsible for apparent over-consolidation, more than purely mechanical load-
ing.

Based on this hypothesis, a different initialisation of the yield surface was attempted,
following the stress path history depicted in Figure 2.25(b). The equivalent isotropic suc-
tion stress was applied starting from the normally consolidated Ky state, which over-
consolidated the sample and, at the same time, contributed to re-orienting the yield
locus around the p’-axis (Romero and Jommi, 2008).

Figure 2.26 shows the influence of the two different initialisation hypotheses on the
following deviatoric stress-strain response. The simulation performed after the assump-
tion of suction-induced overconsolidation shows a clear improvement in the deviatoric
stress-strain response compared to the mechanical 1-D overconsolidation hypothesis.
The results on test T1 (X) improve to a large extent. For test T2 (X) in Figure 2.26(b) the
model prediction still shows a small overestimation of the deviatoric strain caused by
the proximity of the stress ratio to the critical one in extension, Mg ., which reduces the
shear stiffness to a greater extent than what observed experimentally.

These results should not be considered proof of the true origin of the observed over-
consolidation. They were included in the discussion to clearly highlight that constitutive
models built on anisotropic yield surfaces require a robust initialisation strategy to sup-
port their reliable use in practical applications.
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2.7. CONCLUSIONS

eliability of geotechnical design and assessment stems from advanced constitutive
R models, capable of modelling both the strength and the pre-failure behaviour of soil.
In this work, a typical Dutch soft organic clay was investigated, to provide as thorough as
possible insight on its stress-strain response over a variety of triaxial stress paths includ-
ing extension ones, for which data are still scarce. The results were scrutinised to identify
and tune relevant ingredients of an elastic-plastic modelling approach to be used in the
practice.

The experimental programme was designed to elucidate compressibility and shear
response, anisotropy and hardening of the organic clay. The experimental data show
that the compressibility of the material may vary more than other features, depending
on the organic content and the presence of diatoms. Over shear, the material displays a
friction angle dependent on the Lode angle, based on triaxial compression and extension
results. As expected, the depositional fabric is anisotropic and evolves rather quickly
depending on the stress path. Careful analysis of drained probes results demonstrates
that expansion of the yield locus is solely ruled by volumetric plastic strains, while the
evolution of anisotropy depends on the loading direction.

Based on the previous experimental findings, a new constitutive model, JMC-clay is
proposed. The model is built up on the SANICLAY framework due to the non-associated
flow rule, which was confirmed by the experimental results. The proposal extends the
previous formulation, essentially by allowing flexibility to the yield surface shape and
improving the rotational hardening rule with a dependence on the Lode angle. The ben-
efits of JMC-clay can be appreciated, especially in the deviatoric stress-strain response,
and they become more and more evident at increasing stress ratio in extension.

The numerical simulations show that the proposed model can capture well the pre-
failure response over non-monotonic loading and unloading stress paths, which is a cru-
cial need for its implementation in the engineering practice. However, inspection of the
limitations in the practical use reveals a very strong dependence of the predicted re-
sponse on the initialisation of the yield surface inclination, especially at low stresses. The
latter observation suggests that the bottleneck in the practical use of this class of models
lies more in the initialisation of the current state rather than in calibration, which can
follow a rather simple strategy in the laboratory.
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The greatest enemy of knowledge is not ignorance, it is the illusion of knowledge.

Stephen Hawking
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3.1. INTRODUCTION

ast research has shed light on various aspects of the cyclic response of clays. It is
P known that cyclic loading tends to deteriorate the soil structure, leading to a propen-
sity for volumetric reduction. In undrained conditions, it causes a corresponding de-
crease in effective stresses, resulting in a lower cyclic undrained shear strength than the
static one (Andersen, 2009). Studies have also found that the cyclic strength of clay re-
duces with an increase in the initial stress ratio prior to cyclic loading, and the presence
of initial shear stresses reduces soil stiffness and increases permanent deformation (Hy-
odo etal., 1994).

Furthermore, earthquake-induced settlements in clays consist of immediate settle-
ment during cyclic loading and post-cyclic recompression. These are affected by the
cyclic amplitude, pre-cyclic initial stress state, and soil compressibility (Yasuhara et al.,
2001). Time-dependent behaviour or ‘creep’ strains in clays have also been identified
(Bjerrum, 1967; Graham et al., 1983; and Sheahan et al., 1996). Under cyclic loading,
research suggests that increases in loading frequency can reduce excess pore pressure
development (Wichtmann and Triantafyllidis, 2018; Tafili et al., 2021) but lead to greater
stiffness degradation (Mortezaie and Vucetic, 2013).

Despite these extensive investigations into the dynamic properties, stress-strain be-
haviour, and post-cyclic responses of clays, research on the specific cyclic behaviour
of soft clays, particularly Dutch organic clay, remains scarce. While some studies have
examined the cyclic behaviour of soft marine clays (Vucetic, 1988; Hyodo et al., 1999;
Wichtmann et al., 2013; Pan et al.,, 2022), they have often neglected the impact of or-
ganic matter on these characteristics. This gap is notable, especially considering the
significant influence of organic matter on the monotonic behaviour of soils (Hight et al.,
1992; Paul and Barras, 1999). Various researchers have emphasised the significance of
the initial stress state preceding cyclic loadings on soils Wichtmann et al., 2013; Wicht-
mann and Triantafyllidis, 2018; Tafili et al., 2021; Ushev and Jardine, 2020). However, ef-
forts have been limited to characterising the cyclic behaviour under varying initial stress
states. This gap in our understanding is particularly relevant because soils in real-world
conditions are seldom exposed to isotropic stress states.

This Chapter aims to address these gaps and extend our knowledge by focusing on
the cyclic and post-cyclic response of Dutch organic clay. The study involves a com-
prehensive experimental programme, including strain and stress-controlled cyclic triax-
ial tests at various amplitudes and frequencies and starting from different initial stress
states. This Chapter not only summarises the dynamic properties of Dutch organic clay
based on experimental data but also extends the JMC-clay model to characterise its
cyclic response. The Chapter concludes with a sensitivity analysis and model validation,
comparing experimental data with numerical simulations to demonstrate the capabil-
ities and limitations of the J]MC-clay model in capturing various aspects of the cyclic
behaviour of Dutch organic clay.
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3.2. EXPERIMENTAL INVESTIGATION

3.2.1. MATERIAL DESCRIPTION

T he same groups of material used in the experimental investigation in Chapter 2 are
chosen to conduct the laboratory test in this Chapter. In addition, samples from two
new sample tubes (B101-10 and B101-7) which belong to group (IX) and (X) were also
used. Samples from these tubes were retrieved using a 106 mm piston sampler between
3.3t03.8m (B101-7) and 5.0 to 5.5 m (B101-10) below the polder. To reduce biodegrada-
tion, the material was stored in a climate-controlled room at 10 + 1°C and 90% relative
humidity. To avoid loss of organic matter, oven-drying for soil classification was per-
formed at 60°C (Head, 1992). The specific gravity of the soil, G5, was measured with
a helium pycnometer (D5550-14, 2014), and the organic content, OC, was assessed by
ignition at 440°C (D2974-14, 2014). The material retrieved from the tube B101-10 is a
clayey sandy silt with variable organic content ranging around 2%. The material from
the tube B101-7 is a silt with a higher clay fraction (38%) and an organic content of about
4%. The tested samples are divided into groups depending on their organic content and
sampling location. The particle size distribution from wet-sieving and hydrometer anal-
ysis for the tested groups and relevant index properties have been reported in Chapter 2.

3.2.2, TESTING PROGRAMMEME

ndisturbed soil samples of two different sizes were tested using a triaxial apparatus.

The majority of the samples had nominal dimensions of 38 mm in diameter and
90 mm in height. For tests that incorporated bender element measurements or optic
fibre pore pressure transducers, larger samples with nominal dimensions of 50 mm in
diameter and 100 mm in height were used. The experiments were categorised into two
groups based on the control mechanism: strain-controlled and stress-controlled tests.
In strain-controlled tests, cyclic strain amplitude, A cyc, is applied by controlling the
axial displacement, as shown in Figure 3.1. In stress-controlled tests, the cyclic stress
amplitude, qcyc, is defined as a proportion of the deviatoric stress at critical state stress
ratio, ¢y, as depicted in Figure 3.1. The stress-controlled is achieved by varying axial
load. Table 3.1 collects an indication of the stress path followed on each sample before
cyclic shear, the initial void ratio, eg, and the cyclic shear amplitude. The number of
loading cycles applied to samples used for stress-controlled is 100 cycles. The number
of loading cycles applied to samples used for strain-controlled is listed in Table 3.2.

Strain-controlled cyclic triaxial tests were performed on natural and reconstituted
samples from groups (VII) and (IX). Isotropic or Ky compression was imposed on sam-
ples before the cyclic shearing. Samples from groups (VII), (IX), and (X) were used to con-
duct stress-controlled cyclic tests. Different loading histories (i.e. isotropic and K, com-
pression, radial - 7 = g/p’ constant - compression and extension paths) were imposed
before cyclic loadings. In some samples, multiple cyclic loading stages were performed,
and a resting stage was placed between the cyclic stages to allow excess pore pressure
dissipation. If the sample did not reach large deformation or lose controllability, it was
brought to failure with standard TxCU or TxXEU tests after a post-cyclic recompression
stage in which the excess pore pressure fully dissipated.
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3.2.3. TESTING EQUIPMENT

wo triaxial systems were employed in the experimental programme: the GDS Tri-

axial Automated System (GDSTAS) and the GDS Quasi Dynamic Triaxial Automated
System (QDTAS), as shown in Figure 3.2. The primary distinction between the two lies
in their maximum loading frequencies and data acquisition rates. Based on the author’s
experience, GDSTAS is capable of achieving a maximum loading frequency of 0.005Hz
and a data acquisition rate of 1 Hz. In contrast, QDTAS can apply a loading frequency of
0.1Hz and a data acquisition rate of 500Hz. Additionally, QDTAS performs more effec-
tively in stress-controlled tests as its control loop accounts for the approximate stiffness
of the sample. Consequently, GDSTAS is utilised for strain-controlled tests, while QDTAS
is chosen for stress-controlled tests in this Chapter.

The triaxial system includes a submersible 1kN load cell, back pressure and cell
pressure volume controllers with an accuracy of +1kPa on pressure and +200mm? or
+1000mm? on volume (0.1% full-scale range). In addition, the accuracy and resolution
of axial displacement sensors is +0.035mm and 8 x 10~ mm. A suction cap was used to
ensure perfect contact between the load cell and the top cap. All the drained stress paths
were performed under stress control, assuring a maximum excess pore pressure lower
than 3kPa.
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Table 3.1: Initial state and type of stress path followed in the cyclic triaxial tests

Tube Sample Stress path OC Group ey Cyclicamplitude
ID before the test (%) ()
B103-14 CycTl Isotropic 2.86 VII 1.61  gcyc/qr =0.08 and 0.2
CycT2 KpandBE 2.86 1.58  £g4.cyc =2.5%
CycR1 Isotropic 2.56 1.07  &4,cyc = 0.5% (4 stages)
B106-13 CycTl Isotropic 23 IX 124 €qcyc=2% and 4%
CycT2 K 2.2 1.28  €4cyc=2%
CycRl1 Isotropic 2.1 128  €gcyc=2%
R2 Isotropic 2.1 1.25 -
B101-10 CycT3 Kpand BE** 2.2 1.17 -
B101-8 T1 Constantn*** 4.2 X 2.77  qcyc!/ gy =0.1and 0.26
T2 Constant i 4.5 2.74  qcyc/ gy =0.1and 0.25
T3 Constant n 3.8 2.58  (gcyc/ g =0.11 and 0.27
T4 Constant 3.5 2.61  qcyc/qy=0.11and 0.27
T5 Constant 4.6 2.76  qcyc/ gy =0.12 and 0.30
T6 Constant n 3.7 2.60  qcyc/qr=0.11 and 0.26
T7 Ko 34 2.35  (geyc/ g =0.08 and 0.2
T8 Isotropic 3.2 2.24  qcyc/ g5 =0.08 and 0.2
T9 Ko and BE 3.2 2.39  geyc/qr =0.1and 0.26
B101-7 CycT1 Isotropic 3.9 2.93  qcyc/qr =0.08 and 0.2

* K triaxial compression at null lateral strain
** BE: bender elements measurement

*** Constant 7: stress paths at constant stress ratio (see Chapter 2 for the specific soil samples)

The pseudo-elastic shear modulus, Gnax, provides valuable soil information rele-
vant to numerous geotechnical engineering applications, particularly in the simplified
assessment of soil response under cyclic or dynamic loadings (Lee and Santamarina,
2005). The bender elements are used in the experimental programme to access the
pseudo-elastic shear modulus of organic soft clay in this Chapter. The bender elements
are combined P and S wave transducers manufactured by GDS Instruments and consist
of two element inserts. The S-wave transmitter/P-wave receiver is installed in the top
cap, while the P-wave transmitter/S-wave receiver is in the base cap. The S-wave trans-
mitter includes two piezoceramic strips polarised in the same direction. When an exci-
tation voltage is applied, one strip extends, and the other contracts, causing the strips to
bend. The two strips in the receiver are polarised by the wave motion in opposite direc-
tions, as illustrated in Figure 3.3. The P wave transmitter consists of two piezoceramic
strips polarised in opposite directions. When an excitation voltage is applied, both strips
extend or contract. The two strips in the receiver are polarised by the wave motion in the
same directions, as also depicted in Figure 3.3.
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Table 3.2: Number of loading cycles applied to samples used for strain-controlled

SampleID  Number of Cycles

Cyc T2(VII) 90 cycles

CycRI(VI) 48, 46, 32, 50 cycles
CycT1(IX) 67 cycles (both stages)
CycT2(IX) 67 cycles

CycRI(IX) 67 cycles

(@)

Figure 3.2: Photo of triaxial system: (a) GDSTAS triaxial system (b) QDTAS triaxial system

i ’“ Transmitter Receiver
-

Receiver Transmitter

Figure 3.3: Photos and working principle of bender elements (after GDS Bender Elements Hardware Hand-
book)
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3.3. EXPERIMENTAL RESULTS

he triaxial data are elaborated adopting the common triaxial stress-strain variables:

mean effective stress p’, deviatoric stress g, volumetric strain, €p, and deviatoric
strain, £,. Compressive stresses and strains are assumed to be positive. Natural strains
(Ludwik, 1909) are adopted to avoid bias in the data interpretation caused by the large
displacements attained by the samples (Jommi et al., 2021).

The volumetric response of soil under cyclic loading can be tracked through the
stress path and the development of pore pressure. Figure 3.4(a) illustrates the definition
of cyclic excess pore pressure, Alcyc, and average excess pore pressure, Alayg, during
cyclic loading.

The soil exhibits not only a volumetric response but also a deviatoric response upon
cyclic loading. When constant cyclic stress is applied, the deviatoric response mainly
involves the accumulation of permanent shear strain, €4 per, and an increase in cyclic
strain amplitude, £ 4 cyc, under continuous cyclic loading, as shown in Figure 3.4(b). Con-
versely, if a constant cyclic strain is applied, the deviatoric behaviour is mainly charac-
terised by variations in the secant shear modulus, Ggsec, and damping ratio, D, as the
number of loading cycles increases. The definition and calculation of the secant shear
modulus and damping ratio in the cyclic triaxial test is illustrated in Figure 3.5. The
subsequent experimental results will focus on the aspects discussed above, including
volumetric and deviatoric responses.

A A
Ag__ : Cyclic deviatoric strain
a.cyc
Ae Permanent deviatoric strain
3
< o
O w
E £
g g
g @
Qo %) 4
g =
S ]
o ©
2 3
Y o N
g S
Py | Ae
68“\% ' IA"““ 4 £ aper
. i 2 " qeye M, a0
Au: Cyclic excess pore pressure ?e&# I @
Y -2 x oY
Au,: Average excess pore pressure q‘“ SeN
oW
> O ~ >
> >
Time Time

(a) (b)

Figure 3.4: Definition of (a) pore pressure generation and (b) permanent deformation during cyclic loading
(redrawn after Andersen, 2009)

3.3.1. STRAIN-CONTROLLED TESTS

train-controlled cyclic triaxial tests are widely used to study the cyclic behaviour of
S soils. One advantage of such tests is that they allow for the observation of variations
in undrained shear strength during cyclic shearing. Additionally, these tests simplify the
calculation of the evolution of the secant shear modulus and damping ratio. Further-
more, strain-controlled tests facilitate the development of constitutive models, as most




60 3. SLow CYCLIC BEHAVIOUR: EXPERIMENTAL ANALYSIS AND MODELLING

Deviatoric stress, q

A
Secant shear modulus

E
G o b A
sec 2(1 +‘)) R v1 Ese(

Damping ratio
AW W

>
>

Axial strain, €,

AW

Figure 3.5: Definition of secant shear modulus (Gsec) and damping ratio (D) upon cyclic loading (redrawn after
Hayashi et al., 2020)

numerical integration algorithms are based on strain increments. Lastly, in investigating
the impact of loading frequency on soil response, strain-controlled testing is crucial as
it ensures a consistently applied strain rate independent of soil type or sample stiffness.
This is particularly important because, in stress-controlled tests, the strain rate can vary
depending on the stiffness of the sample and the type of soil being tested.

RATE EFFECT AT LOW FREQUENCY RANGE

To investigate the strain-rate-dependent cyclic behaviour of organic soft clay, a multi-
stage, strain-controlled cyclic triaxial test was conducted on remoulded samples Cyc
R1(VII). The test employed four different loading frequencies: 0.01, 0.005, 0.001, and
0.0005 Hz, and the strain amplitude is 0.5%. The sample was tested in the GDSTAS equip-
ment, and the equipment is not capable of applying 0.01 Hz of 0.5% strain amplitude.
Therefore, the results from this stage are not presented here. The sample was isotrop-
ically consolidated to p’ = 115 kPa before the cyclic shear. Between each cyclic stage,
drained resting stages were introduced to facilitate the dissipation of excess pore pres-
sure and to bring the stress state to its initial isotropic consolidation conditions (p’ = 115
kPa, g = 0 kPa). The changes in void ratio observed during these two drained resting
stages are below 0.02. Given these minor changes, one can reasonably assume that the
influence of the void ratio on the cyclic response is negligible.

Figure 3.6 illustrates the stress paths and stress-strain responses for each stage of
the experiment up to 30 cycles. Still, the stage with 0.005 Hz loading frequency reached
an amplitude slightly lower than 0.5%, indicating the capability of GDSTAS is limited
for a loading rate above 0.001 Hz. The stress paths for all stages appear to stabilise
around p' = 50 kPa. The stress path during the 30°" cycle of each stage, depicted by a
red line in the figures, exhibits a butterfly shape. This particular shape, often observed
at later stages of cyclic loading in various clays, has been reported in multiple studies
(Sheu, 1985; Wichtmann and Triantafyllidis, 2018; Tafili et al., 2021). The phenomenon
of dilation-contraction alternations leading to this stress path shape has been attributed
to the rearrangement of microstructures resulting from the continuous change in load-
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ing direction during cyclic shearing (Oda et al., 2001; Zhao and Guo, 2013; Yu and Yang,
2023). Based on the stress-strain relationship, it is evident that the secant shear modu-
lus diminishes as the number of loading cycles increases. Overall, there appears to be
no significant difference in the stress paths and stress-strain responses across different
frequencies.

To further explore the impact of loading frequency on soil behaviour, the variations
in average excess pore pressure with respect to the loading cycles for each stage are de-
tailed in Figure 3.7. The excess pore pressure plateaus around the 20" cycle, and the
magnitude reduces as the loading frequency decreases. The variation of secant shear
modulus and damping ratio with number of cycle are presented in Figure 3.8. Both the
shear modulus and damping ratio show a decreasing trend as the number of loading cy-
cles increases. Interestingly, the rate of these decreases does not seem to be affected by
loading frequency. The secant shear modulus increases at lower loading frequencies, but
the impact of loading frequency on the damping ratio is not evident.

Accurately determining the number of loading cycles is challenging in geotechnical
engineering due to the irregular nature of cyclic loads. Although methods exist to ap-
proximate these loads into equivalent cyclic amplitudes and cycles, it is crucial to con-
sider the effective stress state for a comprehensive analysis of the cyclic behaviour. As
illustrated in Figure 3.9, the changes in undrained shear strength, secant shear mod-
ulus, and damping ratio during cyclic shearing are plotted against the average mean
effective stress, pgvg. The data presented in Figure 3.9 reveal that the undrained shear
strength, secant shear modulus, and damping ratio decrease almost linearly as the av-
erage mean effective stress diminishes. Intriguingly, the reduction in these properties
relative to the average mean effective stress occurs in a parallel manner across different
loading frequencies. Additionally, higher values of undrained shear strength and secant
shear modulus are observed at stages with lower loading frequencies.

These findings present a contrast with previous research and warrant further inves-
tigation. For example, Mortezaie and Vucetic (2013) explored the effects of loading fre-
quencies of 0.001, 0.01, and 0.1 Hz on cyclic degradation and excess pore pressure in
remoulded kaolinite clay. They reported a decrease in excess pore pressure with in-
creasing loading frequency and a faster shear modulus degradation at higher frequen-
cies. Similarly, Xiao et al. (2018) observed trends consistent with those of Mortezaie and
Vucetic (2013), but at even higher frequencies (0.05, 0.25, and 1 Hz) on remoulded or-
ganic soils. It is worth noting that the range of loading frequencies in these prior studies
is higher than those examined in the present study. Additionally, some studies demon-
strated that both the compression during drained cyclic shearing (Yasuhara, 1994) and
the post-cyclic recompression increase the undrained shear strength (Lei et al., 2022).
Although the changes in recompression observed during drained resting stages are mi-
nor, they might still contribute to the increase in shear stiffness and strength.
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Figure 3.6: Stress paths and stress-strain responses of multi-stage, strain-controlled cyclic triaxial test
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CYCLIC RESPONSE OF NATURAL AND RECONSTITUTED SAMPLE

Several studies have demonstrated that the static and cyclic behaviour of natural soft
clay samples exhibits distinct characteristics when compared to reconstituted ones (Bur-
land, 1990; Cotecchia and Chandler, 1997; Hyodo et al., 1999). The investigation of
Ky compression on natural and remoulded Dutch organic clay in Chapter 2 also indi-
cates such a feature under static loading. To explore whether similar differences extend
to cyclic behaviour, two cyclic triaxial tests were conducted on group (IX): one on Cyc
T1(IX) (natural sample) and another on Cyc R1(IX) (reconstituted sample). GDSTAS
setup was used to perform these tests. Both samples were isotropically consolidated
to mean effective stress p’ = 100 kPa prior to cyclic shearing. The tests employ a strain
amplitude of 2% and a loading frequency of 0.001 Hz.

As shown by the stress paths and deviatoric stress-strain responses presented in Fig-
ure 3.10 for the first 50 loading cycles, accumulated excess pore pressure and reduced
shear stiffness are more evident compared to the sample Cyc R1(VII), on which a smaller
cyclic strain amplitude was applied. It should be noted that the data acquisition rate was
not fast enough in the first quarter cycle of the sample Cyc R1(IX). The stress path and
stress-strain curve of the 50" loading cycle is marked in red, the butterfly-like shape is
more distorted as the stress path approaches the origin. Additionally, the 50*" stress-
strain curve of the remoulded sample is flatter compared to the natural one. It is note-
worthy that the stress path of the remoulded sample approaches the origin. However,
no significant deformation indicative of liquefaction was observed in the sample. Fur-
ther scrutiny of the laboratory data reveals that the cell pressure controller in the triaxial
setup is not capable of maintaining a constant cell pressure, exhibiting variations of +4
kPa during the cyclic shearing. This fluctuation could introduce bias into the effective
stress calculations. Figure 3.11 presents the variation of average excess pore pressure as
a function of the loading cycle. The divergence in excess pore pressure between natural
and remoulded samples primarily occurs during the first loading cycle. Subsequently,
the rates of excess pore pressure accumulation appear to be similar across subsequent
cycles.

Figure 3.12 displays the secant shear modulus and damping ratio from cyclic triaxial
tests on both natural and reconstituted samples. The reconstituted sample exhibits a
lower secant shear modulus and damping ratio. However, the rates at which the shear
modulus and damping ratio decrease do not show a marked difference between the
two types of samples. Further insights are provided in Figure 3.13, which illustrates the
undrained shear strength, secant shear modulus, and damping ratio for both natural and
reconstituted samples, plotted against the average mean effective stress. In both cases,
the undrained shear strength, secant shear modulus, and damping ratio decrease as the
average mean effective stress decreases. However, the manner in which these properties
evolve is different between the natural and reconstituted samples. Particularly, the varia-
tion in undrained shear strength, secant shear modulus, and damping ratio with respect
to average mean effective stress in the natural sample is not linear, unlike in the recon-
stituted sample. The natural sample exhibits higher shear stiffness, lower excess pore
pressure development, and a slower reduction in undrained shear strength during cyclic
loading. This suggests that the cyclic strength of the natural sample is greater than that
of the reconstituted one, a finding that is consistent with Hyodo et al. (1999), who stud-
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ied eight different marine clays. In agreement with existing literature, the secant shear
modulus is significantly impacted by strain amplitude. This is exemplified by sample Cyc
R1(VII), which displays a substantially higher secant shear modulus than that of samples

Cyc T1(IX) and Cyc R1(IX) despite the minimal differences in their soil properties.
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Figure 3.10: Stress paths and stress-strain responses of cyclic triaxial test on natural and reconstituted sample
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Figure 3.13: Undrained shear strength, secant shear modulus and damping ratio of cyclic triaxial test on natural
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INFLUENCE OF INITIAL STRESS STATE

All previously presented strain-controlled cyclic triaxial tests were initiated from isotropic
conditions. However, the initial stress state in field conditions is seldom isotropic. Ad-
ditionally, several studies have demonstrated the impact of pre-shearing stress state on
cyclic behaviour (Hyodo et al., 1994; Wichtmann and Triantafyllidis, 2018; Ushev and
Jardine, 2020). To address this, a strain-controlled test was also performed on a Ky con-
solidated sample Cyc T2(IX), the most commonly observed initial stress state in the field.
The test reached the same mean effective stress p’ = 100 kPa prior to cyclic shearing and
employed a strain amplitude of 2% at a loading frequency of 0.001 Hz. The cyclic re-
sponses originating from different initial stress states are compared and discussed.

Figure 3.14 depicts the stress paths and stress-strain curves for selected cycles: 1°7,
Z”d, 5”1, 10”‘, 25”1, and 50" cycle. In both the isotropic and Kp-consolidated tests,
the stress paths shift toward the left during the initial ten cycles and subsequently sta-
bilise, exhibiting a butterfly-shaped pattern. The stress path of the test commencing
from isotropic conditions displays greater symmetry along the horizontal axis, while the
Kp-consolidated test appears symmetric along the ng, line. This asymmetry is also re-
flected in the stress-strain curves originating from Ky conditions. Furthermore, the stress
path of the isotropic test closely surpasses critical state stress ratios on both the com-
pression and extension sides. In contrast, the Ky-consolidated test surpasses the critical
state stress ratio on the compression side and remains below it on the extension side.
To further investigate whether the anisotropic response of sample Cyc T2(IX) is specific
to the sample or is a material behaviour, additional cyclic tests were conducted on sam-
ples Cyc T2(VII) using a strain amplitude of 2.4%. The stress path and stress-strain curve
for these tests are presented in Figure 3.15. The anisotropic response can still be ob-
served in the first ten loading cycles. However, the line of symmetry appears to shift
towards the isotropic line at later loading cycles, and the stress path surpasses critical
state stress ratios on both the compression and extension sides. Given the strain ampli-
tudes used in test Cyc T2(VII) and Cyc T2(IX) are quite similar, it is reasonable to infer
that the anisotropic response is specific to the sample Cyc T2(IX).

Figure 3.16 demonstrates that the test initiated from isotropic conditions exhibits
higher average pore pressure in each cycle. This is attributed to its symmetrical be-
haviour along the horizontal axis, leading to a more pronounced movement of the av-
erage pore pressure toward the left on the meridian plane. In contrast, the stress path
in the Ky-consolidated test, due to its asymmetrical stress path, shows a less dramatic
shift toward the left on the meridian plane. Additionally, as observed from Figure 3.16,
sample Cyc T2(VII) exhibits slightly higher excess pore pressure compared to sample Cyc
T2(IX), a result of a more symmetrical stress path evolution.

Figure 3.17 presents the secant shear modulus and damping ratio of samples Cyc
T1(IX), Cyc T2(IX), and Cyc T2(VII) in relation to the number of loading cycles. It is ob-
served that sample Cyc T2(IX) exhibits the highest secant shear modulus and sample Cyc
T1(IX) the lowest in the first cycle. Conversely, the damping ratio trend in the first load-
ing cycle is inverse to that of the secant shear modulus. This difference aligns with the
anisotropic behaviour of organic soft clays discussed in Chapter 2.

Interestingly, the secant shear modulus and damping ratio variations in sample Cyc
T2(VII) tend to converge towards those of Cyc T1(IX) as the number of loading cycles
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Figure 3.14: Stress paths and stress-strain responses of cyclic triaxial test starting from different initial stress
state

increases. This phenomenon becomes more apparent in Figure 3.18, which plots the
undrained shear strength, secant shear modulus, and damping ratio against the average
mean effective stress. Initially, the secant shear modulus and damping ratio for sample
Cyc T2(VII) are close to those of Cyc T2(IX), but they gradually align with the values of
Cyc T1(IX) at an average mean effective stress of approximately 15-17 kPa. Specifically,
the response of sample Cyc T2(VII) appears to transition from anisotropic to isotropic
with increasing loading cycles, suggesting the erasing of stress-induced anisotropy dur-
ing cyclic loading. Furthermore, it verifies the inherent anisotropy of sample Cyc T2 (IX).
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POST-CYCLIC UNDRAINED SHEAR STRENGTH

Upon completion of the cyclic shearing, drainage was allowed to enable the dissipa-
tion of excess pore pressure. After the drainage stage, the samples underwent either
undrained compression or extension tests. Figure 3.19 delineates both the stress paths
and the stress-strain curves for two different samples: the first is subjected to shearing
directly following isotropic consolidation, whereas the second is sheared after the com-
plete dissipation of excess pore pressure subsequent to two cyclic loading stages. When
compared to a sample that did not undergo cyclic loading, the post-cyclic undrained
shear strength, S,,, experiences a significant increase, surging from 35 kPa to 120 kPa—
a nearly four-fold enhancement. This finding aligns with the literature (Yasuhara et al.,
1992). Inrelation to critical state stress ratios, a comparison between the results depicted
in Figure 3.20 and the experimental data on the same material, as presented in Chapter 2,
suggests that cyclic shearing does not appear to modify the critical state stress ratios of
the material under investigation.

POST-CYCLIC DEFORMATION

In strain-controlled cyclic shearing tests, the post-cyclic undrained shear strength of the
samples is higher than the static shear strength. While the soil’s strength is crucial for
stability analysis, the permanent deformation resulting from cyclic loading is often more
pertinent for serviceability assessments, particularly given the higher number of events
of induced seismicity compared to natural earthquakes.

Figure 3.21 illustrates the variations in void ratio, excess pore pressure, volumetric
strain, and axial strain during the two-stage strain-controlled cyclic test, Cyc T1(IX),
alongside the isotropic compression stage. The data reveal that both permanent vol-
umetric and axial strains are generated after cyclic loading. Notably, the permanent vol-
umetric strain after the two recompression stages is approximately 10%, nearly identical
to the strain observed during the isotropic consolidation stage. On the other hand, the
permanent axial strain after the two cyclic and resting stages is about 4%, higher than
that recorded during isotropic consolidation.

It can be seen that the slope of the post-cyclic recompression curve is higher than
the slope of the reloading curve, Yasuhara and Andersen (1991) noted that the post-
cyclic recompression index, Cy,cy, is approximately 1.5 times the ordinary recompres-
sion index, C,. Interestingly, the permanent volumetric and axial strains from the first
and second cyclic shearing stages are very similar, despite the strain amplitude in the
second stage being twice as high as in the first stage. Yasuhara et al. (2001) indicates
that post-earthquake recompression settlement is highly related to cyclic-induced ex-
cess pore pressure. Since maximum average excess pore pressures for these two stages
are similar, as also shown in Figure 3.21, the same magnitude of post-cyclic recompres-
sion between the two stages is observed.

To explore the impact of the initial stress state on post-cyclic permanent deforma-
tion, Figure 3.22(a) and Figure 3.22(b) present the variations in void ratio, volumetric
strain, and axial strain during the resting stages of two strain-controlled cyclic tests, Cyc
T1(IX) and Cyc T2(IX). These are plotted alongside data from the consolidation stages.
During the post-cyclic recompression stages, both samples are brought to an isotropic
stress state of p’ = 100 kPa. In the test that starts from isotropic conditions, the perma-
nent volumetric strain measures 4.5%, while it is 4.1% in the K test. For axial strain, the
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isotropic test exhibits about 2%, and the Kj test shows about 1%. Turning our attention
to Figure 3.16, the peak average excess pore pressures in the cyclic tests amount to 86
kPa for isotropic and 58 kPa for Kj conditions.

An initial comparison suggests that a straightforward relationship between excess
pore pressure and permanent volumetric strain may not exist. However, upon closer
scrutiny of sample compressibility, the Ky-consolidated sample turns out to be more
compressible. The slopes of the normal compression lines, denoted as A, for the isotropic
and Kj-consolidated samples are 0.125 and 0.165 on the e —In(p’) plane. When nor-
malised by A, the permanent volumetric strains for the isotropic and K, conditions be-
come 0.36 and 0.25. The ratio between these normalised strains is 1.44, close to the 1.48
ratio between the peak average excess pore pressures.

This indicates that the degree of permanent volumetric strain is dictated by both the
sample compressibility and the excess pore pressure generated, given the same post-
cyclic recompression stress path. In terms of axial strain, the Ky-consolidated sample
exhibits a similar strain to its isotropic counterpart, hinting that the recompression stress
path instead of the consolidation one has a more significant influence on this metric.
Nevertheless, further investigation is needed on this aspect.
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3.3.2. STRESS-CONTROLLED TESTS

n many earthquake engineering applications, field-measured acceleration or loading

time histories are transformed into equivalent stress time histories and cycle counts.
This conversion enables conventional laboratory investigations such as cyclic triaxial
or cyclic direct simple shear tests to be more feasibly conducted (Seed, 1975; Liu et al.,
2001). While strain-controlled cyclic tests are invaluable for a fundamental understand-
ing of the soil’s cyclic response and are convenient for constitutive model development,
stress-controlled tests provide practical insights into how soil behaves under specific
stress conditions. Because most geotechnical infrastructures are designed to meet par-
ticular stress conditions, many design references are based on the magnitude of cyclic
stress encountered (Andersen, 2015). Therefore, stress-controlled tests have become a
key component of experimental programmes for many researchers exploring the cyclic
behaviour of soils.

INFLUENCE OF INITIAL STRESS STATE

In the preceding section, the influences of the initial stress state on cyclic response are
examined through strain-controlled cyclic tests, focusing on isotropic and Ky condi-
tions. However, it is worth noting that the initial stress state in the field can vary and
may not necessarily be a Ky condition. To extend our understanding of how the initial
stress state impacts cyclic behaviour, two-stage stress-controlled cyclic tests were con-
ducted on samples from the group (X) with varying initial stress ratios after radial probe
stress paths.

Figure 3.23 illustrates the stress paths during the cyclic stages for all tests. All samples
were consolidated along a constant stress ratio radial path to mean effective stress, p’
of 120 kPa. Specifically, samples T1(X)-T3(X) began on the extension side prior to the
cyclic stages, whereas samples T4(X)-T6(X) and T9(X) started on the compression side.
If the excess pore pressure was above 5kPa during the first cyclic stage, a recompression
stage was introduced between the cyclic stages to allow for the dissipation of excess pore
pressure.

For the first cyclic stage, the stress amplitude was around 12% of the deviatoric stress
at critical state stress ratio, g with p’ = 120 kPa. This translates to 18 kPa on the com-
pression side and 13.2 kPa on the extension side. During the second cyclic stage, the
stress amplitude was around 27% of the g at p’ = 120 kPa, corresponding to 45 kPa on
the compression side and 33 kPa on the extension side. A loading frequency of 0.1 Hz
was used in these tests, and the tests ran for up to 100 cycles on the QDTAS equipment.

The sample designated T5(X) presents a unique case: it did not achieve a mean ef-
fective stress p’ = 120 kPa prior to the cyclic stages. This deviation is due to the radial
path being along a high stress ratio, which results in significant axial displacement. To
preserve the measurement range of the axial position sensor, the cyclic shearing for this
particular sample started from a slightly lower mean effective stress, p’. Additionally, for
sample T5(X), significant softening occurred during the initial loading cycle of the sec-
ond stage, rendering the apparatus unable to maintain control due to the abrupt change
in sample stiffness. On the other hand, sample T3(X) exhibited a maximum axial strain
of 5% at the 83" cycle, accompanied by substantial softening. As a result, the tests were
halted before completing the planned 100 cycles.
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Figure 3.23: Stress path of two-stage stress-controlled cyclic triaxial tests

The detailed stress paths for these tests are illustrated in Figures 3.24 and 3.25, with
the final stage stress path marked in red. The test on sample T9(X) is not included here
as its results closely resemble those of T6(X), which is expected given their similar initial
stress ratios. As Figure 3.24 shows, all samples exhibit a contractive response over 100
cycles. The shift in mean effective stress towards the left for all tests ranges from 5 to
10 kPa. Generally, tests initiated from the compression side show a more pronounced
contractive response, except for sample T5(X), where minimal stress path shift occurs in
the first 50 cycles.

Interestingly, the first cyclic stage stress paths for all samples display a lens-like shape
from the initial loading cycle. Wichtmann and Triantafyllidis (2018) observed similar
lens-shaped stress paths in remoulded kaolin samples as the excess pore pressure reaches
a stabilisation phase. They also noted the consistent stress path inclination on both
compression and extension sides as indicative of pronounced inherent anisotropy. How-
ever, the variation in lens thickness with the initial stress ratio does not follow a dis-
cernible pattern from the tests conducted.

Figure 3.25 depicts the detailed stress paths for the second cyclic stage. As in the first
stage, all samples demonstrate a contractive response during cyclic shearing, with more
pronounced contraction in samples starting from higher absolute stress ratios, particu-
larly on the compression side. For the two tests with high absolute stress ratios, the stress
paths surpass the critical state stress ratio. Especially for samples T2(X) and T3(X), the
inclination of the stress path diminishes in the second stage, suggesting that inherent
anisotropy is altered at higher stress amplitudes. Additionally, the lens thickness for all
samples increases with higher stress amplitude.

Xuetal. (2020) and Ushev and Jardine (2020) show that a lens-like stress path shape is
also observed in over-consolidated clays and glacial till samples. With pre-consolidation
pressures in the field around 30-40 kPa for the tested samples (Ponzoni, 2017), and after
consolidation to a mean effective stress of 120 kPa, the samples should be in a normally
consolidated state before cyclic shearing. A detailed investigation is required to under-
stand the reasons behind this particular stress path evolution fully.
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The stress-strain curves are depicted in Figures 3.26 and 3.27. In the first cyclic stage,
irrecoverable deviatoric strain is mostly absent, with the notable exception of sample
T5(X). The magnitude of permanent deviatoric strain increases with the absolute stress
ratio. Samples initiated from the compression side develop permanent deviatoric strain
in compression, whereas those initiated from the extension side do so in extension. Ad-
ditionally, the slope of the stress-strain curves remains almost constant across increas-
ing cycle numbers in this first stage. However, as the cyclic stress amplitude escalates
in the second stage, a more pronounced development of permanent deviatoric strain is
observed. Furthermore, the stress-strain curve slopes become progressively less steep
with each additional loading cycle. Interestingly, the rate of permanent deviatoric strain
development is slower on the extension side.

Figure 3.28 presents the variation in secant shear modulus across loading cycles dur-
ing stress-controlled cyclic triaxial tests starting from different initial stress states. A mi-
nor reduction in secant shear modulus is observed during the first cyclic loading stage,
corroborating the findings from Figure 3.26. Yet, as the cyclic stress amplitude increases
in the second stage, the secant shear modulus exhibits a decrease with an increasing
number ofloading cycles. Generally, tests initiated from the extension side show a higher
shear modulus compared to those from the compression side, which correlates with
lower permanent deviatoric strain development. Moreover, a higher initial stress ratio
prior to cyclic shearing leads to a lower secant shear modulus, a trend that becomes
more evident in the second cyclic stage.

Plotting the variation of secant shear modulus across loading cycles offers insights
into how shear stiffness evolves under stress-controlled cyclic loading. However, it is im-
portant to note that the shear modulus of soil is influenced by both strain amplitude and
mean effective stress. Since both factors vary during stress-controlled cyclic loading, the
observed changes in secant shear modulus across loading cycles reflect the combined
effects of strain amplitude and mean effective stress on the cyclic response. Figure 3.29
illustrates the variation in secant shear modulus in relation to the average mean effec-
tive stress, py,¢. Consistent with observations from strain-controlled tests, the secant
shear modulus decreases as the average mean effective stress reduces. Furthermore, it
appears that the rate of shear modulus reduction in relation to p/,, ¢ is not influenced by
the initial stress ratio. To highlight the impact of strain amplitude on the secant shear
modulus variation, Figure 3.30 presents changes in the secant shear modulus across the
cyclic deviatoric strain, Aggcyc. Intriguingly, in either cyclic shearing stage, the varia-
tions in secant shear modulus can be categorised into two distinct groups: tests initiated
from either the compression or extension side. This observation contrasts with what is
depicted in Figure 3.28, the secant shear modulus is lower for tests starting from the ex-
tension side. However, the lower strain amplitudes result in an apparently higher shear
modulus for extension-side tests in Figure 3.28. While the trend is less pronounced, a
higher absolute initial stress ratio generally corresponds to a lower secant shear modu-
lus at the same cyclic deviatoric strain.
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Figure 3.28: Secant shear modulus of stress-controlled cyclic triaxial tests starting from different initial stress
states (with respect to loading cycle)
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Figure 3.31 presents the behaviour of average excess pore pressure in relation to both
loading cycles and cyclic deviatoric strain. During the first stage, all samples exhibit an
increase in average excess pore pressure ranging from 1 to 6 kPa. Generally, tests initi-
ated from the extension side show a lower magnitude of excess pore pressure. Moreover,
there is no distinct correlation between average excess pore pressure and cyclic devi-
atoric strain during this stage. In the second stage, however, the average excess pore
pressure escalates significantly, reaching levels five to six times higher than those in the
first stage, despite the stress amplitude only increasing by 2.5 times. At this stage, the
relationship between average excess pore pressure and cyclic deviatoric strain becomes
more evident. On the compression side, samples with a higher initial stress ratio ex-
hibit a more rapid increase in excess pore pressure relative to the cyclic deviatoric strain.
On the extension side, it is observed that a higher absolute initial stress ratio leads to a
quicker escalation of excess pore pressure in relation to cyclic deviatoric strain.
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Figure 3.30: Secant shear modulus of stress-controlled cyclic triaxial tests starting from different initial stress
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Figure 3.32 displays the trend of permanent deviatoric strain across each cycle. Dur-
ing the first stage, there is a consistent relationship between a larger stress ratio mag-
nitude and a higher permanent deviatoric strain. Sample T5(X) demonstrates an axial
strain accumulation of approximately 1.2% in this stage, which is markedly higher than
the less than 0.1% seen in other samples. Additionally, tests that commence from the
compression side result in an accumulation of compressive deviatoric strain, while tests
that begin on the extension side show extensive deviatoric strain. In the second stage,
the pattern of permanent deviatoric strain generally aligns with what was observed in
the first stage. Specifically, higher initial stress ratios are linked to greater permanent
deviatoric strain. For samples where the stress path exceeds the critical stress ratio and
moves into the ‘dry’ side of critical (e.g., samples T3(X), T6(X), and T9(X)), the rate of ax-
ial strain accumulation accelerates sharply, implying that these samples are nearing the
point of failure under the given cyclic shearing conditions.
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Figure 3.31: Average excess pore pressure of stress-controlled cyclic triaxial tests starting from different initial
stress states
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Figure 3.32: Permanent deviatoric strain of stress-controlled cyclic triaxial tests starting from different initial
stress states
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INFLUENCE OF CYCLIC STRESS AMPLITUDE

To further investigate the influence of cyclic stress amplitude on soil response, cyclic
shearing was applied to two samples, T7(X) and T9(X), which exhibit similar compress-
ibility and start from the same initial stress state facilitating a more direct comparison,
as depicted in Figure 3.33. Prior to cyclic loading, both samples were Kj-consolidated.
Due to differing mean effective stresses, p’, at the end of consolidation, the experimental
results presented are normalised with the mean effective stress at the end of consolida-
tion, p’y. The cyclic stress amplitudes, gcyc/qy, applied to T7(X) and T9(X) during the
first cyclic stage, are 0.08 and 0.1, respectively. In the second cyclic stage, the amplitudes
are increased to 0.2 and 0.25, respectively. The stress paths of these two tests are also
illustrated in Figure 3.33; the higher the amplitude, the more pronounced the shift of the
stress path towards the left on the p’ — g plane. It can be seen more clearly in Figure 3.34,
which highlights the stress path of the final cycle. As seen in the previous section, the first
cyclic stage stress paths for both samples display a lens-like shape. For the second cyclic
stage, the stress paths of T9(X) surpass the critical state stress ratio. Additionally, the in-
clination of the stress path loop diminishes for T9(X) in the second stage, suggesting that
the higher stress amplitude has reduced inherent anisotropy.

Figure 3.35 displays the stress-strain curves for samples T7(X) and T9(X), demon-
strating that both tests accumulate permanent deviatoric strain towards the compres-
sion side. As expected, higher cyclic amplitudes lead to a faster accumulation of perma-
nent strain.

The Ky compression curves reveal that the stiffness of both samples follows a log-
linear relationship. Considering the different mean effective stress levels from which
samples T7(X) and T9(X) were initiated, the secant shear modulus is normalised against
the logarithmic of mean effective stress at the end of consolidation, denoted as log p/,,.

Figure 3.36 illustrates the normalised secant shear modulus in relation to the num-
ber of loading cycles, average mean effective stress, and cyclic deviatoric strain. Consis-
tent with earlier findings, there is no substantial stiffness degradation in relation to the
loading cycle during the first loading stage. However, during the second loading stage,
both samples exhibit noticeable stiffness degradation as the number of loading cycles
increases. The test with higher amplitude shows a more rapid stiffness reduction within
the first twenty cycles. Despite T7(X) stabilising at a higher mean effective stress, the vari-
ation in normalised secant shear modulus with respect to average mean effective stress
exhibits a similar trend between the two samples. Intriguingly, even though T7(X) and
T9(X) have comparable compressibility, T7(X) demonstrates a higher normalised secant
shear modulus. A closer examination of the normalised secant shear modulus in relation
to cyclic deviatoric strain indicates that the greater shear stiffness of T7(X) is due to its
smaller cyclic deviatoric strain. Specifically, in the second loading stage, the data from
both tests converge at a cyclic deviatoric strain of around 0.25%.
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Figure 3.34: Stress path of stress-controlled cyclic triaxial tests with different stress amplitudes
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Figure 3.36: Secant shear modulus of stress-controlled cyclic triaxial tests with different stress amplitudes (with
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Figure 3.37 displays the normalised average excess pore pressure in relation to the
loading cycle and cyclic deviatoric strain. The higher stress amplitude applied to T9(X)
leads to a more significant development of excess pore pressure with the loading cy-
cle. Interestingly, the rate of excess pore pressure increase in relation to cyclic deviatoric
strain is faster for sample T7(X). This observation is consistent with the trend noted in
Figure 3.31, where the higher stress amplitude in T9(X), resulting in a lower stress ratio
on the compression side, is associated with a slower increase in excess pore pressure
relative to the cyclic deviatoric strain. Figure 3.38 illustrates the development of perma-
nent deviatoric strain in samples T7(X) and T9(X). Here, it is evident that higher stress
amplitudes lead to a quicker accumulation of permanent deviatoric strain. In the sec-
ond cyclic stage of T9(X), there is an accelerated increase in permanent deviatoric strain
after 60 cycles, suggesting that the sample was nearing failure.
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Figure 3.38: Permanent deviatoric strain of stress-controlled cyclic triaxial tests with different stress amplitudes

INFLUENCE OF CLAY AND ORGANIC CONTENT

In Chapter 2, experimental results highlighted that the primary effect of organic matter
on the behaviour of Dutch organic clays is on the compressibility. Additionally, a notable
distinction between group (X) and other groups lies in the clay content. Several studies
have investigated the impact of clay content on the cyclic behaviour of sand or silt (Guo
and Prakash, 1999; Boulanger and Idriss, 2006; Chang and Hong, 2008). For instance,
Guo and Prakash (1999) observed that even a slight increase in the clay content of silt-
clay mixtures enhances the rate of excess pore pressure development due to reduced
hydraulic conductivity. However, when the plasticity index exceeds 10%, the liquefaction
resistance of these mixtures increases with clay content.

To explore the influence of clay and organic content on cyclic response, two-stage
stress-controlled cyclic tests were conducted on three isotropically consolidated sam-
ples differing in their clay and organic content. Figure 3.39 shows the change in void
ratio during the isotropic compression stage, with the slope of the isotropic compres-
sion line annotated. Sample Cyc T1(VII) contains 4% clay and 2.8% organic content,
while samples T8(X) and Cyc T1(X) have similar clay contents of 38%, but different or-
ganic contents of 3.2% and 3.9%, respectively. The plasticity index for groups (VII) and
*X) is 20% and 61%, respectively. All samples were isotropically consolidated to a mean
effective stress (p’) of 120 kPa. The stress amplitudes for the first and second stages were
set at 13.2 kPa (0.08¢y) and 33 kPa (0.2qy), respectively, with all tests conducted at a
frequency of 0.1 Hz for up to 100 cycles.

Figure 3.39 also presents the stress paths during the cyclic stages. The sample with
the lowest compressibility shifts the most towards the left on the p’-q plane, while those
with higher compressibility exhibit a less pronounced shift. The stress paths are more
clearly depicted in Figure 3.40. The stress paths of samples T8(X) and Cyc T1(X) are less
inclined than those of sample Cyc T1(VII), indicating varying degrees of anisotropy. Fig-
ure 3.41 presents the stress-strain curves, with the final loading cycle highlighted in red.
Both stages show irrecoverable deviatoric strain during shearing cycles, with the first
stage maintaining a nearly constant slope across increasing cycle numbers. However,
in the second stage, as cyclic stress amplitude increases, the slope of the stress-strain
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curves gradually decreases with each subsequent cycle. Additionally, sample Cyc T1(X)
accumulates permanent deviatoric strain towards the compression side in the second
cyclic stage, unlike the other sample.

Figure 3.42 displays the secant shear modulus across loading cycles, average mean
effective stress, and cyclic deviatoric strain for the three samples. Sample Cyc T1(VII)
has the highest secant shear modulus, while the other two samples show similar moduli.
During the first cyclic loading stage, the reduction in secant shear modulus is negligi-
ble. However, in the second stage, which involves higher cyclic stress amplitude, the
secant shear modulus for all samples progressively degrades with the number of load-
ing cycles. For sample Cyc T1(VII), with less clay and organic content, the shear modu-
lus degrades more rapidly, consistent with the conclusion of Vucetic and Dobry (1991)
that shear modulus degradation accelerates as the plasticity index decreases. However,
no clear difference is observed in the rate of secant shear modulus reduction between
samples T8(X) and Cyc T1(X). When examining the variation of secant shear modulus in
relation to average mean effective stress, all samples exhibit a similar reduction rate as
mean effective stress decreases. The more rapid degradation rate with the loading cycle
observed in sample Cyc T1(VII) results from a faster reduction in average mean effective
stress with each cycle. Additionally, the change in secant shear modulus in relation to
cyclic deviatoric strain suggests that the trends of samples T8(X) and Cyc T1(X) are al-
most identical. It appears that sample Cyc T1(VII) will converge to the trend of samples
T8(X) and Cyc T1(X), suggesting that the secant shear modulus for the tested Dutch or-
ganic clays is dominated by cyclic deviatoric strain. Nonetheless, further investigation is
needed to confirm this aspect.

Figure 3.43 reveals the average excess pore pressure in relation to the loading cy-
cle and cyclic deviatoric strain. The group (X) samples exhibit much lower excess pore
pressure development compared to sample Cyc T1(VII). Additionally, the rate of excess
pore pressure development in relation to cyclic deviatoric strain is the fastest for sample
Cyc T1(VID. Vucetic and Dobry (1991) mentioned that soils with higher plasticity con-
sist of tiny particles with a high surface area per unit weight, leading to strong electrical,
chemical bonds and repulsion forces, which are significant compared to the particles’
weight. Consequently, high plasticity soils behave like flexible linear springs, enduring
large shear strains before permanent displacement and stiffness degradation occur. It
can be inferred that a more flexible microstructure results in a higher capacity to adapt
to applied cyclic loading, thus exhibiting lower excess pore pressure development. How-
ever, the excess pore pressure responses of the other two samples are quite similar, indi-
cating a lesser influence of organic content on excess pore pressure development. Fig-
ure 3.44 illustrates the development of permanent deviatoric strain with the number of
loading cycles. No unique trend is observed among the three samples. Considering the
results presented in Figure 3.32, it appears that the initial stress ratio has a more signifi-
cant impact on permanent deviatoric strain development during cyclic loading.
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Figure 3.39: Isotropic compression curve and stress path of stress-controlled cyclic triaxial tests with different
clay and organic content
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Figure 3.41: Stress-strain curve of stress-controlled cyclic triaxial tests with different clay and organic content
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3.3. EXPERIMENTAL RESULTS

101

= 0.05 = 0.35
1stcyclic stage nd i
3 ] ®  T7(X) (90/q= 0. el 9 =3 7 * 2cyclic Stageoo
o o ° )
= o TIX) (ay/a 0°° T 03+ 0°°
20.04 — 0000 > | o
3 00 3 0°°
g 00 ° g 0.25 0°°
2 000 2 i 0®
% 0,03 ° g 00°
| 00° S 0.2 °°
L i o ° g i o
s 00’ eee’e s o®
4 ° ') @ 0.15— °
Q 0.02 — 0® oo’ Q ° °
X ° oo 3 J ©° YA
¢ o oe® @ ° ..o"'.
<) 7 ) 00® 9 0.1 o 0o®®
s .o s cee®
. o L[]
J001— © e0® T 1 vt
2 0 Lo 2005 %g0®
| L] L]
£ . E 1
s f s
0 \ \ \ \ 0 \ \ \ \
0 20 40 60 80 100 0 20 40 60 80 100
No. cycles, N.,.(-) No. cycles, N.,.(-)
= 0.05 5 0.35
1stcyclic stage nd i
% 4 o TX) (dnda Y g é‘t 4 ; e 2mcyclic stage o
Y o TIX) (dyd/q 5 < 03 (X) ( 0.
}0.04 o9 3 i %f
3 ° 3
v ¢ ° g 025 &
@ g &
9 0.03 0.° o &
a () S 0.2 K
g . o g o
g : g° g 8
s o _| °
2 002 0 g 0.15 o
% ° % B °
) ° o o
[ 7 o o 9 0.1 °
2 [ 5 o
g 0.01 L] N B 1
2 3 2 0.05 °
4 L] L)
£ ° o £ |
2 L] 2 L]
0 — T T 0 <, ‘ ‘
0.0005  0.0006 0.0007 0.0008  0.0009 0.001 0.001 0.002 0.003 0.004 0.005

Cyclic deviatoric strain,Aeq ., (<)

Cyclic deviatoric strain,Aeg (<)

Figure 3.43: Average excess pore pressure of stress-controlled cyclic triaxial tests with different clay and organic

content



102 3. SLow CYCLIC BEHAVIOUR: EXPERIMENTAL ANALYSIS AND MODELLING

1.2E-03 5.0E-02
i ®  TI(X) (dy/ar= 0.08) 1stcyclic stage i ®  T7(X) (Q5/Ge= 0.2) 2Mcyclic stage |
©  TIX) (dye/a= 0.1) ©  TIX) (4y/ar= 0.25) o
~~ 1.0E-03 - ° ~~ 4.0E-02 | °
- o® ~ °
g 1 00°° [ 1 0°
4 00 ! o°
 B8.0E-04 0© S 3.0E-02 °
© 00° © 0°
@ 1 0° % 1 0°
2 0° 2 0°
S 6.0E-04 —| 0° S 2.0E-02 | 0®
s 0© k] o°
> i o > | 0®
@ o o o
z 0° . z 0®
£ 4.0E-04 — o o0’ £ 1.0E-02 0°
2 o 0o’ ° 2 0°° eoo
s
g 4 Oo ......' g R OOO ..............--'--oo-oco
€ 20804 °  _,ee*® & 0.0e+00 —Pee*®
oo*
L] |
.
0.0E+00 ‘ ‘ ‘ ‘ -1.0E-02 ‘ ‘ ‘ ‘
0 20 40 60 80 100 0 20 40 60 80 100
No. cycles, N, .(-) No. cycles, N.,.(-)

Figure 3.44: Permanent deviatoric strain of stress-controlled cyclic triaxial tests with different clay and organic
content

POST-CYCLIC SHEAR STRENGTH AND DEFORMATION
If the samples did not fail during the second cyclic stage, undrained compression or ex-
tension was applied to the samples after a post-cyclic recompression state to investigate
the post-cyclic shear strength. Figure 3.45 illustrates the stress paths, strain-stress and
strain-stress ratio evolution of the monotonic undrained shearing stage. When plotted
with the experimental data for the same material, as detailed in Chapter 2, it is reiter-
ated that cyclic shearing seemingly does not alter the critical state stress ratios of the
examined material.

During the post-cyclic recompression stage, the dissipation of excess pore pressure
induces volumetric and axial strain development, as depicted in Figure 3.46 together
with average excess pore pressure in the second cyclic stage. Data are plotted until the
excess pore pressure falls below 0.1kPa to minimise the contribution of creep strain,
given that post-cyclic volumetric and axial strains are considerably smaller than those
observed in strain-controlled tests. For samples Cyc T1(X) and T9(X), the time span of
the recompression stage was reduced because double drainage was permitted. In gen-
eral, higher excess pore pressure during cyclic shearing correlates with larger post-cyclic
strains. However, no clear trend is discernible.

Building on observations from strain-controlled tests, volumetric strain is normalised
using the slope of the compression line. Simultaneously, the maximum average excess
pore pressure is normalised with the mean effective stress at the onset of cyclic load-
ing, as shown in Figure 3.47(a). A reasonably linear correlation emerges between post-
cyclic volumetric strain and maximum average excess pore pressure. This relationship
suggests that post-cyclic volumetric strain depends solely on soil compressibility and
the amount of excess pore pressure, essentially mirroring a consolidation process. Hy-
odo et al. (1994) found a unique relation between post-cyclic volumetric strain and nor-
malised peak excess pore pressure at the end of cyclic shearing on initially isotropic and
anisotropic consolidated samples, as shown in equation 3.1:
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where C;, ey, Aup, and pj are coefficient of recompression, initial void ratio, peak excess
pore pressure and mean effective stress before cyclic shearing, respectively.
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Figure 3.45: TxCU and TxEU results on samples after cyclic loading
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The predicted volumetric strain from equation 3.1 is plotted against the measured
volumetric strain in Figure 3.47(b), a good linear relation can be found. However, the
measured volumetric strain is almost two times higher than the predicted one. Accord-
ing to the experimental observation on Drammen clay under cyclic direct simple shear-
ing, the coefficient of post-cyclic recompression is around 1.5 times of the static one
(Yasuhara et al., 1992). A higher magnitude of post-cyclic recompression is observed on
Dutch organic clay. Regarding post-cyclic axial strain, its relationship with normalised
maximum average excess pore pressure and normalised stress ratio at the recompres-
sion stage is presented in Figure 3.48. The post-cyclic axial strain seems to be more in-
fluenced by the amount of excess pore pressure than by the stress state during the resting
stage.
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Figure 3.46: Development of excess pore pressure during cyclic shearing and post-cyclic strains
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3.3.3. BENDER ELEMENTS MEASUREMENT

o investigate the small-strain behaviour of Dutch organic clay, bender element mea-
T surements are conducted on samples during Ky consolidation. Using the obtained
shear wave velocity, the pseudo-elastic shear modulus (Shibuya et al., 1997) can be cal-
culated based on the theory of shear wave propagation in an elastic medium. The ben-
der elements were inserted 3.65 mm into the soil sample from each side. The transmitter,
mounted on the top cap, was activated using a sine wave with a period of 0.2 ms. The
travel distance for the shear wave was measured as the tip-to-tip distance between the
bender elements, and takes the sample height change into account. The travel time in-
side the bender elements is obtained and used for travel time correction. Additionally,
the shear wave arrival time is determined based on the point of the first inversion of the
received signal (Viggiani and Atkinson, 1995), as illustrated in Figure 3.49.

The stress path, void ratio change, shear wave velocity, and pseudo-elastic shear
modulus of samples under K consolidation are presented in Figure 3.50. Since these
three samples have a very similar critical state stress ratio, they follow almost the same
stress path during K, consolidation. However, the samples do have quite different com-
pressibility. The evolution of shear wave velocity with the mean effective stress, p’, for
the sample with the highest compressibility, seems to be linear, while for the other two
samples, shear wave velocity increases as a power of the mean effective stress. In addi-
tion, the rate of shear wave velocity increase with the mean effective stress, p’, is slower
for the most compressible sample, while the other two samples increase at a similar but
faster rate. Equation 3.2 is adopted to convert the shear wave velocity to the pseudo-
elastic shear modulus, in which p is the density of the soil. The pseudo-elastic shear
modulus of samples increases linearly with mean effective stress, p'.
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Figure 3.49: Determination of the shear wave arrival time

Gmax = pV2 (3.2)

Hardin and Black (1968) performed resonant-column tests on normally consolidated
kaolinite under various anisotropic stress states to obtain pseudo-elastic shear modulus;
it was demonstrated that the pseudo-elastic shear modulus is dependent on mean effec-
tive stress, void ratio for remoulded samples. The authors also proposed the following
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relation to estimate pseudo-elastic shear modulus for normally consolidated soils with
void ratio and mean effective stress:
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Figure 3.50: Stress path, void ratio change, shear wave velocity, and pseudo-elastic shear modulus of samples
under Ky consolidation




108 3. SLow CYCLIC BEHAVIOUR: EXPERIMENTAL ANALYSIS AND MODELLING

Figure 3.51 showcases the comparison between the pseudo-elastic shear modulus
of tested Dutch organic clay and the empirical relation proposed by Hardin and Black
(1968). The predicted values align well with the experimental data of samples Cyc T2(VII)
and Cyc T3(IX). However, the empirical relation significantly underestimates the pseudo-
elastic shear modulus sample T9(X). Hardin and Black (1968) indicated that there is a
secondary increase of the pseudo-elastic shear modulus with time in situ at constant ef-
fective stress, which is not accounted for in Equation 3.3. Nevertheless, this additional
stiffness is sensitive to particle disturbance and can be partially or totally destroyed by
disturbance. Based on this, it can be inferred that the sample disturbance on Cyc T2(VII)
and Cyc T3(IX) might result in better alignment with the relation based on data of re-
moulded samples.

A generalised relationship is proposed by Shibuya and Tanaka (1996) to estimate
the pseudo-elastic shear modulus of soft clay layer with void ratio and vertical effective
stress, with data from a series of in-situ seismic cone tests, as presented in Equation 3.4.
The comparison between the pseudo-elastic shear modulus of tested Dutch organic clay
and the empirical relation proposed by Shibuya and Tanaka (1996) is also shown in Fig-
ure 3.51. Good alignment can be found for all tested Dutch organic clay samples, sug-
gesting that typical empirical relations for pseudo-elastic shear modulus can provide a
reasonable estimation of the pseudo-elastic shear modulus of Dutch organic clay.

Gmax = 5000e™°1 /¢, (unit:kPa) (3.4)
80
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Figure 3.51: Comparison between pseudo-elastic shear modulus of Dutch organic clay and pseudo-elastic
shear modulus from empirical relations in literature
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3.4. EXTENDING JMC-CLAY MODEL TO BOUNDING SURFACE FOR-

MULATION

s demonstrated in Chapter 2, the JMC-clay model effectively captures both the mono-
Atonic and non-monotonic static responses of Dutch soft organic clay. Constructed
within an elastoplastic framework, the JMC-clay model predicts only elastic strains for
stress states that lie within the yield locus. However, actual soil behaviour is rarely purely
elastic, even when the stress states are within the yield locus. As illustrated in Figure 3.52,
which compares experimental data with model predictions for sample Cyc R1(VII), the
elastoplastic model predicts only elastic strain and generates no additional excess pore
pressure after the tenth cycle. In terms of the stress-strain relationship, the model cap-
tures only the loading phase of the first cycle.
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Figure 3.52: Experimental and modelling results of cyclic triaxial test on sample B103-14 Cyc R1

Owing to its mathematical simplicity, bounding surface plasticity has been adopted
by several researchers to predict the cyclic behaviour of clay (Rezania et al., 2014; Sei-
dalinov and Taiebat, 2014). The presence of a robust elastoplastic formulation makes
the extension to cyclic response relatively straightforward. By incorporating the concept
of the bounding surface along with a radial mapping rule, the model allows for plastic
strains even when the stress states are within the bounding surface. This enhancement
improves the model’s capability to better represent cyclic responses. The bounding sur-
face concept within the JMC-clay model is illustrated in Figure 3.53. Additionally, the
expression for this bounding surface can be reformulated from the JMC-clay yield locus
as follows:

M?-a? M?-a? 5\

I My R My EY A
F= _ [ 3.5
(G-p'ay) P T (pé) (3.5)

where p’ represents the image mean effective stress and § signifies the image devi-
atoric stress on the bounding surface. The parameter a ; defines the inclination of the
bounding surface, while M and ky control its shape. Finally, p;, determines the size of
the bounding surface.



110 3. SLow CYCLIC BEHAVIOUR: EXPERIMENTAL ANALYSIS AND MODELLING

Plastic potential M

N\

Bounding surface

\ B
T Elastic
nucleus

® Current stress
@ Image stress
O Projection center

AE =r AB
AD =r/s, BC
r/5 = bj(b-1)

=5
=5

Figure 3.53: Sketch of elastoplastic bounding surface concept

For the extension of the JMC-clay bounding surface, the radial mapping rule pro-
posed by Seidalinov (2018) is utilised. The image stresses (p/, §) are associated with the
current stresses (p', q) via the similarity ratio b and the projection centre (p’, g.). This
relationship can be expressed as:

p'=pe+b-(p'-piG=q.+b-(q-qp) (3.6)

The plastic potential reads:

G=(q-p'ag)’+ (M —az) p'p' - plp 3.7)

where parameter a defines the inclination of the plastic potential, while My is the crit-
ical state stress ratio. Finally, pg is a dummy variable to determine the size of the plastic
potential.

The core of the bounding surface concept is the projection centre evolution. For
models that incorporate rotational hardening, the projection centre has to evolve to
maintain its relative position within the dynamically changing bounding surface (Sei-
dalinov, 2018). Moreover, in line with existing constitutive models and experimental ob-
servation, the projection centre has to be updated at every stress reversal. The necessity
of updating the projection centre upon stress reversals is demonstrated in Figure 3.54.
The initial position of the projection centre is (p), = 1kPa, g, = 0kPa).

The plastic modulus K, for any stress state (p, q) is related to a bounding plastic
modulus K, at the corresponding image stress (p’, q) by means of the Euclidean dis-
tances § (between image stress and current stress state), and r (between image stress
and projection centre) in the following formulations:

r b

5 (-1

(3.8)
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Figure 3.54: Necessity of projection centre update at last stress reversal for cyclic response prediction
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where £ serves as a positive shape hardening variable. The parameter s}, controls
the relative size of the elastic nucleus. Specifically, when se, = 1, the elastic nucleus is
reduced to a single point located at the projection centre. Additionally, pye acts as the
reference pressure, ensuring unit consistency. The plastic modulus K, is defined in line
with the consistency condition of the bounding surface, expressed as F = 0.

To accurately model the continuous evolution of stress-strain curves and the corre-
sponding cyclic degradation/shakedown observed during cyclic loading in the labora-
tory, the shape hardening parameter & can evolve with an internal variable d to repro-
duce cyclic degradation/shakedown caused by the accumulation of plastic deviatoric
strain. This damage parameter a, first introduced by Seidalinov and Taiebat (2014), is
pivotal in capturing the reduction of secant shear modulus with the number of loading
cycles. Shi et al. (2018) modified this formulation to also describe cyclic shakedown. This
thesis adopts the formulation by Shi et al. (2018) to maintain the flexibility of the model
for both cyclic degradation (a4 = 0) and cyclic shakedown (ay < 0).

ho
h= 3.11
1+d ( )
1+d)|6el), if 0
sa =]t Doegl Haa< (3.12)
adlﬁeql, ifa; =0

where hy and a, are model parameters.
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When the bulk modulus is dependent on the mean effective stress p’, there are two
options: a ‘variable’ or a constant shear modulus. Practically, a value for the shear modu-
lus can be derived from the bulk modulus by assuming a specific value for Poisson’s ratio.
Alternatively, using a constant shear modulus would imply a varying Poisson’s ratio. Al-
though choosing a constant Poisson’s ratio implies hypo-elastic formulation and energy
conservation during cyclic loading is not complied (Zytynski et al., 1978), they offer a
straightforward platform to capture small strains stiffness properties within the bound-
ing surface framework (Shi et al., 2018). Therefore, a hypo-elastic formulation with a
constant Poisson’s ratio is adopted when extending the JMC-clay to a bounding surface
framework.

The early stabilisation of the stress path in the model prediction is triggered when the
image stress reaches the critical state stress ratio, rendering no plastic volumetric strain.
Shi et al. (2018) proposed the concept of the hybrid flow rule, in which the volumetric
plastic strain increment is not solely dependent on the image stress state. Instead, it is
contributed by both current stress and image stress as follows:

aGhyb _ aGimg x4 achr
ap{lyb ap' ap’

(I-x) (3.13)

where subscripts img and cur denote the plastic potential defined at the image and cur-
rent stress state. x is a variable that controls the contribution of the flow rule from the
image stress state and current stress state; its evolution is defined as

x=(1/p% (3.14)

where b is the similarity ratio; w is a model parameter, and the image stress flow rule is
regained when w = 0. The deviatoric plastic increment is only contributed by the image
stress.
0Ghyb  0Gimg
Odny, 049

(3.15)

3.4.1. SENSITIVITY ANALYSIS OF THE MODEL PREDICTION

y extending JMC-clay towards a bounding surface framework, the total number of
B model parameters increases from 12 to 16. This increase is from the four parame-
ters of the adopted bounding surface formulation (hy, a4, Sein, and w). Following the
calibration procedure presented in Chapter 2, the parameters of the elastoplastic (EP)
JMC-clay model can be calibrated from experimental data. As the bounding surface ex-
tension primarily aims to better represent various aspects of cyclic response in clays,
necessitating a comprehensive sensitivity analysis for effective model calibration and
practical application.

Preliminary sensitivity analysis on the anisotropic bounding surface model has been
performed by Seidalinov (2018) to showcase the constitutive features of the SANICLAY-B
model. Additionally, Kancharla (2019) conducted a parametric study on the SANICLAY-
B model, focusing on its predictive capabilities regarding the cyclic behaviour of kaolin
clay. However, detailed investigations into the impacts of parameters such as se,, w,
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and the over-consolidation ratio (OCR) on model predictions remain sparse. Therefore,
the influence of newly introduced parameters associated with the bounding surface for-
mulation will be investigated in the following section. The subsequent sensitivity anal-
ysis will investigate the predicted responses of the soil to cyclic loading, focusing on the
aspects previously discussed in the experimental result, including volumetric and devi-
atoric responses. Additionally, simulations of different loading amplitudes will be dis-
cussed.

PARAMETERS SELECTION, STATE VARIABLES INITIALISATION, AND TEST TYPE OF SENSITIV-
ITY ANALYSIS

The calibrated JMC-clay (EP) parameters for Dutch organic clay are adopted for sensi-
tivity analysis, as listed in Table 3.3 and Table 3.4. A cyclic triaxial test is selected for the
sensitivity analysis. The simulation initiates from an isotropic stress state, with a mean
effective stress (p’) of 5 kPa and the initial size (pg ;) and inclination (ay,;) of the bound-
ing surface set to 40 kPa and 0.5, respectively. In the isotropic consolidation stage, (p’)
is incrementally increased to 100 kPa for simulations starting from a normally consoli-
dated state. For over-consolidated states, the simulation reaches a predetermined mean
effective stress and then unloads to 100 kPa.

The subsequent cyclic stage involves up to 10 cycles of either stress- or strain-controlled
loading. This cyclic loading follows a triangular wave pattern. In the strain-controlled
simulation, a cyclic strain amplitude (¢cyc) of 0.01 was applied. For the stress-controlled
simulations, two distinct stress amplitudes (gcyc) are used: 0.15p} and 0.30p/, where p;
is the mean effective stress after consolidation.

Table 3.3: Model parameters adopted for sensitivity analysis (inherent from original JMC-clay)

Mg, MgelMg: v cC 2 Ze s Yy Mpe  kr
1.42 0.74 0.2 50 16 1.2 22 2 099 1.25

Table 3.4: Model parameters adopted for sensitivity analysis(x* and 1*)

A¥ x*
0.1 0.011

SUMMARY OF SENSITIVITY ANALYSIS
To facilitate a comprehensive understanding, the detailed sensitivity analysis of the model
parameters is thoroughly presented in Appendix B. The following section will summarise
the simulation results, with a primary focus on two critical aspects of cyclic response.
These include the volumetric response, which covers the evolution of the stress path and
the development of pore pressure, and the deviatoric response, comprising the stress-
strain curve, shear stiffness, damping ratio, and permanent deformation. Additionally,
the influence of cyclic amplitude on the model’s predictions will be briefly discussed.

In summary, an increase in the hy value increases the plastic modulus within the
bounding surface. This leads to a stiffer compression curve during the consolidation
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stage, coupled with a more pronounced transition in stiffness. In the context of cyclic
loading, higher h values correlate with reduced excess pore pressure development, in-
creased secant shear modulus, and diminished permanent deviatoric strain.

The parameter a; primarily influences the deviatoric aspects of the cyclic response,
including peak deviatoric stress, secant shear modulus, and permanent deviatoric strain.
However, the significant rise or reduction in plastic modulus during cyclic loading with
extreme ay values can also impact other facets of the cyclic response. For example, a
very high positive a; value can alter the pattern of stress path evolution and the devel-
opment of excess pore pressure. Additionally, a very low negative a; value results in a
rapid increase in plastic modulus, leading to a viscoelastic response. Therefore, while
the direct effects of a; are observed in deviatoric responses, its broader impact extends
to influencing the overall cyclic behaviour prediction.

A larger elastic nucleus size leads to a bigger elastic range within the bounding sur-
face. Its impact on the compression curve is not evident from the conducted simulation.
In terms of volumetric response, a larger elastic nucleus size reduces the development of
excess pore pressure. As for the deviatoric response, a higher s, value leads to a higher
peak deviatoric stress, secant shear modulus, and damping ratio. Additionally, when the
elastic nucleus is active (sejy > 1), the permanent deviatoric strain develops towards the
extension side.

The hybrid flow rule parameter w is initially introduced to better capture the devel-
opment of pore pressure during cyclic loading. However, w also alters cyclic deviatoric
responses. For example, as stiffness is dependent on mean effective stress, higher w val-
ues lead to a more rapid reduction in mean effective stress. This, in turn, results in a
quicker decrease in shear stiffness, as evidenced by lower peak deviatoric stress and se-
cant shear modulus observed after the first loading cycle. Additionally, w influences the
development of permanent deviatoric strain. This is due to the variation in deviatoric
plastic strain increment that occurs when implementing the hybrid flow rule, allowing
the image stress to evolve towards the dry side of the critical state and consequently re-
ducing the deviatoric plastic strain increment.

As the OCR increases, the predicted response changes from contractive behaviour
(positive excess pore pressure) to dilative behaviour (negative excess pore pressure). In
terms of peak deviatoric stress and secant shear modulus, higher OCR values result in
higher moduli. For low OCR values (OCR = 2), a reduction in modulus with an increas-
ing number of loading cycles is observed. The damping ratio tends to decrease as OCR
values decrease; however, the difference is not evident. Additionally, higher OCR values
lead to less permanent deviatoric strain.

Lastly, the influence of stress amplitude on the predicted cyclic response is straight-
forward. Specifically, higher stress amplitudes result in greater development of excess
pore pressure and an increase in permanent deviatoric strain.
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3.5. NUMERICAL CALIBRATION, PREDICTIONS AND VALIDATION

3.5.1. MODEL CALIBRATION AND STRESS STATE INITIALISATION

he 12 JMC-clay (EP) parameters can be calibrated using static laboratory tests as

described in Chapter 2. The calibration procedure of bounding surface related pa-
rameters (hy, a4, Sein, and w) will be described in this section.

To calibrate the bounding surface-related parameters, data from cyclic triaxial tests
are needed. Ideally, these tests should include one sample initially in an isotropic state
and another initially consolidated under K, conditions. Reflecting on the sensitivity
analysis discussed in the previous section and referring to the literature that adopts
bounding surface formulations, default values for these parameters are suggested to fa-
cilitate the calibration process. These default values are described below:

° Set Sein equal to one by default. It can be adjusted for the best fit to the stress
path and stress-strain curve evolution observed in both initially isotropic and Ky
consolidated cyclic triaxial tests.

* Set hy to 50 by default and select values that best fit the static compression and the
cyclic triaxial stress-strain curves.

* Set ay to zero by default and adjust a; to best match the secant shear modulus
reduction or the development of permanent deviatoric strain with the number of
loading cycles.

* Set w to one by default and adjust it for the best fit to the stress path and excess
pore pressure development in both initially isotropic and Ky consolidated cyclic
triaxial tests.

To effectively calibrate all model parameters, a minimum of six distinct tests are re-
quired, as summarised below:

* Ky loading-unloading: active Ky consolidation achieved by back volume or direct
radial strain measurement.

¢ Isotropic loading-unloading: isotropic compression test with axial strain and vol-
umetric strain measurements.

* Drained stress probe paths (two tests): one in compression and one in extension,
the samples are brought to failure with undrained triaxial compression (TxCU) or
undrained triaxial extension (TXEU) after stress probe path.

* Cyclic triaxial tests (two tests): including one test with an initially isotropic consol-
idated sample and another with an initially Ky consolidated sample.

Five initial state variables are needed for the proposed model, namely the initial void
ratio, e;, the initial stress state at the beginning of the test (p}, g;), the initial size of
the bounding surface, p(’), ;» the initial inclination of the bounding surface and plastic
potential, @;, and the initial location of projection centre, (pl, g.). The initialisation of
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both p(’)y ; and a; has been described in Chapter 2. The initial location of the projection
centre is set at (pl. = 1kPa, q. = 0kPa).

Following the calibration procedure, the first ten cycles of samples Cyc T1(XI) and
Cyc T2(XI) are selected to calibrate the model parameters related to bounding surface
formulation. All calibrated model parameters are outlined in Tables 3.5, 3.6, and 3.7. The
simulation with calibrated parameters and the test results are presented in Figure 3.55.
In general, the model depicts the volumetric response well, except for the overestimated
excess pore pressure in the first loading cyclic. Although the model underestimates the
peak deviatoric stress in the first cycle of Cyc T2(XI), the model reasonably captures the
stress path and stress-strain curve evolution. Additionally, the model shows a deviation
in the evolution of deviatoric stress on the extension side, tending towards a more neg-
ative side compared to test Cyc T2(XI). This discrepancy might be due to the inherent
anisotropy of the tested sample discussed previously. Moreover, while the model suc-
cessfully captures the decrease in deviatoric stress with an increasing number of cycles
on the compression side, it underestimates the reduction of deviatoric stress on the ex-
tension side.

Table 3.5: Calibrated original JMC-clay model parameters

Mg. MgelMg: v cC 2 Ze sy Mpe kr
1.42 0.74 02 50 16 12 22 2 099 1.25

Table 3.6: Calibrated model parameters (bounding surface related)

ho ag Se;n w
50 10 1 3

Table 3.7: Calibrated values for x* and A* for Cyc T1(IX) and Cyc T2(IX)

Parameter CycT1(IX) CycT2(IX)
K* 0.006 0.008
A* 0.055 0.070
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To assess the performance of the JMC-clay bounding surface (BS) model, static tests
were simulated, and the results were compared to those obtained using the elastoplastic
(EP) version of the model in Chapter 2. The calibrated values for x* and A* employed for
the static test simulations are presented in Table 3.8.

Table 3.8: Calibrated values for k* and 1* for different static tests samples

Parameter TI1(I) TI1(VID TI1(VII) T3(IX)
K* 0.015 0.009 0.011 0.007
A* 0.137 0.085 0.095 0.065

The predictive capabilities of the JMC-clay (BS) model are further validated through
test Cyc T2(VII), which entails strain-controlled cyclic shearing at a frequency of 0.001Hz
and an amplitude of 2.4% on an initially Ky-consolidated sample. The calibrated values
for x* and 1* employed in the simulation are presented in Table 3.9. Stress-controlled
cyclic test (0.1 Hz) from isotropic and Kj are also simulated. Table 3.10 present calibrated
values for x* and A* used in the stress controlled cyclic test simulation.

Table 3.9: Calibrated values for x* and A* for Cyc T2(VII)

Parameter Cyc T2(VII)
x* 0.085
A* 0.009

Table 3.10: Calibrated values for x* and A* for T8(X) and T9(X)

Parameter T8(X) T9I(X)
K* 0.013 0.014
A* 0.120 0.125

3.5.2. MODEL VALIDATION
he experimental data and simulation outcomes for the static tests are depicted in
Figure 3.56 and 3.57. It can be observed that the JMC-clay (BS) model yields a smoother
response compared to the JMC-clay (EP) model, particularly for samples in the over-
consolidated state. This is attributed to the gradual transition of plastic modulus within
the bounding surface.
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Figure 3.56: Experimental data and simulation results of static tests on group (III) and (VII)
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To validate the predictive capability of the proposed model upon cyclic loading, the
experimental results and simulation of test Cyc T2(VII) are analysed. Figure 3.58 dis-
plays the comparison between the experimental results and the numerical simulations
for Cyc T2(VII). As depicted in the figure, the model predictions closely match the ex-
perimental data along Ky consolidation. The model also reasonably predicts the cyclic
volumetric response, as evidenced by the stress path evolution and excess pore pressure
development. Regarding the deviatoric response, while the model underestimates the
peak deviatoric stress during the first cycle, it captures well with the laboratory data in
subsequent cycles. This better consistency is observed in deviatoric stress evolution on
the extension side, compared to the one in the simulation of Cyc T2(IX).
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[SSUES IN MODEL VALIDATION ON GROUP (X) SAMPLES

The simulation and experimental results for sample T8(X) are illustrated in Figure 3.59.
The model accurately predicts the isotropic consolidation phase, but encounters chal-
lenges upon cyclic loading, significantly overestimating both the contractive response
and the development of excess pore pressure. Additionally, there is a tendency within the
model to overpredict deviatoric strain while underpredicting shear stiffness. For sample
T9(X), as shown in Figure 3.60, the model offers a reasonable prediction of the K, consol-
idation path. However, it exhibits the same issues identified in the simulation of T8(X),
with the added challenge that the model prediction does not achieve the peak deviatoric
stress observed in laboratory tests.

The analysis of experimental data suggests that the higher clay content in group (X)
samples leads to a different response under cyclic loading. These samples exhibit lower
excess pore pressure compared to those in group (VII) when subjected to the same cyclic
load. An explanation for this observation is that the increased clay content contributes to
amore flexible microstructure, enhancing the material’s ability to accommodate applied
cyclic loading. Given the insights from the proposed modelling framework, it is logical to
conclude that the size of the elastic nucleus should be configured to a larger value. The
simulations for samples T8(X) and T9(X), with the elastic nucleus size parameter (se)
set to 2, are shown in Figures 3.61 and 3.62. An improvement in the model predictions
is observed in the first cyclic stage for sample T8(X). However, for the remaining simula-
tions, the model still fails to capture the experimental observations accurately. Although
increasing the size of the elastic nucleus may enhance the model prediction for T8(X),
the issue of underpredicting the peak deviatoric stress in T9(X) persists.

Within the current modelling framework, the only possibility of reaching peak devi-
atoric stress in T9(X) is to increase the size of the bounding surface, which has an over-
consolidated state before cyclic shearing. A preliminary check is performed by increas-
ing the size of the bounding surface p',, two times after the consolidation stage. For sam-
ple T8(X), the size of the bounding surface is increased from 121 kPa to 242 kPa. For sam-
ple T9(X), the size of the bounding surface is increased from 140 kPa to 280 kPa (keeping
the same inclination). The size of the elastic nucleus is set at 1.5. The simulation results
are presented together with experimental data in Figure 3.63 and Figure 3.64. The pore
pressure prediction of the model is now much closer to the experimental observation.
For the deviatoric stress-strain behaviour, the model can reach the peak deviatoric stress
observed in the laboratory, but it still provides a softer response compared to the test.
A more advanced elastic law might improve the model performance at the small strain
range.

Initial evaluations indicate that a larger bounding surface, characterised by a higher
over-consolidation ratio (OCR), might be necessary to align the model predictions with
experimental observations. Specifically, it appears that the bounding surface at the end
of consolidation is larger than what would be expected from a purely elastoplastic re-
sponse, suggesting the occurrence of creep. This creep-induced over-consolidation could
be one reason for the model underperformance in accurately predicting the behaviour of
group (X) samples. Another potential explanation for this discrepancy might be the rate
dependency of soil behaviour, considering that the loading frequency applied to group
(X) samples is 100 times higher than that applied to samples from other groups.



3.5. NUMERICAL CALIBRATION, PREDICTIONS AND VALIDATION 123

2.4

| 1802

Void ratio, e (-)
N
=
|

Simulation

18 e T

1 10 100 1000
Mean effective stress, p' (kPa)

150 . 16
| T8(%) 1

100 — -~

u
=]
[
©
|

Deviatoric stress, q (kPa)
o
|
Deviatoric stress, q (kPa)
o
|

&
=)
|
/
&
|

-100 — )
-12
150 ———— 1 ‘ — 6 t+——TT—T"—T—T—T—
0 25 50 75 100 125 150 -0.002 -0.001 0 0.001 0.002 0.003 0.004 0.005
Mean effective stress, p' (kPa) Deviatoric strain, e (-)
150 — 40
4 T8(X) il
30
100 —|

I

N

1S}
|

,_.
15}
|

a
=]
|
|
N
o
|

Deviatoric stress, q (kPa)
Deviatoric stress, q (kPa)
o
|

I
.
N}
S
|

/

'
[
S

|

B e A e e e -40

0 25 50 75 100 125 150 -0.015 -0.01 -0.005 0 0.005 0.01 0.015
Mean effective stress, p' (kPa) Deviatoric strain,e,(-)

Figure 3.59: Simulation and experimental results of T8(X)



124

3. SLow CYCLIC BEHAVIOUR: EXPERIMENTAL ANALYSIS AND MODELLING

Deviatoric stress, q (kPa)

T9(X)

1000

150

17 T AR T
1 10 100
Mean effective stress, p' (kPa)
150
4 T9(X)
125 —
g
£ 100 -
o
= 4
g
5 75
L
= 4
&
3 50—
fa)
25 — Experiment
(Qcyc=18kPa)
7 Simulation
0 \ \ I B B
0 25 50 75 100 125
Mean effective stress, p' (kPa)
200
T9(X)
160 —|
E 4
<
120 —|
@
g
Z 4
L
S 80—
8
3 B
fa)
40
Experiment
4 (deyc=45kPa)
Simulation
0 \ \ T
0 40 80 120 160 200

Mean effective stress, p' (kPa)

Deviatoric stress, q (kPa)

Deviatoric stress, q (kPa)

Figure 3.60: Simulation and experimental results of T9(X)

Deviatoric stress, q (kPa)

120

100 —

©
S
|

a
t=}

130

120

110

100

90

80

T9(X)

40 60 80 100
Mean effective stress, p' (kPa)

120 140

T9(X)

Experiment

(Acyc=18KkPa)
Simulation

T T T T T
0.04 0.08 0.12 0.16 0.2
Deviatoric strain,e.(-)

0.24

T9(X)

Experiment
(acyc=45kPa)
Simulation

T T 1
0.1 0.2 0.3
Deviatoric strain,e.(-)



3.5. NUMERICAL CALIBRATION, PREDICTIONS AND VALIDATION

125

150

100

3]
=]

&
S

Deviatoric stress, q (kPa)
o

-100

-150

150

100

u
=]

a
S

Deviatoric stress, q (kPa)
o

-100

-150

2.4
| T8(x)

23—

) N
- N
| |

Void ratio, e (-)

N
|

1.9+

18 e

1 10
Mean effective stress, p' (kPa)

T8(X)

T T T T T
25 50 75 100 125 150
Mean effective stress, p' (kPa)
T8(X)
T T T T T
25 50 75 100 125 150

Mean effective stress, p' (kPa)

Deviatoric stress, q (kPa)

Deviatoric stress, q (kPa)

N
S
|

&
S
|

100 1000

-16 — T
-0.0012 -0.0008 -0.0004 0 00004 0.0008

Deviatoric strain,e,(-)

-40 T T T T
-0.015 -0.01 -0.005 0 0.005

Deviatoric strain,e,(-)

Figure 3.61: Simulation and experimental results of T8(X) with se], set to 2




126

3. SLow CYCLIC BEHAVIOUR: EXPERIMENTAL ANALYSIS AND MODELLING

Deviatoric stress, q (kPa)

T9(X)

1000

150

17 T AR T
1 10 100
Mean effective stress, p' (kPa)
150
4 T9(X)
125 —
g
£ 100 -
o
= 4
g
5 75
L
= 4
&
3 50—
fa)
25 — Experiment
(dcyc=18kPa)
7 Simulation
0 \ \ I B B
0 25 50 75 100 125
Mean effective stress, p' (kPa)
200
T9(X)
160 —|
§ 4
<
120 —|
@
g
Z 4
L
S 80—
8
3 B
fa)
40 —|
Experiment
4 (deyc=45kPa)
Simulation
0 \ \ T
0 40 80 120 160

Mean effective stress, p' (kPa)

200

Deviatoric stress, q (kPa) Deviatoric stress, q (kPa)

Deviatoric stress, q (kPa)

120

100 —

@®
S

a
t=}

130

120

110

100

90

80

70

T9I(X)

L B e B e I
0 20 40 60 80 100 120 140
Mean effective stress, p' (kPa)

T9(X)
Experiment
(agyc=18kPa)
Simulation
L B e I EL N B e B B B

-0.02 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

Deviatoric strain,e.(-)

T9(X)
Experiment
(acyc=45kPa)
Simulation
T I I [ [
-0.1 0 0.1 0.2 0.3 0.4 0.5

Deviatoric strain,e.(-)

Figure 3.62: Simulation and experimental results of T9(X) with s, set to 2



3.5. NUMERICAL CALIBRATION, PREDICTIONS AND VALIDATION

127

150

1 T8(%)

100 —

Deviatoric stress, q (kPa)

-150 —

150

50 75 100
Mean effective stress, p' (kPa)

1 T8(X)

Deviatoric stress, q (kPa)

-150 —

50 75 100
Mean effective stress, p' (kPa)

Deviatoric stress, q (kPa)
o
|

Experiment
(,=13.2kPa)

Simulation

-16 | P

-0.0008 -0.0004 0
Deviatoric strain,e,(-)

40

0.0004

T T
0.0008

1 T8(X)
30

20

10

Deviatoric stress, q (kPa)
o
|

-10 -
_20 —
T Experiment
-30 — (qcyc:33kPa)
N Simulation
-40 T T T T T
-0.004 -0.002 0 0.002 0.004

Deviatoric strain,e,(-)

Figure 3.63: Simulation and experimental results of T8(X) with p’ set to 242 kPa and s, set to 1.5



128

3. SLow CYCLIC BEHAVIOUR: EXPERIMENTAL ANALYSIS AND MODELLING

150

T9(X)

125 —

100 —|

Deviatoric stress, q (kPa)
~N
w
|

50 —

25—

Experiment

0 ‘
0 25

200

T T T 1 7
50 75 100
Mean effective stress, p' (kPa)

T9(X)

160 —|

120 —

80

Deviatoric stress, q (kPa)
L

0—f ‘
0 40

80 120 160
Mean effective stress, p' (kPa)

200

Deviatoric stress, q (kPa)

Deviatoric stress, q (kPa)

130
T9(X)
120 —
110 —
100 —
90
80 Experiment
, (Gcyc=18kP2)
Simulation
70 T T T T T
-0.002 -0.001 0 0.001 0.002
Deviatoric strain,e,(-)
160
140 —
120 —
100 —
80 —|
60 —
| Experiment
40 (acyc=45kPa)
7 Simulation
20 T T T T T T T T T
-0.005 0 0.005 0.01 0.015 0.02 0.025

Deviatoric strain,e,(-)

Figure 3.64: Simulation and experimental results of T9(X) with p’ set to 280 kPa and sy, set to 1.5



3.6. DISCUSSIONS AND CONCLUSIONS 129

3.6. DISCUSSIONS AND CONCLUSIONS

n this Chapter, a thorough investigation into the slow cyclic response of Dutch organic
I clay through experimental studies and constitutive modelling is presented, aiming to
demystify the complex behaviour of Dutch organic clay under cyclic loading conditions.
The approach adopted herein has unearthed insight regarding the influence of loading
frequency, the contrasting responses between natural and reconstituted samples, the
significance of the initial stress state, the impact of the cyclic stress amplitude, the role of
clay and organic content, and the crucial aspect of post-cyclic undrained shear strength
and recompression.

A noteworthy discovery is the dependency of the soil cyclic response on the ampli-
tude of cyclic strain. This relationship is essential for grasping the fundamental me-
chanics of soil behaviour under cyclic loading, as it directly influences shear stiffness,
strength, and the development of excess pore pressure.

The detailed comparative analysis between natural and reconstituted samples has
highlighted substantial differences in their responses to cyclic loading, thereby empha-
sising the critical role of soil structure and composition. It is observed that natural sam-
ples demonstrate higher shear stiffness and less development of excess pore pressure,
which accentuates the impact of the soil’s inherent characteristics on its cyclic behaviour.

Moreover, the exploration into the effects of the initial stress state offers deeper in-
sights into the anisotropic nature of soil behaviour and its sensitivity to pre-cyclic stress
conditions. This Chapter underscores how the initial stress state can affect excess pore
pressure development, influence the accumulation of permanent strain, and dictate the
cyclic strength of Dutch organic clay. These findings highlight the need for more sophis-
ticated models that can accurately represent anisotropy and stress history.

The influence of clay and organic content on the cyclic response of Dutch organic
clay further elucidates the impact of soil composition on its mechanical properties under
cyclic loading. This revelation also carries profound implications for the development of
advanced soil models.

The extension of the JMC-clay model to include cyclic behaviour, incorporating bound-
ing surface plasticity, offers a more accurate and predictive framework for modelling soil
behaviour under cyclic loading conditions, despite the encountered challenges in model
validation.

This Chapter progresses our understanding of the slow cyclic response of Dutch or-
ganic clay, particularly highlighting the crucial role of cyclic strain amplitude. The ex-
perimental and modelling efforts have shed light on the intricate factors that influence
soil behaviour under cyclic loading, providing nuanced insights that augment both the
theoretical and practical comprehension of soil cyclic responses.
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RATE DEPENDENCY IN MODELLING
CYCLIC BEHAVIOUR: AN
ELASTOPLASTIC-VISCOPLASTIC
FRAMEWORK

Success is not final, failure is not fatal: It is the courage to continue that counts.

Winston Churchill

135



4. RATE DEPENDENCY IN MODELLING CYCLIC BEHAVIOUR: AN
136 ELASTOPLASTIC-VISCOPLASTIC FRAMEWORK

4.1. INTRODUCTION
I n Chapter 3, simulations demonstrate that the bounding surface version of JMC-clay
inadequately represents the cyclic response of soft organic clay, especially for the sam-
ples of the group (X). The preliminary check suggests that a larger bounding surface (with
a higher over-consolidation ratio, OCR) is required to align with experimental observa-
tions. In other words, at the end of consolidation, the bounding surface is larger than
expected for a purely elastoplastic response, which suggests that creep is occurring. This
is in line with findings by Bjerrum (1967), Graham et al. (1983), and Sheahan et al. (1996),
who observed that soft soils exhibit time-dependent, or ‘creep’ strains, necessitating an
enlarged bounding surface in constitutive modelling. The elastoplastic-viscoplastic ap-
proach, widely referenced in the literature, effectively describes the time-dependent be-
haviour of soils (Zienkiewicz et al., 1975; Rezania et al., 2016). Additionally, a few re-
searchers incorporate the elastoplastic-viscoplastic approach into the bounding surface
framework to model monotonic and cyclic response (Kaliakin and Dafalias, 1990a; Kali-
akin and Dafalias, 1990b; Jiang et al., 2017; Nieto-Leal and Kaliakin, 2021).

In this chapter, the JMC-clay model is extended toward an elastoplastic-viscoplastic
bounding surface formulation, termed JMC-clay BSEVP. The elastoplastic-viscoplastic
bounding surface model is central to the ‘overstress function’ evolution. The parameters
controlling this ‘overstress function’, as proposed by Kaliakin and Dafalias (1990a), have
not been thoroughly investigated. This chapter aims to first systematically elucidate the
influence of viscoplastic-related parameters on the ‘overstress function’. Subsequently,
a comprehensive sensitivity analysis will be conducted. This analysis will clarify the im-
pact of these newly introduced model parameters, in conjunction with those related to
the bounding surface, on the predicted cyclic response.

The integration of bounding surface and elastoplastic-viscoplastic formulations into
the JMC-clay model introduces a total of 19 parameters. This chapter outlines the cal-
ibration process for the JMC-clay BSEVP model. Drawing on the sensitivity analysis
presented in the chapter and relevant literature on elastoplastic-viscoplastic coupling
frameworks, default values for several parameters are suggested. These defaults aim to
simplify the calibration process or serve as substitutes when experimental data is un-
available.

The efficacy of the JMC-clay BSEVP model is validated using static tests on Dutch
organic clay, as presented in Chapter 2, and cyclic tests on Dutch organic clay, as de-
tailed in Chapter 3. Comparisons between experimental data and numerical simulations
highlight the JMC-clay BSEVP model capability in predicting various aspects of cyclic be-
haviour. These aspects include cyclic recompression and post-cyclic shear. Specifically,
the model performance on samples from the group (X) is investigated in detail. Lastly,
the rate-dependency features of the model are illustrated with typical aspects considered
in practical geotechnical design, such as shear modulus reduction and damping curves,
as well as the number of loading cycles to failure at a given stress amplitude.



4.2. ELASTOPLASTIC-VISCOPLASTIC BOUNDING SURFACE FORMULATION 137

4.2, ELASTOPLASTIC-VISCOPLASTIC BOUNDING SURFACE FOR-

MULATION

uilding upon the foundational structure proposed by Kaliakin and Dafalias (1990a),
B the JMC-clay is extended to encompass an elastoplastic-viscoplastic bounding sur-
face formulation (JMC-clay BSEVP), as illustrated in Figure 4.1. Adopting Perzyna’s over-
stress theory (Perzyna, 1966) necessitates the definition of a corresponding overstress
reference surface. The overstress reference surface mirrors the shape of the bounding
surface, as well as the elastic nucleus, and its size is defined by the model parameter,
sy. Inside the overstress reference surface and outside the elastic nucleus, the response
is elastoplastic. As the stress point moves out of the reference surface, the viscoplastic
strain rate is correlated with the ‘distance’ from the overstress reference surface to the
current stress point.

Plastic potential M, .

N\

Bounding surface

Overstress
reference

/- A\ surface
r [ p,
 JE
N _EL
TE]astic ® Current stress
nucleus @ Image stress
O Projection center
M
M AE=r AB =35
9e N
AD =t/s, BC=35

eln

AC=r/s, 1/3=b/(b-1)

Figure 4.1: Sketch of elastoplastic-viscoplastic bounding surface concept

Given a generic stress state, o, the ‘normalised overstress’, according to Kaliakin and
Dafalias (1990a), is delineated as follows:

A6 =

4.1)

where § is the distance from the current stress state to the overstress reference surface,
and r is the distance from the image stress to the projection centre. Figure 4.1 shows that
the following relation holds:

§=L_s 4.2)
Sy

where § is the distance from the current stress state to the image stress. Adopting the
similarity ratio introduced in equation 3.8 in Chapter 3, equation 4.1 and 4.2 allow rewrit-
ing the normalised overstress as a function of s, and b:
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Sy
b(sy—1) !

Viscoplastic strains are generated if A¢ is greater than zero. The minimum similarity
ratio, bmin, for which this condition is met depends on s,, as plotted in Figure 4.2.

The magnitude of the viscoplastic strain is controlled by the overstress function, de-
noted as @, following Perzyna’s approach (Perzyna, 1966), Kaliakin and Dafalias (1990a)
defined the latter as:

A6 = 4.3)

o
O=—exp

v ) (A" (4.4)

q
Mg, 24
where V and n are new model parameters.

The viscoplastic strain can be calculated as follows:

ag g !
VP — (@) —2— | —=— 4.5
€y ”a(')a(') (4.5)
og | dg -
vp _ 5 |75
£q (@)a( 3@ (4.6)

According to Kaliakin (1991), for relatively small values of V, the response exhibits
almost inviscid characteristics throughout the loading history, meaning the viscous re-
sponse occurs very rapidly. Conversely, with large V values, the viscoplastic strain is
substantially reduced, leading to minimal change in the overall response over time. Sim-
ilarly, increases in the exponent term 7 affect the response in a manner akin to increases
in V, particularly on the initial slope of the response curves.

To facilitate practical calibration of the model, it is essential to explore the influence
of the three viscoplastic-related parameters: s,, V, and n. This exploration will help
achieve better model predictions.
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The parameter n determines the exponent for the ‘normalised overstress’, denoted
as A6. Its impact on the viscoplastic response varies with the value of A¢g. Specifically:

* When A¢ is less than 1, an increase in z results in a decrease in the overstress
function, ®.

* If A6 equals 1, the value of n does not affect ®.
* When A¢ exceeds 1, a higher n value leads to an increase in ®.

The ‘normalised overstress’ Ag is a function of s, and similarity ratio b. For a given
sy value, the following equations define the ranges of the similarity ratio that correspond
to the three circumstances previously mentioned.

N Sy
A6 >1, b<m
A _ sy
AO’—l, b—m (47)
~ Sy
AG <1, b>m

Figure 4.3 illustrates how the parameter n affects the overstress function ® for three
different s, values: 1.5, 2, and 2.5. The parameters V and n are fixed at 5 x 107 kPa-min
and 4, respectively. A stress ratio n = % of 0.5 is adopted for plotting the results. For s, =
1.5, the critical similarity ratio b is 1.5 (Ad = 1), meaning that A§ is less than one above
this ratio and greater than one below it. This indicates that increasing n can positively,
neutrally, or negatively impact ®, depending on the stress state (reflected by different
similarity ratios b, as shown in Figure 4.3). As s, increases to 2, the critical similarity ratio
becomes 1, suggesting that increasing n can either neutrally or negatively influence ®.
When s, is 2.5, any increase in n will only have a negative effect on ®.

The influence of the parameter V is relatively distinct: the higher the V value, the
lower the overstress function @, as illustrated in Figure 4.4, with s, = 2 and n = 4. Equa-
tion 4.4 shows that the overstress function ® also depends on the stress ratio n. Fig-
ure 4.5 illustrates how @ varies with different stress ratios, assuming Mg = 1.42, s, = 2,
V =5x107 kPa-min, and n = 4. It is observed that ® increases as the stress ratio increases.
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4.3. SENSITIVITY ANALYSIS OF THE MODEL PREDICTION

y incorporating bounding surface and elastoplastic-viscoplastic formulations into

JMC-clay, the total number of model parameters increases from 12 to 19. This in-
crease includes four parameters from the bounding surface formulation (hy, ag, seln,
and w) and three from the elastoplastic-viscoplastic formulation (s,, V, and n). Table 4.1
presents the definition and the reasonable range of these parameters for organic soils.
The twelve parameters of the elastoplastic (EP) JMC-clay model are relatively straightfor-
ward and can be rather easily calibrated from experimental data. The additional param-
eters introduced through the bounding surface and elastoplastic-viscoplastic formula-
tions aim to capture varied aspects of rate-dependent and cyclic response. The impact
of parameters associated with the bounding surface formulation was preliminarily in-
vestigated in Chapter 3. While the impact of parameters s,, V, and n on the overstress
function has been demonstrated in the previous section, their overall contribution to
model prediction remains ambiguous. In the following section, a comprehensive sen-
sitivity analysis will be conducted to elucidate the influence of these newly introduced
model parameters on the predicted cyclic response.

Table 4.1: Definition and suggested range of model parameters

Parameters Definition Reasonable Range
Mg ¢ Ultimate stress ratio in triaxial compression 0.8 -1.75
Mg . Ultimate stress ratio in triaxial extension 06-1.2
v Poisson’s ratio 0.15-0.35
c 5-200
Zc 1-5
Ze Coefficients of the rotational hardeningrule 1-5
S 0.5-5.0
y 0.5-5.0
Mg, Shape coefficients for the yield locus 0.65Mg, ~1.0Mg
kf 0.75-3
A* Slope of the normal compression line 0.05-0.2
on the In(v) —In(p")
K* Slope of the unloading-reloading line 0.117-0.15A%
on the In(v) —In(p")
ho Plastic shape hardening parameter 25-300
aq Damage parameter -25-25
Seln Size of elastic nucleus 1-25
w Hybrid flow rule parameter 0-10
Sy Size of viscoplastic nucleus >1and = s,
1% Viscoplastic rate parameter 5x 105 — 1 x 108 kPa-min
n Viscoplastic slope parameter 1-6
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4.3.1. COMPRESSION BEHAVIOUR WHEN ACCOUNTING ELASTOPLASTIC-

VISCOPLASTIC RESPONSE

n the JMC-clay model (EP and BS), the compression behaviour is characterised by

two key parameters: the slope of the normal compression line in the In(v) — In(p’)
space, denoted as 1*, and the slope of the unloading-reloading line in the same space,
represented by x*. Given that the compression behaviour of soft soils is time-dependent
and under the elastoplastic-viscoplastic framework, 1* actually encapsulates both time-
dependent and time-independent responses. Consequently, the selection of 1™ value
should consider the time-dependent response of the soil.

In the context of the elastoplastic-viscoplastic framework introduced in this chapter,
the predicted compression behaviour is influenced by the parameters s,, V, and n. Fig-
ure 4.6 illustrates the effect of the parameter s, and the size of the elastic nucleus, Seyn,
on predicted volumetric response along isotropic compression, with A* and «* set at 0.1
and 0.011, respectively. For this analysis, the viscoplastic-related parameters used are
V =5x 107 kPa-min and n = 4. The isotropic compression spans a time interval of 10,800
minutes. The other model parameters adopted when plotting the results are reported in
Table 4.2 and Table 4.3.

It is observed that the apparent slope of the normal compression line varies from 0.1
to 0.13 as s, decreases from 2.5 to 1.25. The size of the bounding surface at the end of
isotropic compression increases, and the apparent pre-consolidation pressure decreases
as the value of s, decreases. Additionally, Figure 4.6 demonstrates that the model pre-
dictions are insensitive to values of s, = 2 for all the elastic nucleus sizes investigated.

Table 4.2: Model parameters adopted for plotting Figure 4.6 (inherent from JMC-clay (EP))

Mg. MgelMg: v cC 2 Ze s Yy Mpe  kr
1.42 0.74 0.2 50 16 1.2 22 2 099 125

Table 4.3: Model parameters adopted for plotting Figure 4.6 (bounding surface related)

hy aqg Sem W
50 0 1 0

4.3.2. PARAMETERS SELECTION, STATE VARIABLES INITIALISATION,

AND TEST TYPE OF SENSITIVITY ANALYSIS

he subsequent sensitivity analysis will investigate the predicted responses of the soil
T to cyclic loading, focusing on the aspects previously discussed in Chapter 3, includ-
ing cyclic volumetric and deviatoric responses. As demonstrated by the experimental
data in Chapter 3, the soil behaviour under cyclic loading is very dependent on the pre-
cyclic shearing stress state and loading amplitude. To thoroughly assess this, the analysis
will encompass both isotropic and anisotropic initial stress states. Additionally, simula-
tions of different loading amplitudes will be discussed.

Considering the more apparent influence of the bounding surface parameters hg and
Seln, Which has already been investigated in Chapter 3, along with the impact of OCR, ag,
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and w on cyclic response, this section will concentrate on viscoplastic related parame-
ters sy, V, and n. Additionally, their interaction with the bounding surface parameters
ag and w will be investigated.

As previously mentioned, the predicted compression behaviour is influenced by the
viscoplastic parameters s,, V, and n. Consequently, to derive a unique compression
curve on the In(v) —In(p’) plane, it is necessary to select specific values for 1* and the
initial bounding surface size, p(’], ;» based on the selected viscoplastic parameters. Fig-
ure 4.7(a) demonstrates that a unique isotropic compression curve can be obtained for
varying s, values with appropriately chosen A* and p(’]’ ;- The consolidation stage spans a
time interval of 10,800 minutes, and the other two viscoplastic parameters adopted are:
V =5x 107 kPa-min and n = 4. Here, 1* is adjusted from 0.1 to 0.078 as s,, changes from
2.5 to 1.25, while p(’), ; increases from 40 kPa to 70 kPa for the same range of s, values.
The same procedure applied to isotropic consolidation is also performed for Ky consol-
idation, with the results presented in Figure 4.7(b). In the case of Ky compression, 1*
is adjusted from 0.1 to 0.078 as the s, value decreases from 2.5 to 1.25. Similarly, p(’)'l.
increases from 40 kPa to 77 kPa across this range of s, values. Therefore, the values for
A* and the initial bounding surface size, p[’),i, are selected based on the viscoplastic pa-
rameters to be used in the forthcoming sensitivity analysis. The other model parameters
adopted for sensitivity analysis are listed in Table 4.4 and Table 4.5.

The cyclic triaxial test is selected for the sensitivity analysis. The simulation initiates
from an isotropic stress state, with a mean effective stress (p’) of 5 kPa and an initial incli-
nation of the bounding surface (ay,;) set to ax, = 0.5. During the consolidation stage, the
process is either isotropic or follows a Ky condition, escalating the mean effective stress
before the cyclic stage (p}) up to 100 kPa. Following the consolidation stage, the simula-
tion proceeds to a cyclic stage, which is controlled by either stress or strain, and includes
up to 10 cycles. This cyclic loading follows a triangular wave pattern with a frequency of
0.1 Hz.

In the strain-controlled simulation, a cyclic strain amplitude, £cyc, of 0.01 is applied.
For the stress-controlled simulations, two distinct stress amplitudes, gcyc, are used: 0.15p
and 0.30p).

Table 4.4: Model parameters adopted for sensitivity analysis (inherent from JMC-clay (EP))

Mg. MgelMg: v cC 2 Ze s Yy Mpe  kr
1.42 0.74 0.2 50 16 1.2 22 2 099 125

Table 4.5: Model parameters adopted for sensitivity analysis (bounding surface related)

hO Seln
50 1
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Figure 4.7: (a) Isotropic (b) 1D compression curves obtained for different s, with selected A* and p(’) i

4.3.3. SUMMARY OF SENSITIVITY ANALYSIS

o facilitate a comprehensive understanding, the detailed sensitivity analysis of the

model parameters is thoroughly presented in Appendix C. The following section will
discuss selected simulation results, with a primary focus on two critical aspects of cyclic
response. These include the volumetric response, which covers the evolution of the
stress path and the development of pore pressure, and the deviatoric response, compris-
ing the stress-strain curve, shear stiffness, damping ratio, and permanent deformation.
Additionally, the discussion will delve into the effects of the initial stress state prior to
cyclic loading and the influence of cyclic amplitude on the model’s predictions.

According to the sensitivity analysis, the volumetric response to cyclic shearing is
influenced by nearly all the examined model parameters, except for the damage param-
eter, az. Among the viscoplastic parameters — s,, V, and n — s, emerges as the most
significant. It alters the size of the viscoplastic zone within the bounding surface, signif-
icantly affecting both the initial size of this surface at the end of the consolidation stage
and its rate of change under cyclic loading. Decreasing the s, value leads to an increase
in the bounding surface size at the consolidation stage within the same time frame. Con-
sequently, as illustrated in Figure 4.8, the stress path evolution shifts from contractive to
dilative behaviour. Simultaneously, excess pore pressure is transitioned from positive to
negative.

Kaliakin (1991) noted that parameters V and n influence the viscoplastic response
by altering the evolution rate and initial slope of the overstress function. While reducing
V has a similar effect to decreasing s,, the predicted response to changes in V is more
log-linear, as depicted in Figure 4.9. The effect of n, though somewhat analogous to s,
and V, is more complex. Its specific impact depends on the selected s, value and the
stress path’s nature during the consolidation stage. As an exponent in the ‘normalised
overstress, Ag, its influence on the overstress function, @, varies. It can be positive,
neutral, or negative when the n value exceeds 1. This variability affects the evolution
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rate of the overstress function and, consequently, the model prediction. As shown in
Figure 4.10(a) for s, = 1.5, increasing n reduces contractive behaviour and excess pore
pressure development in initially isotropic consolidated states. Conversely, it enhances
these responses in initially Ky consolidated states, as indicated in Figure 4.10(b). Given
that the influence of 7 is akin to that of s, and V, a default value of 1 for n could simplify
model calibration, unless specific experimental data suggest otherwise.
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The proposed model includes the hybrid flow rule parameter, w, to specifically ad-
dress the early stabilisation or ‘freezing’ observed in both stress paths and excess pore
pressure development. The influence of w on the volumetric response is straightforward
and illustrated in Figure 4.11: as w increases, the model predicts a more contractive re-
sponse and greater development of positive excess pore pressure when the current stress
state lies on the wet side of the critical state.

When it comes to the sensitivity analysis of the deviatoric response, all investigated
parameters significantly influence model predictions. A decrease in s, values, lower val-
ues of 1* adopted, and the larger bounding surface size results in higher peak/trough
deviatoric stress and secant shear modulus under strain-controlled conditions and a re-
duction in permanent deviatoric strain €4per under stress-controlled conditions, as il-
lustrated in Figure 4.12 and Figure 4.13. Similarly, reducing V' values leads to analogous
effects, as depicted in Figure 4.14 and Figure 4.15.

The effect of n on the deviatoric response is similar to that of s, and V. However,
its specific impact is contingent on the chosen s, value and the nature of the stress
path during the consolidation stage, as previously discussed. For instance, with s, set
at 1.5 and in simulations of initially isotropic consolidated conditions, an increase in n
value intensifies peak/trough deviatoric stress and secant shear modulus under strain-
controlled scenarios and diminishes permanent deviatoric strain €4,per under stress-
controlled conditions, as shown in Figure 4.16 and Figure 4.17.
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As indicated in Chapter 3, the hybrid flow rule parameter w also alters cyclic devia-
toric responses. For example, as stiffness is dependent on mean effective stress, higher
w values lead to a more rapid reduction in mean effective stress. This, in turn, results
in a quicker decrease in shear stiffness, as evidenced by lower peak deviatoric stress and
secant shear modulus observed after the first loading cycle, as shown in Figure 4.18. Ad-
ditionally, as depicted in Figure 4.19, w influences the development of permanent devia-
toric strain. This is due to the variation in deviatoric plastic strain increment that occurs
when implementing the hybrid flow rule, allowing the image stress to evolve towards
the dry side of the critical state and consequently reducing the deviatoric plastic strain
increment.
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Figure 4.18: Stress-strain curve and secant shear modulus of strain-controlled cyclic shearing stage for different
w value
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In summary, the parameter a; significantly influences the deviatoric aspects of the
cyclic response, including peak deviatoric stress, secant shear modulus, and perma-
nent deviatoric strain, as shown in Figure 4.20 and Figure 4.21. An increase in positive
ay value enhances the reduction in peak deviatoric stress and secant shear modulus
with each loading cycle, as evidenced in Figure 4.20. Simultaneously, a higher posi-
tive a, value accelerates the development of permanent deviatoric strain, depicted in
Figure 4.21. However, a substantial positive a4 value (a; = 50) can also significantly
reduce the plastic modulus during cyclic loading. This reduction might intensify rota-
tional hardening, leading to quicker changes in the inclination of the bounding surface
during cyclic shearing. Such alterations can affect the stress path evolution and excess
pore pressure development, as shown in Figure 4.22. Thus, while a positive a; value di-
rectly affects deviatoric responses, its broader influence encompasses the entire cyclic
behaviour of the soil. When introducing positive a; values to match cyclic degradation
observed in experimental data, it is crucial to ensure realistic predictions across all as-
pects of the cyclic response.

Conversely, a negative a, value leads to an increase in peak deviatoric stress and se-
cant shear modulus with each loading cycle, as illustrated in Figure 4.23. However, when
the a, value falls below -25, there is a significant rise in the plastic modulus during cyclic
loading, affecting other cyclic response aspects. For instance, with a,; at -25 and -50, the
model predicts a viscoelastic response and an increase in the damping ratio after sev-
eral loading cycles, as depicted in Figure 4.23. Additionally, decreasing the negative a,
value reduces the development of permanent deviatoric strain, as shown in Figure 4.24.
Therefore, while incorporating negative a,; values to reflect cyclic shakedown seen in ex-
perimental data, it is essential to ensure that the model also provides realistic predictions
in other cyclic response aspects.
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Figure 4.20: Stress-strain curve and secant shear modulus of strain-controlled cyclic shearing stage for different
positive a, value
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Figure 4.21: Stress-strain curve and permanent deviatoric strain of stress-controlled cyclic shearing stage for
different positive a,; value (qcyc = O.SOp;.)
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Interestingly, as shown in Figure 4.25(a), the damping ratio upon cyclic loading ap-
pears to be only affected by the hybrid flow rule parameter, w. This dependence arises
because an increase in w not only reduces the contribution of the plastic volumetric in-
crement at the image stress state but also slows the increase in image stress weighting
for similarity ratios lower than 1.5 (equivalent to 1/b = 0.7, as shown in Figure 4.25(b)).
This leads to a lower plastic modulus and a slower variation in predicted shear stiffness,
thereby reducing the area in the hysteresis loop and resulting in a lower damping ratio.
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Figure 4.24: Stress-strain curve and permanent deviatoric strain of stress-controlled cyclic shearing stage for
different negative ag value (geyc = 0.30p})
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Besides the model parameters, cyclic amplitude also influences the predicted re-
sponse. Generally, higher amplitudes result in greater excess pore pressure develop-
ment, as well as increased cyclic and permanent deviatoric strain, as demonstrated in
Figure 4.26, which shows simulations conducted without the hybrid flow rule activated
(w = 0). Additionally, the impact of the initial stress state is depicted in Figure 4.27,
also under conditions with the hybrid flow rule deactivated. These simulations reveal
that starting from an isotropic stress state leads to higher excess pore pressure but lower
cyclic and permanent deviatoric strain compared to a Ky stress state. Concerning shear
modulus, simulations originating from a K stress state exhibit higher shear stiffness and
amarginally quicker reduction in stiffness as the number of loading cycles increases. Re-
garding the damping ratio, the response from an isotropic stress state remains stable af-
ter the initial cycle, whereas it gradually increases with more loading cycles in a K stress
state.

These predicted responses to different cyclic amplitudes and initial stress states are
in good agreement with the experimental observations presented in Chapter 3. Beyond
these factors, other crucial elements affect model predictions, including the evolution of
anisotropy (rotational hardening), updates to the projection centre, and the Lode angle
dependency of the critical state stress ratio.
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4.4. NUMERICAL CALIBRATION, PREDICTIONS AND VALIDATION

4.4.1. MODEL CALIBRATION

he elastoplastic-viscoplastic coupling framework shows strain-rate ‘saturation’ when
T predicting strain-rate effects (Kaliakin and Dafalias, 1990a; Kaliakin and Dafalias,
1990b). Essentially, this means that under sufficiently rapid loading conditions, the model
predicts a rate-independent response. This is illustrated in Figure 4.28, where the pre-
dicted undrained triaxial compression response aligns with the predictions of a rate-
independent model when the axial strain rate exceeds 0.1%, given the set of model pa-
rameters used. Owing to the coupling between elastoplasticity and viscoplasticity in the
model, arate-independent response is predicted when the strain rate surpasses a certain
‘saturation’ threshold. Beyond this saturation value, elastoplasticity becomes the domi-
nant mechanism for predicting material response. Consequently, the model parameters
should be calibrated using the fastest experimental data available.

Incorporating bounding surface and elastoplastic-viscoplastic formulations into the
JMC-clay model results in a total of 19 parameters. These include 12 parameters from
the JMC-clay (EP), four from the bounding surface formulation (hg, ag, Se;n, and w),
and three from the elastoplastic-viscoplastic formulation (s,, V, and n). The 12 JMC-
clay (EP) parameters are mostly rate-insensitive, allowing them to be calibrated using
static laboratory tests as described in Chapter 2. For drained tests, the loading rate typi-
cally ranges between 0.007 and 0.01 kPa/min to prevent the development of excess pore
pressure. For undrained tests, the strain rate is usually set between 0.012 and 0.015
%/min. The slopes of the normal compression line and the unloading-reloading line
in In(v) —In(p") space are defined from these static tests as A, ;. and k.., respectively.
The calibration process for the JMC-clay (EP) parameters using static tests is outlined as
follows:

*

* Kiaticr /l:tatic, and c are calibrated on isotropic compression tests with axial strain
and volumetric strain measurements to assess the evolution of the deviatoric plas-
tic strain component (i.e., anisotropic response). k... and A7_. are defined in
the In(v) — In(p’) space.

* v is estimated from a Ky unloading path.
* Mg . and Mg . are determined from triaxial compression and extension tests.

° Z¢ Ze, S, and y are defined by fitting equation 2.8 in Chapter 2 on at least three
triaxial tests: Ky compression and two radial paths, one in compression and one
in extension; if no data is available on the extension side, z, can be obtained as-
suming ze/zc = Mg e/ Mg c.

* My, and ky are determined from yielding points along drained stress probe paths;
Mg . is obtained assuming My ./ Mg . = Mg o/ Mg, .

To calibrate the remaining seven model parameters — four from the bounding surface
formulation (hg, ag, Sein, and w) and three from the elastoplastic-viscoplastic formula-
tion (s,, V, and n) - data from the fastest cyclic triaxial tests are needed. These tests
should ideally include one initially isotropic and one initially Ky consolidated sample.
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Reflecting on the sensitivity analysis discussed in the previous section and drawing upon
literature that utilises the elastoplastic-viscoplastic coupling framework, default values
for several parameters are proposed to facilitate the calibration process. These default
values are described below:

« V is set within the typical range of 5 x 108 - 5 x 108 kPa-min, by default, a value of
5 x 107 kPa-min can be adopted.

* The default setting for n is 1.

¢ Initially, set s, to 1.5. A* and x* should be set to 0.851;, ;. and 1/91%, respectively.
These parameters can then be adjusted to best fit the evolution of the stress path

and stress-strain curve during cyclic shearing.

° Set segin equal to s, by default. It can be adjusted for the best fit to the stress path
and stress-strain curve evolution observed in both initially isotropic and Ky con-
solidated cyclic triaxial tests.

Initial size of the bounding surface, p6 ; and plastic shape parameter, hi: Set hg to
50 by default and select values that best fit the static compression curves.

Set a; to zero by default and adjust a, to best match the secant shear modulus
reduction or the development of permanent deviatoric strain with the number of
loading cycles.

Set w to one by default and adjust it for the best fit to the stress path and excess
pore pressure development in both initially isotropic and Kj consolidated cyclic
triaxial tests.
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Figure 4.28: Effect of rate of strain on predicted undrained triaxial compression test
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To effectively calibrate the 19 model parameters, a minimum of six distinct tests are
required, as summarised in Table 4.6:

* Ky loading-unloading: active Ky consolidation achieved by back volume or direct
radial strain measurement.

* Isotropic loading-unloading: isotropic compression test with axial strain and vol-
umetric strain measurements.

 Drained stress probe paths (two tests): one in compression and one in extension,
the samples are brought to failure with undrained triaxial compression (TxCU) or
undrained triaxial extension (TXEU) after the stress probe path.

* Cyclic triaxial tests (two tests): including one test with an initially isotropic consol-
idated sample and another with an initially Ky consolidated sample.

Furthermore, Table 4.6 also summarises the default values for the model parameters.
These defaults can facilitate the calibration process or be used when experimental data

is unavailable.

Table 4.6: Test type required to calibrate model parameters and default values for model parameters

Parameters Test Type Default Value
Mg Undrained triaxial compression (TxCU) -
Mg . Undrained triaxial extension (TxEU) -
v Ky loading-unloading -
c -
Zc Isotropic compression test -
Ze Zelze = Mg,/ Mg ¢
S Ko compression and two stress probe paths -
y 2.0
My Drained stress probe paths (two tests) -
k¢ TxCU and TxEU after drained stress probe path -
A¥ Isotropic compression test 0.85A% ,1ic
K* Isotropic compression test 1/94%
ho Isotropic compression test 50
aq Cyclic triaxial tests 0
Seln Cyclic triaxial tests equals to s,
w Cyclic triaxial tests 1
Sy Cyclic triaxial tests 1.5
v Cyclic triaxial tests 5 x 107 kPa-min
n Cyclic triaxial tests 1
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The following section demonstrates the calibration procedure using samples from
the group (IX). Chapter 2 has already detailed the calibration process for the 12 JMC-
clay (EP) model parameters, and the calibrated JMC-clay (EP) model parameters are pre-
sented in Table 4.7. The focus here will be specifically on calibrating the additional pa-
rameters from the bounding surface formulation (hg, ag, Seln, and w) and the elastoplastic-
viscoplastic formulation (s,, V, and n). As presented in Chapter 3, the fastest cyclic tests
in this group are the strain-controlled cyclic test at a loading rate of 0.001 Hz, starting
from isotropic stress state (Cyc T1(IX)) and Kj stress state (Cyc T2(IX)).

Table 4.7: Calibrated JMC-clay (EP) model parameters for the group (IX)

Mg. MgelMg: v C 2 Ze s ¥y Mp.  kr
1.42 0.74 02 50 16 12 22 2 099 1.25

PARAMETER $;,, V, AND n

The calibration process for parameters s,, V, and n aims to optimally fit the evolution
of the stress path and stress-strain curve during the first ten cycles of cyclic shearing.
The previously suggested default values are adopted as starting points: s, at 1.5, V at
5 x 107 kPa-min, and » at 1. Additionally, the initial trial uses se, at 1.5, hg at 50, a4 at
0, watl, A* at 0.85/1:taﬁc, and x* at 1/91*. The simulation results, compared with the
experimental data from Cyc T1(IX) and Cyc T2(IX), are presented in Figure 4.29. While
the model accurately captures the first cycle of the test starting from the isotropic stress
state, it significantly overestimates the deviatoric stress in the test beginning from the
K stress state, particularly on the extension side. Notably, the model predicts an elastic
response upon stress reversal, which is not observed in the experiments.

Based on these observations, the second trial of simulations adjusts s, to 1.75 and
Seln to 1, while keeping the other parameters constant. Figure 4.30 shows the updated
model predictions alongside laboratory data. Although the response upon stress rever-
sal is better captured, the model still overpredicts the deviatoric stress on the extension
side for the test starting from a K stress state. In the third trial, the parameter V is in-
creased to 5 x 108 kPa-min, with the rest of the parameters remaining unchanged. This
adjustment, as shown in Figure 4.31, reasonably mitigates the overprediction of devia-
toric stress for the initially Ky consolidated test. Further improvements can be expected
with subsequent calibration of the damage parameter, a,.

PARAMETER hgy

The calibration of parameter hy was conducted using the experimental results from the
isotropic and Kj consolidation stages of tests Cyc T1(IX) and Cyc T2(IX), respectively.
The model predictions with # set to 50 showed a reasonable match with the K consol-
idation results, as illustrated in Figure 4.32. However, for isotropic consolidation, even a
reduced hy value of 25 resulted in a stiffer response than what was observed experimen-
tally. Given the close agreement between the model prediction and test Cyc T2(IX), the
discrepancy in the isotropic consolidation response of sample Cyc T1(IX) could be due
to sample disturbance. Therefore, hy is calibrated at a value of 50 to better represent the
behaviour observed in the majority of the tests.
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Figure 4.29: Parameter s, V, and n calibration with cyclic triaxial tests on group (IX) (first trial)

PARAMETER ay

The calibration of parameter a,; was specifically focused on the reduction of secant shear
modulus during the first ten cycles of cyclic shearing in tests Cyc T1(IX) and Cyc T2(IX).
Setting a, to 10, as illustrated in Figure 4.33, resulted in a good match with the test re-
sults. However, it is important to note that the model generally tends to underpredict
the secant shear moduli, particularly during the first loading cycle. The calibrated stress
paths and stress-strain curves, obtained with a, set to 10, are presented in Figure 4.34.
These calibrated results provide a better representation of the observed behaviour in the
tests and demonstrate the effectiveness of adjusting the parameter a,; to capture the re-
duction in secant shear modulus during cyclic shearing.

PARAMETER w

The calibration of parameter w was focused on two key aspects: the development of
average excess pore pressure and the evolution of secant shear modulus and damping
ratio during the first ten cycles of cyclic shearing in tests Cyc T1(IX) and Cyc T2(IX). Set-
ting w to 3 yielded model predictions that align well with the test results, as shown in
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Figure 4.30: Parameter sy, V, and n calibration with cyclic triaxial tests on group (IX) (second trial)

Figure 4.35. However, it is notable that the model tends to overestimate the damping
ratio. Additionally, the model predicts slightly higher average excess pore pressure in
the first three loading cycles. The stress paths and stress-strain curves, reflecting the
calibrated value of w, are presented in Figure 4.36. These calibrated results provide im-
proved agreement with the observed behaviour in the tests and demonstrate the effec-
tiveness of adjusting the parameter w to capture the development of average excess pore
pressure and the evolution of secant shear modulus and damping ratio during cyclic
shearing.
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Figure 4.31: Parameter s, V, and n calibration with cyclic triaxial tests on group (IX) (third trial)
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4.4.2, MODEL PARAMETER

he calibrated parameters for the bounding surface and elastoplastic-viscoplastic for-
T mulations for samples from group (IX) are summarised in Table 4.8. Following the
same calibration procedure, the calibrated parameters for samples from the group (X)
are detailed in Table 4.9. In addition, the calibrated A* for group (IX) and (X) are 0.851; ;.
and 0.817 ., respectively. The x* is 1/91* for both groups. It is important to note a key
distinction: for the group (X), the a; value is calibrated using the development of per-
manent deviatoric strain, €4,per from stress-controlled cyclic triaxial tests. Apart from
the initial size of the bounding surface, p(’]’ i three initial state variables are needed for
the proposed model, namely the initial void ratio, e;, corresponding to the initial mean
effective stress at the beginning of the triaxial test, p}, the initial inclination of the bound-
ing surface and plastic potential, a;, and the initial location of projection centre, (pl, q.).
The initialisation of these state variables has been described in Chapter 2 and 3.

Table 4.8: Calibrated model parameters for group (IX) (bounding surface and elastoplastic-viscoplastic related)

hy Seln ag W Sy %4 n
50 1.0 10 3 1.75 5x10%Pa-min 1

Table 4.9: Calibrated model parameters for group (X) (bounding surface and elastoplastic-viscoplastic related)

hy Sem G W Sy 174 n
200 1.2 -10 1 1.2 5x10'kPamin 1

Figure 4.37 and Figure 4.38 provide the void ratio, stress paths, and stress-strain curves
from the first ten cycles of the tests conducted on the group (X), which were utilised for
calibrating the model parameters. Additionally, these figures include the outcomes of
simulations performed using these calibrated parameters. The model underestimates
the shear stiffness at smaller cyclic amplitudes, ranging from 13.2 to 18 kPa. At higher
cyclic amplitudes (33 to 45 kPa), the model predicts a slightly less stiff response for sam-
ples initially consolidated isotopically. In addition, for these higher amplitudes, the
model slightly overestimates the excess pore pressure in the initially isotropic consoli-
dated sample. However, it is noteworthy that the model depicts both the stress-strain
curve and the development of excess pore pressure well for the samples that are initially
Ky consolidated.
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Although groups (IX) and (X) share the same JMC-clay (EP) model parameters, as
listed in Table 4.7, their calibrated parameters for the bounding surface and elastoplastic-
viscoplastic formulations are different. This variation can be attributed to the differences
in soil properties between the two groups. As outlined in Chapter 2, the group (X) has
a higher clay content and plasticity index PI, impacting various aspects of the cyclic re-
sponse, as discussed in the literature (Dobry, 1987; Vucetic and Dobry, 1991) and Chap-
ter 3.

Furthermore, the insights into the Ky compression response, discussed in Chapter 2,
reveal that the void index, I, for group (X) samples, according to Burland (1990), lies well
above the intrinsic compression line (ICL). In contrast, samples from the group (IX) are
closer to the ICL, indicating differences in soil structure. Environmental Scanning Elec-
tron Microscope (ESEM) photomicrographs of group (VIII) (which is materially similar
to group (IX)) as shown in Figure 4.39, depict a more open structure compared to that
of group (X). The influence of soil structure on rate-dependent response has been high-
lighted by several researchers (Vaid and Finn, 1979; Leroueil et al., 1985). Sheahan (2005)
introduced a framework to predict the rate dependence of soils based on the void index.
This framework utilises a ‘structure number’, SN to quantify the structural state of the
soil. A lower SN value indicates a soil structure closer to the intrinsic compression line
(ICL), and soils with lower SN values exhibit less rate dependency. This concept cor-
relates well with the calibration results for groups (IX) and (X), where higher values of
sy and V are observed. The higher s, value indicates a smaller viscoplastic zone within
the bounding surface, while the higher V' value suggests a slower rate of viscoplastic re-
sponse.

(@ (b)

Figure 4.39: ESEM photomicrographs of the material from (a) group (VIII) and (b) group (X)
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4.4.3. MODEL PREDICTION AND VALIDATION ON GROUP (III), (VID), (VIID),

AND (IX)
T he performance of the JMC-clay BSEVP model on samples from group (III) to (IX)
is first evaluated using static tests detailed in Chapter 3, specifically to assess the
effectiveness of the JMC-clay BS component. The outcomes are compared with those
from the elastoplastic (EP) and bounding surface (BS) versions of the model. The pa-
rameters used for these simulations are listed in Table 4.7 and Table 4.8. Figure 4.40 and
Figure 4.41 present both the experimental data and the simulation results for these tests.

From this comparison, it is evident that the JMC-clay BSEVP model yields a response
similar to that of the JMC-clay BS model. Notably, using the JMC-clay BSEVP model
seems to enhance predictive accuracy along the undrained compression path following
Ko unloading. However, in other undrained compression paths, the JMC-clay BSEVP
model predicts a marginally higher peak deviatoric stress. This difference can be at-
tributed to the calibration of the model parameters, which was based on tests with a
cyclic loading frequency of 0.001Hz and a loading amplitude of 2%, corresponding to an
average axial strain rate of 0.48%/min. In contrast, the average axial strain rate used in
the static tests during undrained shearing is approximately 0.015%/min.

The first ten loading cycles of tests Cyc T1(IX) and T2 are utilised to calibrate the
model parameters. To validate the predictive capability of the proposed model, the sub-
sequent loading cycles of these tests are analysed. Figure 4.42 and Figure 4.43 display
the comparison between the experimental results and the numerical simulations for Cyc
T1(IX) and T2.

In Figure 4.42, the model prediction of the stress path evolution aligns well with the
experimental observations, as corroborated by the excess pore pressure development
shown in Figure 4.43. The model accurately reflects the variation in the secant shear
modulus after the initial cycle. However, for test Cyc T2(IX), the model predicts a devi-
ation in the evolution of deviatoric stress on the extension side, tending towards a less
negative side compared to the laboratory data. This discrepancy might be due to the
inherent anisotropy of the tested sample, as the implementation of Lode angle depen-
dency in the parameter hg, suggested by Shi et al. (2018), did not reproduce the observed
laboratory trend, as evidenced in Figure 4.44.

Regarding the damping ratio evolution, the model captures the overall trend across
the number of loading cycles but predicts higher values than those observed in the tests.
This discrepancy is also illustrated in Figure 4.42, where the stress-strain loops from the
laboratory data exhibit a flatter shape compared to the model predictions.
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Figure 4.42: Comparison between numerical simulations and experimental data for strain-controlled cyclic
shearing on samples Cyc T1(IX) and T2(IX) (stress path and stress-strain curve)

The predictive capabilities of the proposed model are further validated through test
Cyc T2(VII), which entails strain-controlled cyclic shearing at a frequency of 0.001Hz and
an amplitude of 2.4% on a Ky consolidated sample. Figure 4.45 to Figure 4.47 present the
comparison between the experimental results and the model simulations for this test.

As depicted in Figure 4.45, the model predictions closely match the experimental Ky
data. The model also accurately predicts the cyclic volumetric response, as evidenced by
the stress path evolution and excess pore pressure development. Regarding the devia-
toric response, while the model slightly underestimates the peak deviatoric stress during
the first cycle, it aligns well with the laboratory data in subsequent cycles. This con-
sistency in deviatoric stress evolution, especially on the extension side, again suggests
that the divergent trend observed in test Cyc T2(IX) could be attributed to the inherent
anisotropy of that sample.

Additionally, the model predictions for secant shear modulus and damping ratio re-
duction across loading cycles are quite accurate. The model indicates a slightly higher
secant shear modulus, but the overall trend matches the experimental data well. No-
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tably, the issues observed in damping ratio prediction for other tests are not evident in
test Cyc T2(VID); in fact, the model predictions here align quite closely with the experi-
mental results.

In addition to the cyclic shearing stage, the model performance is also assessed dur-
ing the post-cyclic recompression phase and subsequent undrained triaxial extension.
The results of this assessment, including a comparison between the experimental data
and model simulations, are detailed in Figure 4.48. During the post-cyclic recompres-
sion phase, the model predicts a lower recompression than what is observed experimen-
tally. There are two primary reasons for this discrepancy:

* Recompression index: Yasuhara and Andersen (1991) noted that the post-cyclic re-
compression index, Cy,cy, is approximately 1.5 times the ordinary recompression
index, C,. Additionally, as demonstrated in Chapter 3, the post-cyclic recompres-
sion of Dutch organic clay is almost two times higher than the empirical relation.
This aspect is not incorporated into the proposed model.

* Excess pore pressure: The model also predicts lower excess pore pressure develop-
ment during cyclic shearing compared to experimental observations. Yasuhara et
al. (2001) indicates that post-earthquake recompression settlement increases with
higher cyclic-induced excess pore pressure. Therefore, the underestimation of ex-
cess pore pressure during shearing could lead to underprediction of post-cyclic
recompression.

Lastly, the model performs well in simulating the post-cyclic undrained triaxial ex-
tension. It captures the general behaviour with a slight overprediction in deviatoric stress
and a marginal underprediction of excess pore pressure.
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4.4.4. MODEL PREDICTION AND VALIDATION ON GROUP (X)

he model performance of JMC-clay BSEVP is also assessed using static probe paths

before cyclic shearing on samples from the group (X), as described in Chapters 2 and
3. For samples T1(X) and T2(X), the outcomes are compared with those from the elasto-
plastic (JMC-EP) version of the model. The parameters for these static test simulations
are listed in Table 4.7 and Table 4.9. Figure 4.49, Figure 4.50, and Figure 4.51 display both
the experimental data and the simulation results for these static probe paths.

In Figure 4.51, the JMC-clay BSEVP model demonstrates the ability to predict the
change in loading rate during unloading and reloading, particularly for sample T1(X).
However, the model appears to overestimate the deviatoric strain when compared to
the JMC-EP model, likely due to its calibration based on tests with a fast cyclic loading
frequency of 0.1Hz.

The model parameters are calibrated using isotropic and Kj consolidated samples,
and this is reflected in Figure 4.50 and Figure 4.51. The model shows better performance
for stress probe paths close to isotropic and Kj stress states, as seen in samples T4(X),
T5(X), and T6(X). Conversely, for T3(X), which follows a stress path at a stress ratio close
to the critical one on the extension side Mg ., which reduces the model-predicted shear
stiffness and thus overestimates deviatoric strain.

The model performance is further evaluated using two-stage stress-controlled cyclic
tests on group (X) samples, where each stage involved 100 loading cycles. While data
from the initial ten cycles of tests T8(X) and T9(X) are used for model calibration, the
subsequent cycles offer an opportunity for model validation. Figure 4.52 to Figure 4.55
compare the experimental results with the numerical simulations for tests T8(X) and
T9(X), the evolution direction of the simulations is indicated in the figures.

For sample T8(X), the model tends to underestimate the shear stiffness at a smaller
cyclic amplitude of 13.2 kPa, as seen in Figure 4.52 and Figure 4.53. Additionally, the
model predicts an average excess pore pressure that is slightly higher (by about 2 kPa)
than the experimental observation at this smaller amplitude. On the other hand, at
higher cyclic amplitudes (33 kPa), the model more accurately captures the shear stiff-
ness. However, the predicted continuous reduction in secant shear modulus is not ob-
served in the test, even with a negative a; value adopted. This discrepancy might be re-
lated to the overestimation of excess pore pressure development, which in turn reduces
the mean effective stress. As a constant Poisson’s ratio is adopted for the elastic rule, the
shear modulus decreases with the mean effective stress reduction.

Furthermore, while negligible permanent deviatoric strain was recorded during the
test at the smaller cyclic amplitude (13.2 kPa), the model predicts an accumulation of
deviatoric strain, particularly towards the extension side. In contrast, at the higher cyclic
amplitude (33 kPa), the model predicts permanent deviatoric strain with satisfactory
accuracy. In summary, the model tends to better capture the volumetric response at
smaller cyclic amplitudes, whereas the deviatoric response is more accurately predicted
at higher amplitudes.
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Figure 4.52: Comparison between numerical simulations and experimental data for strain-controlled cyclic
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When examining cyclic loading from a Kj stress state, the model accurately captures
the development of excess pore pressure in the initial cycles. However, as indicated in
Figure 4.54 and Figure 4.55, it tends to overestimate and underestimate the excess pore
pressure in subsequent cycles for smaller (18 kPa) and larger (45 kPa) amplitudes, respec-
tively. Regarding shear stiffness, the model consistently predicts a lower secant shear
modulus than observed in experiments for the smaller amplitude, while it overestimates
the shear stiffness for the larger amplitude.

Contrary to the observations in sample T8(X), the model effectively mirrors the trend
of secant shear modulus evolution across loading cycles in sample T9(X). Notably, both
the permanent deviatoric strain and secant shear modulus evolve differently after the
70'" cycle at the higher amplitude. This happens when the experimental stress path
surpasses the critical state stress ratio and moves into the dry side, leading to an accel-
erated accumulation of permanent deviatoric strain and a more rapid reduction in the
secant shear modulus. However, the stress path predicted by the model tends to stabilise
around the critical state stress ratio. Adjusting the hybrid flow rule parameter, w, could
potentially address this stabilisation, but it might also negatively impact the model per-
formance for sample T8(X), particularly given the current overestimation of excess pore
pressure with the adopted w value. Furthermore, for smaller amplitudes, the model be-
gins to overestimate permanent deviatoric strain after the 30’ cycle, highlighting an-
other area where the model prediction diverges from experimental observations.
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The model performance is further assessed with stress-controlled cyclic tests on sam-
ples from the group (X), starting from varying initial stress states. This section will pri-
marily focus on tests initiated on the extension side of the p’ — ¢ plane.

e Sample T1(X) (no = —0.18): Figure 4.56 and Figure 4.57 showcase the experimen-
tal results and numerical simulations. The model underestimates shear stiffness
at a smaller cyclic amplitude (13.2 kPa) and slightly underpredicts average excess
pore pressure by about 1 kPa. At higher cyclic amplitudes (33 kPa), while the se-
cant shear modulus magnitude is well captured, the overestimated excess pore
pressure leads to a faster reduction rate in the secant shear modulus. The model
predicts an accumulation of deviatoric strain towards the extension side, which is
also observed experimentally, particularly at the smaller amplitude. Nevertheless,
the model fails to capture the evolution rate.

e Sample T2(X) (79 = —0.5): As depicted in Figure 4.58 and Figure 4.59, the model
shows similar tendencies as observed in T1(X), underestimating shear stiffness at
smaller amplitudes (13.2 kPa) but accurately capturing the accumulation of per-
manent deviatoric strain. At larger amplitudes (33 kPa), the model overpredicts
permanent deviatoric strain after the 40'" cycle, although it successfully captures
the excess pore pressure development for both amplitudes.

e Sample T3(X) (n9 = —0.87): In this case, illustrated in Figure 4.60 and Figure 4.61,
the model consistently underestimates excess pore pressure at both smaller and
larger amplitudes. For the smaller amplitude, the predicted excess pore pressure
is nearly zero, and for the larger amplitude, it incorrectly predicts negative excess
pore pressure, in contrast to the positive development observed in the experi-
ment. Shear stiffness is consistently underestimated at smaller amplitudes, while
at larger amplitudes, the model overestimates the secant shear modulus, which
increases with each loading cycle. This overestimation correlates with the large
cyclic deviatoric strain observed in the test and the negative a; value adopted in
the simulation. Furthermore, while the model captures the general trend of devi-
atoric strain accumulation well before the sample loses controllability in the test,
it underpredicts the permanent deviatoric strain for both cyclic amplitudes.
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Figure 4.60: Comparison between numerical simulations and experimental data for strain-controlled cyclic
shearing on T3(X) (stress path and stress-strain curve)
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Figure 4.61: Comparison between numerical simulations and experimental data for strain-controlled cyclic
shearing on T3(X) (average excess pore pressure, permanent deviatoic strain, and secant shear modulus)
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In the subsequent section, the model is validated with other tests starting on the
compression side of the p’ — g plane.

e Sample T4(X) (¢ = 0.35): Figure 4.62 and Figure 4.63 present the experimental re-
sults and numerical simulations. The model underestimates shear stiffness at a
smaller cyclic amplitude (18 kPa) and underpredicts the average excess pore pres-
sure by about 1 kPa. At higher amplitudes (45 kPa), while the secant shear modulus
evolution is well captured, the model overestimates both the excess pore pressure
and permanent deviatoric strain. However, at the smaller amplitude, the model
successfully depicts the trend of permanent deviatoric strain accumulation.

e Sample T5(X) (no = 1.11): As shown in Figure 4.64 and Figure 4.65, the model ex-
hibits similar behaviour to previous tests, underestimating shear stiffness at smaller
amplitudes (18 kPa), but accurately capturing the excess pore pressure. The per-
manent deviatoric strain is significantly underpredicted, likely due to the stress
state being closer to the critical state stress ratio line in triaxial compression.

e Sample T6(X) (19 = 0.79): lllustrated in Figure 4.66 and Figure 4.67, the model con-
sistently underestimates excess pore pressure at both smaller (18 kPa) and larger
amplitudes (45 kPa). For the smaller amplitude, the predicted excess pore pressure
is nearly zero. The model also underestimates shear stiffness at smaller ampli-
tudes, while at larger amplitudes, it overestimates the secant shear modulus, with
almost no reduction across loading cycles. This discrepancy is linked to the large
cyclic deviatoric strain observed in the test and the adoption of a negative a, value
in the simulation. Additionally, the model significantly underestimates deviatoric
strain accumulation for both amplitudes.

To sum up, when subjected to various initial stress states, the model tends to under-
estimate certain characteristics, such as shear stiffness and deviatoric strain accumula-
tion while overestimating others, like excess pore pressure and secant shear modulus at
specific amplitudes. It is fairly accurate in predicting trends, but there are discrepancies
in specific quantitative responses.

In addition to assessing the model’s performance during the cyclic shearing stage, its
efficacy is also evaluated during the post-cyclic recompression and subsequent undrained
triaxial compression/extension stages for group (X) samples, provided they did not fail
during the experiment. A detailed comparison between the experimental data and model
simulations is presented in Figure 4.68.

During the post-cyclic recompression stage, the model consistently predicts lower
recompression compared to experimental observations for all samples. These discrep-
ancies are likely due to the under-prediction or over-prediction of excess pore pressure
development during cyclic shearing, as well as uncertainties related to the post-cyclic
recompression index.

The validity of the model is further tested through simulations of post-cyclic undrained
triaxial compression or extension. For all tests, the peak deviatoric stress predicted by the
model exceeds that of the experimental data. The simulations for samples T2(X), T4(X),
T6(X), and T9(X) indicate an initially elastic response, suggesting that the pre-undrained
shear stress state is within the elastic nucleus. In addition, these tests show the model
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Figure 4.62: Comparison between numerical simulations and experimental data for strain-controlled cyclic
shearing on T4(X) (stress path and stress-strain curve)

predicting a more dilative response, in contrast to the contractive response observed in
laboratory experiments. A closer examination of samples T1(X) and T8(X), in which the
undrained shearing stage is better captured, reveals an overestimation of excess pore
pressure development during cyclic shearing. Following Seidalinov and Taiebat (2014),
the proposed model incorporates an update to the projection centre position at every
stress reversal to better capture cyclic responses. Overestimation in excess pore pressure
suggests a projection centre location closer to the origin.

To the author’s knowledge, the bounding surface model has not been previously val-
idated with post-cyclic responses. A crucial aspect of the bounding surface formulation
is the evolution of the projection centre position. Predicting post-cyclic responses with
this model hinges critically on the stress state at the last stress reversal. An extreme case
highlighting the significant impact of the projection centre position on post-cyclic re-
sponse prediction is presented below.

Figure 4.69 displays both experimental data and model simulations with the projec-
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tion centre positioned at the origin during the post-cyclic recompression and undrained

shearing simulations. The model satisfactorily captures post-cyclic undrained behaviour;
however, discrepancies exist. The peak deviatoric stress occurs earlier in the model pre-

dictions than in the experimental data, along with a slight underprediction of excess

pore pressure development. Specifically, for sample T6(X), the model predicts a stiffer

response compared to the test result, likely due to a larger predicted bounding surface

size at the end of the cyclic shearing stage.

For sample T6(X), the model still underpredicts recompression during the post-cyclic
stage. These discrepancies are attributed to both the underpredicted excess pore pres-
sure development and a larger bounding surface. Nonetheless, the model prediction
of post-cyclic response, particularly in the undrained shearing stage, shows evident im-
provement.
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Figure 4.63: Comparison between numerical simulations and experimental data for strain-controlled cyclic
shearing on T4(X) (average excess pore pressure, permanent deviatoic strain, and secant shear modulus)
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Figure 4.64: Comparison between numerical simulations and experimental data for strain-controlled cyclic
shearing on T5(X) (stress path and stress-strain curve)
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Figure 4.67: Comparison between numerical simulations and experimental data for strain-controlled cyclic
shearing on T6(X) (average excess pore pressure, permanent deviatoic strain, and secant shear modulus)
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Figure 4.68: Comparison between numerical simulations and experimental data for post-cyclic recompression
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Figure 4.69: Comparison between numerical simulations and experimental data for post-cyclic recompression
and triaxial undrained shearing on group (X) samples (projection centre at origin)



4.5. RATE-DEPENDENCY FEATURES OF THE MODEL FOR PRACTICAL USE 209

4.5. RATE-DEPENDENCY FEATURES OF THE MODEL FOR PRAC-
TICAL USE

he integration of bounding surface and elastoplastic-viscoplastic formulations in the

model enables it to account for rate-dependent soil behaviour. In the following sec-
tion, the rate-dependency features of the model are illustrated, focusing on aspects crit-
ical to practical geotechnical design upon cyclic loadings. This includes shear modulus
reduction and damping curves, which are commonly utilised in equivalent linear site-
response analysis and seismic microzonation. Moreover, the model’s ability to predict
the number of cycles to failure at a given stress amplitude is of particular importance.
This aspect serves as a vital reference for geotechnical engineers when considering cyclic
loads in their designs. Typically, the determination of the number of cycles to failure is
based on the magnitude of either cyclic or permanent shear strain, depending on the
specific failure modes involved. The predicted cyclic or permanent shear strain by the
proposed model will be presented and discussed in detail, highlighting its practical im-
plications to estimate the number of cycles to failure.

Vucetic and Dobry (1991) developed seminal reference curves for shear modulus re-
duction and damping ratios applicable to both normally and over-consolidated clays,
drawing on a wide range of experimental data. One critical factor influencing these
curves’ evolution and positioning is the plasticity index, PI. For clays with a higher plas-
ticity index, the shear modulus reduction curves are positioned higher and exhibit a
slower degradation rate in the plot. Conversely, damping ratio curves for clays with a
higher plasticity index start lower and increase at a slower rate.

To showcase the JMC-clay BSEVP model capabilities, shear modulus reduction and
damping ratio curves are generated based on the 5" cycle loading, following the ap-
proach of Seed et al. (1986). The test type simulated is the strain-controlled cyclic triaxial
test starting from an isotropic stress state. Figure 4.70 demonstrates these curves for five
different hy values. The trends predicted by the model align closely with the findings of
Vucetic and Dobry (1991). For higher hg values, the shear modulus reduction curves are
positioned higher and degrade more slowly, while the damping ratio curves start lower
and rise more gradually.

As Andersen (2015) highlights, both permanent and cyclic shear strains are crucial
considerations in geotechnical design dealing with cyclic loads. The capability of the
model to predict permanent and cyclic shear strains is assessed using stress-controlled
cyclic triaxial tests, which also start from an isotropic stress state. Figure 4.71 illustrates
the permanent and cyclic deviatoric strains as predicted by the proposed model for var-
ious hp values. It should be noted that the cyclic deviatoric strain is computed as the
average of the peak and trough cyclic deviatoric strains within each cycle. Consistent
with expectations, the results show that both permanent and cyclic deviatoric strains
increase as the hg values decrease.

A key feature of the proposed model is its rate-dependency. The shear modulus
reduction and damping ratio curves generated under various loading frequencies are
demonstrated in Figure 4.72. With increasing loading frequencies, the shear modulus
reduction curves are positioned higher, and the damping ratio curves start lower, rising
more gradually. However, the rate of shear modulus reduction across different loading
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Figure 4.71: Permanent and cyclic deviatoric strain predicted by proposed model for different i values

frequencies is not markedly pronounced. Additionally, the differences between the shear
modulus reduction and damping ratio curves for loading frequencies above 0.001Hz are
relatively minor, which can be attributed to the strain-rate ‘saturation’ phenomenon pre-
viously mentioned.

The rate-dependency of permanent and cyclic shear strains is further illustrated in
Figure 4.73. Interestingly, the permanent deviatoric strain decreases with lower loading
frequencies, while the cyclic deviatoric strain increases under these conditions. This ob-
servation is in line with findings from Li et al. (2011), who reported an increase in single
amplitude deviatoric strain with reduced loading frequency in cyclic triaxial tests on Ky
consolidated natural marine clay. A closer examination of the peak and trough deviatoric
strains predicted by the proposed model for different loading frequencies, as shown in
Figure 4.74, reveals that while the permanent deviatoric strain is lower at a 10° Hz load-
ing frequency, the amplitude of cyclic shear strains is higher. This can be explained by
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the reduced shear modulus at lower loading rates. Huang et al. (2022) observed a similar
trend in the evolution of cyclic deviatoric strain in their simulation of undrained cyclic
triaxial tests on marine clays, although their findings on permanent deviatoric strain de-
velopment contrast with the predictions of the proposed model.

Itis important to note that the experimental programme by Li et al. (2011) and Huang
et al. (2022) focused on one-way cyclic triaxial tests, whereas the results from the pro-
posed model are based on two-way cyclic triaxial tests. In practice, the number of cy-
cles to failure is typically determined when the permanent or cyclic shear strain exceeds
a certain threshold. According to the model predictions in Figure 4.73, failure at high
loading rates is predominantly governed by permanent shear strain, while at low load-
ing rates, failure may be more triggered by cyclic shear strain. However, the impact of
loading frequency on permanent and cyclic shear strains, considering different cyclic
shearing modes and pre-shearing stress states, warrants further investigation.
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Figure 4.72: Secant shear modulus and damping ratio curves predicted by the proposed model for different
loading frequencies
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4.6. DISCUSSION AND CONCLUSIONS

he core of the proposed JMC-clay elastoplastic-viscoplastic model is the evolution of

the overstress function. The influence of parameters s, and V on the overstress func-
tion is direct; reducing either parameter increases the function’s magnitude. However,
the parameter n, which determines the exponent for the ‘normalised overstress’ (Ac™),
has a variable impact on the viscoplastic response depending on the value of Ag*. As
n increases, its effect on the overstress function’s magnitude can be positive, neutral, or
negative. This complicates the model calibration, as the contribution of n is stress path
dependent. Based on the sensitivity analysis performed on cyclic response prediction, a
default value of 1 is suggested for the parameter n. However, further experimental inves-
tigation is needed to study its role when adopting Perzyna’s approach for rate-dependent
soil behaviour modelling.

By integrating elastoplastic-viscoplastic bounding surface formulations into the JMC-
clay model, the total parameter count rises from 12 to 19, including four from bounding
surface formulation (hg, a4, Selm, and w), and three from elastoplastic-viscoplastic for-
mulation (s,, V, and n). The JMC-clay (EP) parameters, which are relatively insensitive
to rate, are calibrated using static laboratory tests. Fast cyclic triaxial tests are essential
for the additional parameters, including both isotropic and Ky consolidated samples.
The default values for several parameters to facilitate initial calibration are proposed.
A minimum of six specific tests are recommended for comprehensive calibration. The
model calibration involves iterative parameter adjustments to closely match experimen-
tal observations of stress paths, stress-strain curves, secant shear modulus, and excess
pore pressure development.

A comprehensive sensitivity analysis clarifies the impact of the new model parame-
ters, including those related to the bounding surface, on the predicted cyclic response.
This analysis underlines the significance of viscoplastic parameters, particularly s,, in
defining the viscoplastic zone size and bounding surface evolution. The choice of vis-
coplastic parameters also affects the apparent slope of the normal compression line and
the apparent pre-consolidation pressure. Therefore, the selection of 1* should account
for the time-dependent response of soil. The hybrid flow rule parameter w is crucial
for addressing early stabilisation in stress paths and excess pore pressure development.
However, its selection should match experimental observation, as it also changes the
predicted deviatoric response. The damage parameter a, significantly influences de-
viatoric responses, affecting peak deviatoric stress and shear modulus reduction. Ex-
treme values of a4 should be avoided as they induce unrealistic model prediction. This
analysis also examines the effects of cyclic stress amplitude and initial stress state on
soil behaviour. As the level of stress increases, there is a corresponding increase in both
the permanent deviatoric strain and excess pore pressure. Based on the simulation re-
sults, tests starting from a Kj stress state show a lower average excess pore pressure but
a higher permanent deviatoric strain. These findings are in line with experimental data.
Additionally, the evolution of anisotropy, updates to the projection centre, and Lode an-
gle dependency are also shown to be crucial in model predictions.

The difference in calibrated BSEVP parameters between the soil of groups (IX) and
(X) emphasises the relatively strong influence of differing soil properties, such as clay
content and plasticity index. These variations significantly impact cyclic response char-
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acteristics, corroborating previous literature. The ‘structure number’ (SN) concept, cor-
relating with rate-dependence in soil behaviour, further supports these findings.

The JMC-clay BSEVP model evaluation on samples from groups (III) to (IX) shows
advancements in predictive accuracy, particularly in simulating the cyclic behaviour of
organic clay. Key successes include accurate predictions of stress path evolution, excess
pore pressure, and secant shear modulus variations, validated through tests Cyc T1(IX),
Cyc T2(IX), and Cyc T2(VII). However, the model slightly overestimates peak deviatoric
stress in static tests and diverges in stress-strain response for Cyc T2(IX), possibly due to
sample anisotropy. The model performance in predicting damping ratio evolution and
secant shear modulus magnitude suggest areas for refinement. Discrepancies observed
in the post-cyclic recompression phase, attributed to factors like the recompression in-
dex uncertainty and underestimation of excess pore pressure, indicate a need for model
adjustments to more accurately incorporate these aspects.

Evaluating the JMC-clay BSEVP model on group (X) samples offers insights into its
predictive capabilities and limitations. In static probe paths, the model effectively cap-
tures changes in loading rate during unloading and reloading, especially as seen in sam-
ple T1(X). However, it tends to overestimate deviatoric strain, likely influenced by its cal-
ibration based on specific cyclic loading frequencies. The model performance varies
across different stress probe paths and cyclic loading conditions, showing better accu-
racy for stress states close to isotropic and Ky conditions, which are the ones selected for
calibration.

The model response on group (X) samples is nuanced: it underestimates shear stiff-
ness at smaller cyclic amplitudes but predicts the secant shear modulus more accurately
at higher amplitudes. Additionally, discrepancies in permanent deviatoric strain and ex-
cess pore pressure development are evident, particularly for those starting at an initial
stress ratio far from Ky and isotropic conditions. Key areas for refinement include:

e Strain-amplitude dependent shear modulus: The model reasonably captures shear
stiffness at higher amplitude, but it tends to underestimate the shear modulus
compared to experimental observations. It suggests that strain-amplitude depen-
dency is needed.

* Overstress function: The predicted response is significantly affected by the evo-
lution of the overstress function, requiring further investigation and refinement,
especially for different initial stress states.

* Hybrid flow rule: The excess pore pressure prediction relates to the parameter w,
which is currently constant in the model. The dependency of w on the stress path
or current stress state needs further study. Including the deviatoric component of
the current stress state in the hybrid flow rule might improve model predictions of
deviatoric response.

The model exhibits efficacy in simulating the cyclic behaviour of group (X) samples,
yet it shows discrepancies with experimental results in the post-cyclic recompression
and undrained shearing stages. These discrepancies likely stem from the underpredic-
tion of excess pore pressure development during cyclic shearing, the uncertainty in the
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post-cyclic compression index, and the evolution of the projection centre position. Im-
proved predictions with the projection centre at the origin for post-cyclic stages suggest
a need to further investigate and refine the projection centre evolution.

The proposed model is able to generate typical shear modulus reduction and damp-
ing curves, as reported in the literature, which is crucial for engineering practice. The
model displays rate-dependent characteristics when generating these curves under dif-
ferent loading frequencies. Given the coupled elastoplastic-viscoplastic framework, mi-
nor differences in the curves are observed at frequencies above 0.001Hz, likely due to
strain-rate saturation. However, further experimental validation is needed at higher
loading frequencies to ascertain if this saturation is a limitation of the constitutive frame-
work or a characteristic of soil behaviour.

The model ability to predict both cyclic and permanent shear strains at varying load-
ing frequencies is another critical aspect. The parameters and pre-shearing stress state
adopted for demonstration indicate that at high loading rates, failure is predominantly
governed by permanent shear strain, while at low loading rates, failure is more likely
due to cyclic shear strain. This highlights the need for further research into the impact
of loading frequency on these strains under different cyclic shearing modes and pre-
shearing stress states.

This chapter not only outlines the current capabilities and limitations of the pro-
posed model in capturing soil behaviour under static, cyclic, and post-cyclic loading but
also sets the stage for further refinement. By addressing identified gaps, particularly in
small strain stiffness, stress-state dependency of the overstress function, the hybrid flow
rule, and projection centre positioning, future work can enhance the model’s accuracy
and reliability for practical applications in geotechnical engineering. This research con-
tributes valuable insights into the model’s validity and provides a foundation for contin-
ued development and validation against a broader range of experimental data.
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BEYOND CONVENTIONAL TESTING:
A NOVEL CYCLIC
MULTIDIRECTIONAL SHEAR
DEVICE

IfI had asked people what they wanted, they would have said faster horses.

Henry Ford

Part of this chapter was published as a paper in the Journal of Physics: Conference Series (Vol. 2647, No. 14,

p. 142006) entitled “Development of an earthquake simulator for soft soils: Multidirectional Shear Testing
Device”.
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5.1. ABSTRACT

esting soils for earthquake and dynamic loads requires advanced equipment able to
T assess the effects of hydro-mechanical coupling on the soil response. The majority of
laboratory element tests are either ‘slow tests’, which intend to approach drained condi-
tions throughout the soil sample in order to obtain reliable pore water pressure measure-
ments, or ‘fast undrained tests’, where non-uniform pore pressure distribution appears.
However, many natural loads, including earthquakes, impose a wide range of high load-
ing frequencies, typically triggering a partially drained response in the field. Although
the rate effect plays an important role in soil behaviour, its investigation is hindered by
the limitations of existing equipment. In addition, the ability to apply multidirectional
loading to soil elements in the laboratory is important to fully understand the soil re-
sponse under earthquakes. Currently, multidirectional simple shear devices are used to
study the soil behaviour under earthquake loadings. Nevertheless, many shear devices
experience non-uniformities in stresses and strains. These non-uniformities arise from
imperfect boundary conditions in the experimental setup (e.g., rough porous stone),
large deformations, and hydro-mechanical coupling under cyclic loading, which can po-
tentially lead to misinterpretation of data and hinder the development of constitutive
models. This Chapter presents an innovative multidirectional shear device developed
in the Geo-engineering section at TU Delft, which can apply higher loading frequencies
compared to previous equipment and a wider variety of multidirectional cyclic loading
patterns. The apparatus is equipped with several advanced sensors, also developed at
TU Delft, to capture the local response of specimens. The sensors are installed to reduce
a priori assumptions on the soil response, better interpret the element experimental re-
sults and further investigate the rate effect of applied loading. Preliminary performance
test results are provided to illustrate the complex load conditions which can be achieved.
Lastly, validation tests on Dutch organic clay samples are presented to demonstrate the
capabilities and limitations of the new equipment.
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5.2. INTRODUCTION

n the Netherlands, the Groningen gas field has been a source of induced seismic ac-

tivity, with the highest recorded magnitude reaching M; 3.6 at Huizinge. Although
the magnitudes of these induced earthquakes are relatively low compared to natural
events, they can still cause significant damage to buildings and infrastructure. This is
due to their shallow depths and the high site amplification in areas with soft soils (van
Thienen-Visser and Breunese, 2015). To precisely assess the risks associated with these
recurring, low-magnitude induced seismic events—which are characterised by a higher
frequency content compared to the natural ones (as shown in Figure 5.1)—it is crucial
to deepen our understanding of the behaviour of soft soils under such conditions. Gath-
ering reliable experimental data is key for studying soil response to induced seismicity
and for developing accurate constitutive models. Advanced testing equipment capable
of assessing hydro-mechanical coupling effects on soil response is essential for these
investigations.

Triaxial devices are frequently employed in these types of studies, mainly due to the
ease of sample preparation, direct pore pressure measurement, and the ability to con-
trol both vertical and horizontal stresses, allowing for a wide range of stress paths prior to
cyclic shearing. However, these devices are limited in that they only apply cyclic loads in
the vertical direction, which may not fully capture the complexities of real-world earth-
quake loading scenarios. For a more comprehensive understanding, it is vital to consider
the effects of multidirectional loading. Numerous studies have shown that soil response
is influenced by loading from multiple directions (Rutherford, 2012; Matsuda et al., 2013;
Matsuda et al., 2016; Nhan and Matsuda, 2016; Yang et al., 2016).
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Direct simple shear (DSS) equipment is also frequently used to study soil behaviour
under cyclic and dynamic loading. The design of DSS devices inherently allows for mul-
tidirectional loading capabilities. Several multidirectional DSS systems have been de-
veloped to investigate soil behaviour under seismic loads. The initial results were not
completely satisfactory due to various difficulties encountered in the development of
the equipment. Jaime (1975) highlighted the overestimation of the shear strains in a
two-directional cyclic simple shear because of mechanical compliances. Ishihara and
Yamazaki (1980) introduced a multidirectional simple shear apparatus with cell pres-
sure and back pressure control, which allows direct pore pressure measurement. These
authors encountered issues related to top cap rocking and significant mechanical fric-
tion. Boulanger et al. (1993) designed and fabricated the UCB-2D apparatus, which sig-
nificantly reduced the mechanical compliances. In addition, the machine adopted high-
capacity pneumatic servo valves to provide quick response to control signals. Duku et al.
(2007) described a servo-hydraulic, digitally controlled multidirectional simple shear de-
vice, able to reproduce realistic earthquake histories with a strain-controlled procedure
and were able to minimise the cross-coupling effect between the two horizontal load-
ing axes. However, the installation of a dual-axis load cell to obtain post-friction force
measurement was found to increase mechanical compliance. Rutherford and Biscon-
tin (2013) developed a multidirectional simple shear system together with a multi-axis
load cell. The system allows back pressure saturation and can apply complicated loading
pattern such as circular or eight-shaped.

Since then, several commercial multidirectional simple shear equipment have been
made available (Rudolph et al., 2014; Li et al., 2017), however, they are typically limited to
arange of frequencies with a maximum of 5 Hz. Shafiee et al. (2017) improved the appa-
ratus built by Duku et al. (2007) so that the device can apply realistic earthquake loadings
with stress controlled. Recently, Bhaumik et al. (2023) presented a new multidirectional
simple shear device based on the design of Rutherford and Biscontin (2013). The ma-
jor advantages over the previous systems are the capability of imposing real-time, not
scaled-down, realistic earthquake loadings and the possibility of measuring shear wave
velocity with bender elements.

The limitations of simple shear devices are inherited by the previous multidirectional
simple shear equipment (Lucks et al., 1972; Shen et al., 1978; Vucetic and Lacasse, 1982;
Saada et al., 1983; Budhu, 1984; Budhu, 1985; Budhu and Britto, 1987; DeGroot et al.,
1994; Reyno et al., 2005). The primary drawback of these devices is the inability to
control the shear stress acting on the specimen lateral side, which prevents a uniform
stress/strain state, despite the common assumption. Considering the higher compress-
ibility of soft soils, stress and strain non-uniformities are anticipated to be more pro-
nounced. Figure 5.2 presents a monotonic direct simple shear (DSS) simulation per-
formed in ABAQUS, using the JMC-clay model calibrated for Dutch organic soft clay.
The results clearly demonstrate strain localisation. Moreover, in traditional simple shear
apparatus, an equivalent ‘constant volume’ condition is adopted by constraining the lat-
eral boundary using stacked rings or reinforced membranes and maintaining the sample
height to reproduce undrained conditions (Vaid and Finn, 1979). The equivalent pore
pressure is derived from changes in applied total vertical stress. Dyvik et al. (1987) con-
cluded that the equivalent ‘constant volume’ produces results akin to truly undrained
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tests on normally consolidated Drammen clay. However, a recent study on sand sug-
gests that the conventional approach for determining equivalent pore pressure in con-
stant volume tests conflicts with the fact that pore pressure is isotropic (Ghafghazi et al.,
2023). Additionally, conventional setups cannot measure lateral stresses, leaving a gap
in knowledge regarding the stress state and stress path of the sample.

x

Figure 5.2: Strain localisation in DSS simulation on Dutch organic soft soil

Accurate measurement of pore water pressure is crucial in testing soils, due to the
need of evaluating the hydro-mechanical coupling soils response. With a traditional se-
tups, pore water pressure is obtained through either the change of vertical stress in con-
stant height tests (direct simple shear device) or by using a pressure transducer installed
at the bottom of the sample (triaxial apparatus). To ensure a uniform distribution and
reliable measurement of pore water pressure, tests must be conducted at a sufficiently
slow pace (Boulanger and Idriss, 2004). The specific speed depends on the hydraulic
conductivity and the size of the sample being tested, as per the assumptions of an ele-
ment test. However, recent studies have shown that equalisation of pore water pressure
may be very difficult to achieve in soft soils, even under a monotonic loading programme
(Jommi et al., 2021). This is a significant concern, particularly given the high loading fre-
quency of earthquakes, under which rate effects play an important role on the response
of soft soils (Bjerrum, 1967; Graham et al., 1983; Sheahan et al., 1996). To fully under-
stand the cyclic behaviour of organic soft soils, ‘fast’ tests are also crucial.

The limitations of existing cyclic shearing systems and the importance of under-
standing soft soils behaviour under cyclic/dynamic conditions, have led to the design
and manufacturing of a new cutting-edge dynamic equipment to investigate the mul-
tidirectional hydro-mechanical coupled response of the soft soils found in the Nether-
lands’ deltaic regions. Considering the high compressibility of soft soils, as well as the
added complexities due to multidirectional cyclic loading, achieving uniform strain, stress
states, and pore water pressure presents a formidable challenge. This makes it difficult,
if not impossible, to adhere to the conventional assumption of treating the sample as an
element test. To address these challenges, this thesis introduces a new concept for appa-
ratus design. The aim is to minimise the influence of the experimental setup as much as
possible, while maximizing data collection from the tested sample. Advanced numerical
back-analysis methods are then employed to recover the true material behaviour. This
concept is illustrated in Figure 5.3.
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Figure 5.3: Design concept of the new apparatus.

The newly developed apparatus, termed CYC-DoSS (Cyclic-Dynamic Shearing Sys-
tem for Organic Soft Soils), aims to overcome the limitations inherent in existing cyclic
shearing systems. These systems typically suffer from mechanical compliance and lim-
ited capabilities in capturing fast phenomena. CYC-DoSS allows for higher loading fre-
quencies of up to 20 Hz and provides precise measurements of stress, strain, and pore
water pressure. These measurements are achieved under a range of loading rates, from
slow to fast, thanks to advanced sensors that are custom-built in-house. This Chap-
ter presents the innovative multidirectional shear testing device developed in the Geo-
engineering section at TU Delft, which has the following features:

1. digitally controlled, servo-hydraulic actuators in the x, y, and z axis
2. capability to reproduce the real-time history of earthquakes
3. automatic control of cell and back pressure, enabling versatile stress paths

4. in-house developed local response sensors providing comprehensive information
on the hydro-mechanical coupled response

5. P-wave and S-wave bender element measurement, to complement the informa-
tion on the small-strain response.
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5.3. DESCRIPTION OF THE EARTHQUAKE SIMULATOR FOR SOFT

SOILS

he impact of bidirectional shaking on the settlement of dry sands was assessed by

Pyke et al. (1975). In the study, the authors used a small shaking table placed hor-
izontally atop a larger one. This design remains a crucial reference point for appara-
tus involving multidirectional simple shear loading. The CYC-DoSS adopts the same
mechanical layout for its simplicity and effectiveness. The CYC-DoSS apparatus con-
sists of six main subsystems, including (1) loading and mechanical components; (2) hy-
draulic power supply unit; (3) cell pressure and back pressure controllers; (4) control
and data acquisition units; (5) bender elements unit; and (6) local response sensors. The
primary loading and mechanical components of the CYC-DoSS device are illustrated in
Figure 5.4.

The pressure chamber houses a horizontal shaking table at its bottom, connected to
two horizontal hydraulic actuators. A vertical actuator links to the top cap within the
chamber. The hydraulic power supply unit boasts a maximum output of 45 kW, and its
oil tank has a capacity of 150 litres, enabling a stable working pressure of 25 MPa to be
supplied to the actuators.

Control of cell pressure is managed by a pneumatic pressure controller, while back
pressure/volume within the soil sample is regulated via a water pressure/volume con-
troller. The control and data acquisition units feature a computer, microcontrollers for
hydraulic servo valves, and a data acquisition device with analogue output capabilities.

Additionally, the setup incorporates a bender elements unit, comprising a master
signal conditioner integrated with an oscilloscope, as well as two bender elements lo-
cated in the top and bottom caps. Local response sensors within the CYC-DoSS system
include fibre optic pore pressure transducers, accelerometers, and contactless displace-
ment Sensors.
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5.3.1. LOADING AND MECHANICAL SYSTEM

he loading and mechanical system consists of two primary components: the verti-
T cal load frame and the horizontal shaking platform. A Z-axis actuator with a cross-
sectional area of 290 mm? is mounted on top of the load frame and can apply a vertical
force of up to 7.2kN to the soil sample through a top cap connector (refer to Detail A in
Figure 5.4). This top cap connector assembly is linked to low-friction linear guideways
situated on the main tripod (also see Detail A in Figure 5.4). The main tripod is inter-
connected with an additional tripod via a top connection plate, a design that enhances
rotational stiffness and reduces the likelihood of lateral movement and top cap rocking.

The actuator possesses a total stroke of 200mm (+100mm), allowing for the accom-
modation of a sample up to 250mm in height, making the device suitable for use as a
cyclic triaxial device. Driven by a hydraulic servo valve (HSV-1) with a 40L/min flow
rate, the limiting factors of the actuators at high loading frequencies (> 15Hz) are the hy-
draulic pump pressure capacity and the mass of the moving assembly (Duku et al., 2007).
Consequently, the top cap assembly is composed of aluminium to reduce the mass. In
addition, a miniature submersible load cell with a capacity of +5kN is employed for the
Z-axis load cell. This load cell, weighing approximately 0.07kg, is significantly lighter
than traditional submersible load cells (~ 1kg). To mitigate the impact of lateral forces
on the load cell reading, a pin connector is employed to link the load cell to both the top
cap assembly and the load ram. The load cell accuracy is £0.5% of full scale, equivalent
to +3.18kPa for a 100mm diameter sample. Compared to the values reported by other
researchers (Boulanger et al., 1993; Bhaumik et al., 2023), this error margin is larger. To
improve the accuracy, either aload cell with alower capacity or a calibration for a specific
loading range can be employed. The Z-axis displacement is measured by a potentiome-
ter with a 200mm range and an accuracy of 0.05%.

The horizontal forces are applied with two hydraulic actuators, which are perpendic-
ular to each other. They have the same cross-section area and maximum capacity as the
Z-axis one. The actuators with a stroke of 100 mm (+50 mm) are controlled by two inde-
pendent hydraulic servo valves with 40L/min flow rate (HSV-2 and HSV-3). The Y-axis
actuator is connected to the lower table and is lying on low-friction guideways. On top of
the Y-axis table, the X-axis table is mounted on another set of low-friction guideways, as
shown in Figure 5.5. Two independent servo valves allow moving the shaking platform
to any position on the horizontal plane. The shaking platform is connected to the base
cap. The specification of the two horizontal load cells is the same as the vertical one. Pin
connectors are also used to connect the load cells to shaking tables, thereby minimising
the influence of off-axis forces on the load cell readings. The X and Y axis displacements
are measured by a potentiometer with a 100 mm range and an accuracy of 0.07%.

The friction forces of the guideways in the X, Y, and Z axis, without the sample mounted,

are around 9N, 12N, and 7N, equivalent to 1.15kPa, 1.53kPa, and 0.89kPa on a 100 mm
diameter sample. The friction calibration allows load readings correction when testing at
low stress levels. As an alternative, a multi-axis load cell mounted above/below the sam-
ple could have been adopted to obtain post-friction loads (Duku et al., 2007; Rutherford
and Biscontin, 2013; Bhaumik et al., 2023). Nevertheless, calibration of the friction load
was preferred to the latter solution because of the increased mechanical compliance ob-
served with a multi-axis load cell (Duku et al., 2007).
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Figure 5.5: CYC-DoSS device and shaking platform of CYC-DoSS device

The cross-coupling effect in multidirectional shear devices refers to the impact of
movement along one axis on the movement occurring along another axis (Duku et al.,
2007). To assess the cross-coupling effect in CYC-DoSS, two harmonic waves were used
to investigate different motion effects. The first harmonic wave featured a 5mm ampli-
tude at a frequency of 0.5Hz to study the effects of slow yet high-amplitude motion. The
second wave had a 1 mm amplitude at a 10Hz frequency to explore the implications of
fast yet low-amplitude motion.

For the slow-motion case, results are presented in Figure 5.6(a) and 5.6(b). When the
X-axis table was moved, no noticeable impact was observed on the Y-axis displacement
and load readings. Conversely, when the Y-axis table was moved, almost no displace-
ment was measured on the holding axis. However, a 3N variation was recorded in the
X-axis load reading, which is logical given that the X-axis table is mounted on the Y-axis
table.

For the fast-motion case, results are shown in Figure 5.7(a) and 5.7(b). Similar to the
slow-motion case, no noticeable impact on the Y-axis displacement and load readings
was observed when the X-axis table was moved. However, a 2N variation was recorded
in the X-axis load reading when the Y-axis table was moved, suggesting that this variation
is related to the displacement amplitude of the motion. These observations collectively
indicate that the CYC-DoSS system exhibits minimal cross-coupling effects.

5.3.2. CELL PRESSURE AND BACK PRESSURE CONTROLLER

he CYC-DoSS provides control over both cell and back pressures by means of a pres-
T sure chamber. The pressure chamber, constructed from stainless steel, has a max-
imum design pressure of 500kPa. It is filled with water, and air pressure is applied on
top of the cell using a pneumatic controller (GDSPPC) from GDS Instruments. The com-
pressibility of air serves to minimise fluctuations in cell pressure as the load rams re-
ciprocate during testing. Additionally, the more rapid response time of the pneumatic
controller, compared to that of a water pressure controller, enables the application of




5. BEYOND CONVENTIONAL TESTING: A NOVEL CYCLIC MULTIDIRECTIONAL SHEAR
DEVICE

228

7 1mm amplitude @ 10Hz on X-axis

1mm amplitude @ 10Hz on Y-axis

r— 0.008
— 0.006

— 0.004

E E 05 I 0.002
= £ g
g g o0 °
8 g k!
Q Q
2 Z-05+ -0.002
-1 I -0.004
b Y Displacement | [
15— X Displacement | — -0.006
B X Load r
2 ‘ ‘ — -0.008
0 02 0.4 06 038 1 0 02 0.4 06 08 1
Time (second) Time (second)
(@ (b)
Figure 5.6: Displacement and load measured during the slow motion of (a)X axis (b)Y axis
10 — 0.008 10 4 — 0.008
7 5mm amplitude @ 0.5Hz on X-axis F 7 5mm amplitude @ 0.5Hz on Y-axis r
8 L
] 0.006
- 0.004
£ £ I 0.002
£ K £ g
£ % g 03
g b . § ) 0.002 .
a a o

Y Displacement
Y Load

Time (second)

6

(@)

-0.008

-0.004

-0.006

Time (second)

(b)

-0.008

Figure 5.7: Displacement and load measured during the fast motion of (a)X axis (b)Y axis

cyclic cell pressure. A pressure transducer is integrated into the pneumatic controller
to measure and regulate cell pressure throughout the testing process. The transducer’s
accuracy is rated at 0.1%.

The CYC-DoSS is equipped with an advanced water pressure/volume controller (AD-
VDPCQ) also from GDS Instruments, which offers back pressure and back volume control
and measurement. The back water pressure/volume controller has a maximum pres-
sure and volume capacity of 1 MPa and 1000 cm?, respectively. The accuracy of the water
pressure controller is 0.1% for both pressure and volume.

The advantage of having cell and back pressure control is that it allows for the con-
ducting of genuinely undrained tests. Additionally, by using cell pressure and back pres-
sure, the CYC-DoSS system offers the flexibility to follow versatile stress paths and achieve
back pressure saturation. This sets it apart from existing devices that can only initiate
cyclic shearing from a Ky condition. The system also enables the determination of lateral
stress. It is capable of performing zero lateral strain (constant average area) cyclic shear-
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ing tests—akin to those conducted with conventional cyclic simple shear devices on sat-
urated samples—by maintaining constant height and preventing drainage (Boulanger
et al.,, 1993). As a result, there is no need for rigid lateral support to constrain the sam-
ple’s lateral strain development. The specimen can be simply enclosed in a standard
latex membrane. The layout of the cell and back pressure control system is shown in
Figure 5.8.

Cell pressure
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air source
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Cell pressure valve . . O

Pneumatic controller
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controller

Back pressure valve

®
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Pore pressure
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Figure 5.8: Illustration of the cell and back pressure systems

5.3.3. SPECIMENS, DRAINAGE LINES AND SIGNAL CABLES
T he CYC-DoSS is designed to offer the flexibility to conduct various types of shearing
tests through the use of interchangeable sample holder modules. It can accommo-
date samples with maximum dimensions of 250 mm in height and 150 mm in diameter.
The CYC-DoSS is capable of performing both cyclic triaxial and direct simple shear tests.
There are five distinct sets of sample holder modules available: two sets with diameters
of 70mm and 100 mm that are without bender element measurements, and three sets
with diameters of 50mm, 70mm, and 100 mm that include bender element measure-
ments. As illustrated in Figure 5.9, the sample is equipped with drainage lines at both the
top and bottom sample holders, enabling double drainage to expedite the consolidation
process—particularly for samples exceeding 70mm in diameter. The inner diameter of
these drainage lines is 6mm. The top sample holder’s drainage line is directly connected
to the back pressure controller via the feedthrough module, while the drainage line from
the bottom sample holder first connects to a pressure transducer via the feedthrough
module and then to the back pressure controller. During undrained cyclic shearing tests,
the valve situated between the pressure transducer and the back pressure controller can
be closed. This arrangement allows for the capture of any potential pressure gradient, as
evidenced by the readings from both the back pressure and the pressure transducer. The
signal cables of load cells, bender elements, and local response sensors are connected to
servo valve controllers and the data acquisition system via the feedthrough module.
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Figure 5.9: Sketch of the sample holders, drainage lines, and feedthrough module

5.3.4. SERVO VALVE CONTROLLERS, DATA ACQUISITION SYSTEM, AND SOFT-
WARE

he servo valves serve as the heart of the CYC-DoSS system. They are integral to the

CYC-DoSS system, regulating the hydraulic oil flow based on feedback from various
sensors, including position sensors, load cells, and cell and back pressure/volume sen-
sors. This allows actuators on the X, Y, and Z-axes to achieve either targeted positions
or loads. As depicted in Figure 5.10, the control and data acquisition systems are stream-
lined for clarity, with only one actuator illustrated. The same controller is used for the
remaining two actuators. Conventional PC-based control systems using PID algorithms
can experience latency issues, affecting high-frequency loading performance (Duku et
al., 2007). To overcome this, the CYC-DoSS employs a high-speed Teensy 3.6 micro-
controller board for real-time control. The system implements a PID control algorithm,
with a theoretical maximum internal feedback loop sampling rate of up to 100kHz. The
eight-channel, 16-bit analogue-to-digital converter (ADC) acts as a bridge, converting
the analogue input signals and delivering them to the microcontroller as feedback for
the PID algorithm. This includes signals for load, displacement, and user-defined wave-
form. The ADC offers 16 effective bits of resolution (250 kS/s rate, £10V), significantly
outperforming the built-in ADC of the Teensy 3.6. The position sensors and load cells
are powered and regulated through signal conditioners.

The microcontroller’s built-in function generator supports four waveform functions:
ramp, square, triangle, and sine. Additionally, an automated testing algorithm enables
versatile stress path applications based on measurements of cell pressure, back pres-
sure, and back volume. For data recording, a USB-6343 device from National Instru-
ments is employed. It features 32 analogue input channels with a maximum sampling
rate exceeding 15kHz and is equipped with four analogue output channels. These out-
put channels can be configured to generate user-defined waveforms, as illustrated in
Figure 5.10. Taking into account the high-frequency capabilities of the CYC-DoSS, the
device can also simulate the real-time history of an earthquake through user-defined
waveform functions linked to the microcontroller.

The functionalities described above are incorporated into an in-house developed
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software suite, called MP3. This software features four main windows: three dedicated
to controlling the hydraulic actuators (via servo valves), and one for data recording and
generating user-defined waveform signals. As demonstrated in Figure 5.11, the window
allows users to control the actuator in either position or load modes, using various wave-
form options such as ramp, sine, triangle, and square. Arrow buttons are included to en-
able fine adjustments of the position or load settings. Calibration factors for all sensors
can be input through this window, as indicated in Figure 5.111. Additionally, PID control
parameters can be adjusted here, as shown in Figure 5.11.

Figure 5.12 showcases the data acquisition window within the MP3 software. This
interface allows users to configure real-time tables and plots for data visualisation. The
calibration factors of each sensor can be set up by clicking the designated button (speci-
fied as “Data acquisition channels settings”), as presented in Figure 5.12. Data recording
can be set up by clicking the designated button (specified as “Data recording settings”),
as seen in Figure 5.12. Additionally, user-defined waveform signals can be sent to the hy-
draulic actuator controllers by pressing another specified button (also denoted as “User-
defined waveform settings”).
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Figure 5.12: MP3 software window for recording test data and generating user-defined waveform signals
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5.3.5. BENDER ELEMENTS

he pseudo-elastic shear modulus, Gpax, provides valuable soil information relevant

to numerous geotechnical engineering applications, particularly in simplified as-
sessment of soil response under cyclic or dynamic loadings (Tokimatsu and Uchida,
1990). In the laboratory, Gpax can be obtained from shear wave velocity measurements
using bender elements. Moreover, shear wave velocity allows for a more direct compari-
son of laboratory and field soil states (Bhaumik et al., 2023).

A bender element is a two-layer piezoelectric transducer made of two conductive
outer electrodes, two piezoceramic sheets, and a conductive metal shim at the cen-
tre (Lee and Santamarina, 2005). An excitation voltage produces a displacement in the
source transducer, sending a wave through the sample. This wave generates a displace-
ment in the receiver, inducing a voltage that can be measured. The bender elements
installed in CYC-DoSS are combined P and S wave transducers manufactured by GDS
Instruments and consist of two element inserts. The S-wave transmitter/P wave receiver
is installed in the top cap, while the P-wave transmitter/S-wave receiver is in the base
cap.

The S-wave transmitter includes two piezoceramic strips polarised in the same direc-
tion. When an excitation voltage is applied, one strip extends and the other contracts,
causing the strips to bend. The two strips in the receiver are polarised by the wave mo-
tion in opposite directions, as illustrated in Figure 5.13. The P-wave transmitter consists
of two piezoceramic strips polarised in opposite directions. When an excitation voltage
is applied, both strips extend or contract. The two strips in the receiver are polarised by
the wave motion in the same directions, as also depicted in Figure 5.13.

Top cap
(S-wave transmitter
and P-wave receiver)

Motion «——

g S wave

Motion «——

Base cap
(P-wave transmitter
and S-wave receiver)

Receiver Transmitter

Figure 5.13: Working principle of bender elements (after GDS Bender Elements Hardware Handbook) and
top/base cap of CYC-DoSS with element inserts
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5.3.6. LOCAL RESPONSE SENSORS

he studies on monotonic soil behaviour have shown that stresses, strain, and pore
T pressure are seldom uniform within the specimen during element testing, partic-
ularly in soft soils Jommi et al., 2021; Muraro and Jommi, 2019). Non-uniformities
can become more significant during multidirectional loading, and pore pressure equal-
isation within the specimen may not be achieved at high loading frequencies. To im-
prove the understanding of element experimental results and further explore the hydro-
mechanical coupling response under multidirectional cyclic loading, advanced sensors
have been developed at TU Delft.

Local displacement and pore pressure sensors have been employed in triaxial shear
apparatus to enhance the interpretation of laboratory experimental observations (Fourie
and Xiaobi, 1991; Yimsiri et al., 2005; Ackerley et al., 2016). In simple shear devices, the
limitation of unknown horizontal stresses can be partially addressed using special wire-
reinforced membranes or null pressure sensors (Ghafghazi et al., 2023; Dyvik et al., 1981).
To the authors’ knowledge, local response sensors have not yet been implemented in
multidirectional cyclic shear devices, with a key challenge being the presence of stacked
rings or wire-reinforced membranes.

The CYC-DoSS device offers fully controlled cell pressure and back pressure/volume,
along with an automatic testing algorithm, allowing the maintenance of KO conditions
during both consolidation and undrained cyclic shear stages. As a result, tests can be
conducted without stacked rings or wire-reinforced membranes, enabling the installa-
tion of local response sensors. Nevertheless, it should be noted that the KO condition in
CYC-DoSS is achieved under zero “average” lateral strain.

FIBRE OPTIC PORE PRESSURE TRANSDUCERS

Local measurement of pore pressure is crucial to understand the soil response under
multidirectional cyclic loading. By obtaining pore pressure information not only at the
boundaries but also within the sample, experimental results can be interpreted more
effectively using numerical back-analysis. Consequently, achieving pore pressure equal-
isation throughout the entire sample may not be necessary, as the detailed pore pressure
data allows for a more comprehensive analysis of soil behaviour.

The CYC-DoSS system incorporates the FOP-M fibre optic pressure sensor from FISO
for local pore pressure sensing. Utilising White-Light Fabry-Pérot Interferometry tech-
nology, the sensor measures the pressure based on the deflection of a silicon diaphragm.
The adopted model can provide stable and accurate readings under several adverse con-
ditions like temperature fluctuations, electromagnetic interference, humidity, and vi-
bration. The sensor is attached to the specimen using a silicone rubber connector, as
illustrated in Figure 5.14.

CONTACTLESS DISPLACEMENT SENSORS
An advanced displacement sensing unit has been developed to track and record the lat-
eral strain of specimens during testing. The unit comprises a laser distance sensor and a
3D Hall effect sensor.

The 3D Hall effect sensor employed is the TMAG 5273 from Texas Instruments, as
illustrated in Figure 5.15(a). Its flux density varies with the distance between the sensor
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Figure 5.14: Fibre optic pressure sensor and installation principle

and the magnetic source. By analysing the measured flux density, the X, Y, and Z posi-
tions can be determined.

Laser distance sensors, as illustrated in Figure 5.15(b), are also employed in the CYC-
DoSS device to measure lateral deformation. These sensors offer several advantages over
Hall effect sensors, such as a higher sampling rate and greater accuracy. However, they
are limited in that they cannot provide 3D position information. The incorporation of
both types of sensors in CYC-DoSS ensures more robust and reliable lateral strain mea-
surements.

ACCELEROMETERS

In addition to local displacement and pore pressure sensors, MEMS accelerometers have
also been incorporated into the CYC-DoSS system to measure acceleration during mul-
tidirectional cyclic tests. Given the placement of the load cells—situated between the
load rams and shaking tables or the top sample holder—it becomes imperative to cor-
rect the load cell readings using both the mass and the measured acceleration. Further,
the inclusion of accelerometers opens the door for acceleration-controlled tests. Such
tests are considered better approaches for mimicking real loading conditions that arise
during seismic events such as earthquakes.

The Adafruit breakout board, fitted with the ADXL335 analogue MEMS accelerom-
eter (+3g full scale) is selected. Figure 5.16 showcases the accelerometer prior to its
encasement in a waterproof shell. Theoretical acceleration values corresponding to di-
verse static positions are also depicted in the same figure. For example, an acceleration
reading of -1 g is recorded when the positive axis of the device is oriented towards the
Earth’s crust.
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Figure 5.15: Photo and illustration of (a) 3D hall effect sensor (b) laser distance sensor

5.4. SENSORS CALIBRATION AND PROOF OF CONCEPT

ensors in the CYC-DoSS play a pivotal role by converting physical parameters into
S electronic signals, facilitating both apparatus control and sample response record-
ing. To guarantee their accuracy and reliability, these sensors undergo a calibration pro-
cess, ensuring their outputs accurately represent the physical quantities they measure.
This calibration is crucial for the overall precision of the system. Additionally, proof-
of-concept tests are presented to further validate the operational feasibility of in-house
developed sensors.

5.4.1. POSITION SENSORS
P osition sensors have been incorporated into the CYC-DoSS to capture displacements
along the X, Y, and Z axes. The system employs the GEFRAN PY1-C-100 linear trans-
ducer (50 mm stroke) for the horizontal axes and the PZ12-S-200 (+100 mm stroke) for
the vertical axis. The sensor’s output voltage varies based on its current position. This
relationship between the output voltage and position underwent calibration employing
a micrometer device, characterised by a 0.01mm resolution.
Figure 5.17 captures both the calibration procedure and the resultant data for all
axes. A good linearity is discernible between the output voltage and displacement. Sub-
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Figure 5.16: Photo of accelerometer and illustration of theoretical acceleration readings at different static po-
sitions

sequently, these conversion constants were integrated into both the servo valve control
mechanism and the data acquisition software known as MP3.

5.4.2. LOAD CELLS

oad cells, integral to the CYC-DoSS setup, measure forces along the X, Y, and Z axes of

the specimen using the ALF255-5kN model from Althen Sensors & Controls. Adapted
for submersion, they withstand pressures up to 500 kPa, adjusting their output voltage
in response to applied forces. Calibration, aiming to map output voltage to the applied
load, utilised a precision 5kN load cell from GDS Instruments, noted for its accuracy
below 0.1%. This process involved aligning both load cells in series within a hydraulic
jack and applying force through the jack’s activation.

Figure 5.18 details the calibration process and its outcomes for each axis, highlight-
ing the linear relationship between output voltage and force. These calibration results
were then integrated into the servo valve control system and the MP3 data acquisition
software, enhancing measurement accuracy.
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Figure 5.18: Photos and results of load cells calibration
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5.4.3. PORE PRESSURE TRANSDUCER

ore pressure transducers, connected to the sample’s base via a drainage line, play a
P crucial role in measuring the pore water pressure. The specific transducer from GDS
Instruments comes with a deairing block and has a capability of up to 1MPa. While it
arrives calibrated by the manufacturer, the conversion factor depends on the particular
data acquisition system used. Therefore, it was connected to the CYC-DoSS data acquisi-
tion system and recalibrated using a volume/pressure controller from GDS Instruments,
known for its accuracy of better than 0.1% error over full range.

Figure 5.19 provides a detailed view of the relationship between output voltage and
reference pressure, explored through both increasing and decreasing pressure up to 500
kPa. Alongside, an error analysis compared to the reference pressure is offered, revealing
a consistent linearity in the transducer’s output with a negligible average error of about
0.2 kPa.
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Figure 5.19: Results of GDS pore pressure transducer calibration

5.4.4. FIBRE OPTIC PRESSURE TRANSDUCER

he FOP-M-R2 Pressure Sensor from FISO, integrated into the CYC-DoSS, plays a vi-

tal role in continuously monitoring the sample’s local hydro-mechanical behaviour
during experiments. Designed to measure pressures up to 345kPa with an accuracy of
1.72 kPa, its recalibration was necessary to extend its range beyond 345 kPa to match
the CYC-DoSS’s capability of handling pressures up to 500 kPa. This recalibration was
precisely conducted using a volume/pressure controller from GDS Instruments, known
for its accuracy of better than 0.1%. Unlike traditional transducers that output voltage
readings, this fibre optic model provides direct pressure values.

Figure 5.20 presents a detailed comparison of the results against reference pressure
standards, showcasing the transducer’s high precision, with an accuracy of around 1.5
kPa for measurements up to 650 kPa. The derived conversion factor enables accurate in-
terpretation of the pressure readings from the fibre optic transducer in later data analysis
phases.



5.4. SENSORS CALIBRATION AND PROOF OF CONCEPT 243

_ 5—
700 y=1.0074x 4
4 o
600 — 4
4 3
£°°7 27
; 7 1 o] ° o
e _ © *t [e] [e]
%400 g 0,%0 © 05070 o 04,00 %
5 ] §O“E %o ©o °0 ;%00 o
— = o oo
B30 @wor e ° © 56 0 o
3 i Jo o o o °
g 5]
= 200 — 4
4 3
100 4 o Backward q o Backward
i ©  Forward -4 o Forward
0 L A s S B B S B | -5 — T T T T T T ] T T T T T
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Reference pressure (kPa) Reference pressure (kPa)

Figure 5.20: Results of fibre optic pressure transducer calibration

5.4.5.3D HALL EFFECT SENSOR (PROOF OF CONCEPT TEST)

all effect sensors delineate a progressive, non-intrusive methodology for the metic-
H ulous monitoring of sample deformation. The magnitude of the total magnetic
field, denoted as |B], is conceived from the cumulative contributions emanating from
the X,Y, and Z axes as depicted in Equation (5.1). When the sensor harmoniously aligns
with the cylindrical magnet’s central axis, the proximity of the magnet, represented as d,
can be inferred by scrutinising the magnitude of the magnetic field, | B|, as elucidated in
Equation (5.2). In this context, B, signifies the magnet’s remnant, a consistent value that
inherently varies based on the magnet’s dimensions, aspect ratio, and material compo-
sition. Meanwhile, r denotes the magnet’s radius, and T represents its thickness.

|B| = \/B%+ B3+ B? (5.1)

B, d+T d
|Bl = —- - (5.2)
2 \Vr2+@+1? Vrr+d?

By analysing the magnet’s proximity, the positions on the X, Y, and Z axes, labelled
as dx,dy, and dz, can be determined by comparing the ratio of magnitudes along the
three axes By, By, and Bz. This method, especially relevant for the YZ-plane, is depicted
in Figure 5.21. It is important to note that Equation (5.2) applies accurately only when
the sensor is aligned with the cylindrical magnet’s central axis. As a result, the calculated
positions must be adjusted based on the angle ¢,

An initial test was conducted to verify this concept, where the magnetic source was
held steady while the Hall effect sensor was moved in various patterns to simulate pos-
sible test conditions. Both the calibration process and its results are illustrated in Fig-
ure 5.21. These results demonstrate the sensor’s capability to accurately detect move-
ment across the X,Y, and Z axes with a maximum deviation of Imm. However, it is
critical to point out that this level of precision is based on theoretical analysis. Imple-
menting a detailed calibration routine can enhance this accuracy even further.
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Figure 5.21: 3D hall effect sensor proof of concept test

5.4.6. ACCELEROMETER (CALIBRATION AND PROOF OF CONCEPT TEST)

or calibration, a straightforward yet effective method is used. The accelerometer is
F oriented in six primary positions as described in Figure 5.16. An in-house built buffer
board is paired with the accelerometer, serving as a critical component in reducing signal
noise and enhancing the quality of the measurements. To evaluate the module’s perfor-
mance, it is attached to the Z-axis actuator. Following this, tests are conducted with si-
nusoidal waves of 10mm amplitude at a frequency of 1Hz and a smaller 2mm at a higher
frequency of 10Hz. Using the amplitude, A, and frequency, f of the applied sine wave,
one can derive the theoretical acceleration time history with equation 5.3. Additionally,
the acceleration can be calculated directly from the imposed displacement history.

a(t) = —4An® f2sin@2n ft) (5.3)

Figure 5.22 displays the applied displacement history alongside a comparison be-
tween theoretical acceleration, imposed acceleration, and actual recorded data by ac-
celerometer. In the trial featuring a 10mm amplitude at a frequency of 1Hz, the theo-
retical and the imposed acceleration trend is discernible, yet the imposed one is charac-
terised by high peak noises. This phenomenon is attributed to the fact that the sinusoidal
wave applied was not perfect. However, the measured and the imposed acceleration
align quite well.

In the trial with a 2mm amplitude at a frequency of 10Hz, the measured and the
imposed acceleration values more closely match the theoretical expectations. Still, the
applied acceleration does not form a perfect sinusoidal wave. The first sudden change is
related to the jump in displacement in the first quarter cycle. For the other ones, closer
examination reveals that this abrupt shift coincides with the displacement reaching a
zero value. Considering the accelerometer is connected to the data acquisition system
via a relatively heavy cable, in comparison to the accelerometer’s self-weight, it is plau-
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sible that the sudden change results from the cable’s swinging motion induced by direc-
tional changes in displacement.

Additionally, it is important to note that the Adafruit breakout board, equipped with
an analogue MEMS accelerometer, includes 0.1 uF capacitors combined with a 32 kQ
output resistance. This configuration forms a low-pass filter with a 50 Hz cut-off fre-
quency. As a result, there is a 10% attenuation at 10 Hz, which can also affect test results
at that frequency.
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Figure 5.22: Accelerometer proof of concept test
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5.4.7. OFFSET OF THE SYSTEM AND CALIBRATION RAMP

1l pressure transducers, placed at various locations within the system, align in their
A readings. To ensure uniformity, the readings are synchronised to a commonly agreed
reference level: the sample’s mid-height. With the system’s baseline offset established,
a calibration test is conducted without the sample. The cell pressure is increased to
350kPa, allowing for a thorough check of all pressure transducers. Figure 5.23 shows
readings from various instruments, including the cell pressure transducer, back pressure
transducer, pore pressure transducer, and the innovative fibre optic pressure sensors.
The consistent alignment of these readings confirms the accuracy and effectiveness of
the calibration process.
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Figure 5.23: Pressure readings during the calibration ramp.

During the calibration ramp, it was observed that cell pressure noticeably affected
the load cell readings. This interaction is due to the lack of a pressure compensation
mechanism in the load cell, which is a trade-off made to reduce its size and weight. Fig-
ure 5.24 illustrates this relationship, showing a linear increase in readings as cell pres-
sure rises. A consistent drift in the load cells was identified, measured at approximately
0.0002kN/kPa. This amount of drift is carefully corrected in the load cell readings for all
axes.
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Figure 5.24: The influence of cell pressure on load cell readings

5.5. EXPERIMENTAL EVALUATIONS INTO CYC-DOSS CAPABIL-
ITIES

5.5.1. CYCLIC CELL PRESSURE

he adoption of a pneumatic controller in the system affords a quicker response time
T compared to the water pressure controller, primarily because the volume of the pres-
sure chamber in the CYC-DoSS is substantially larger than in traditional triaxial cells.
Furthermore, the rapid responsiveness of air pressure facilitates the execution of a cyclic
cell pressure test programme.

To assess the efficacy of the CYC-DoSS in managing cyclic cell pressure, an experi-
ment was conducted wherein a cyclic cell pressure with a period of 900 seconds and an
amplitude of 50 kPa. This was done in the absence of a mounted sample. A back pressure
controller, connected to the pressure chamber, served to monitor the cell pressure at the
base of the chamber. This monitoring was essential to ascertain whether the chamber’s
internal pressure could achieve equilibrium even under cyclic conditions.
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Figure 5.25 presents the pressure readings from this experiment. The data conclu-
sively shows that the pressures at both the top and the bottom of the chamber remain in
equilibrium. This successfully validates the capability of the CYC-DoSS to handle cyclic
cell pressure efficiently.
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Figure 5.25: Cell pressure variation during cyclic cell pressure test

5.5.2. MULTIDIRECTIONAL CYCLIC LOADING

he CYC-DoSS device’s capabilities were assessed using a soft organic soil sample.

Notably, the sample was mounted without employing cell and back pressure and
was subjected to diverse loading conditions. Throughout the tests, the Z-axis actuator’s
displacement was consistently held constant. Additionally, the hydraulic pump oper-
ated at half its maximum pressure, and the PID parameters were optimised for a loading
frequency of 1 Hz.

Figure 5.26 illustrates the displacement-time history, as well as the X versus Y dis-
placement for three distinct loading patterns: circular, 8-shaped, and butterfly-shaped.
The circular pattern was realised with a2 mm amplitude and a 1 Hz frequency, introduc-
ing a phase shift of 90 degrees between the horizontal actuators (X and Y). This pattern
manifested effective actuator control. In contrast, the butterfly-shaped pattern was im-
plemented with a 2 mm amplitude, operating at frequencies of 1 Hz for the X-axis and
0.5 Hz for the Y-axis. This, too, yielded satisfactory outcomes. The 8-shaped pattern
was executed by simply reversing the loading frequencies of the X and Y axes from the
butterfly pattern, as detailed in Figure 5.26.

5.5.3. HIGH FREQUENCIES CYCLIC SHEARING

T o assess higher loading frequency performance, a 25 Hz loading with 0.7 mm am-
plitude is applied to the X-axis actuator without a sample mounted. The results in

Figure 5.27(a) are less satisfactory compared to those at lower frequencies. However,

considering the hydraulic pressure is at half capacity and the PID parameters are not

tuned for high loading frequencies, it is expected that the performance will improve with

full pressure and optimal tuning of PID parameters.
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Upon a detailed examination of the load depicted in Figure 5.27(b) during the test,
a variation of +0.15 kN is observed, even in the absence of a mounted sample. Given
the positioning of the load cells — between the load rams and either the shaking table
or the top sample container assembly — their readings are influenced by the inertia of
these mechanical components. Consequently, there is a pressing need to adjust these
load readings by taking into account the mass of the mechanical components and their
acceleration.

The X-axis actuator moves a mass of 8.61 kg. Using the amplitude, A, and frequency,
f of the applied sine wave, one can derive the theoretical acceleration time history as
represented previously by equation 5.3. Furthermore, the load in need of correction can
be computed using equation 5.4, where m denotes the mass being shifted by the actu-
ator. The updated load readings, shown in Figure 5.27(b), reveal a minimised variation
of 0.02 kN. This is closely aligned with the magnitude of mechanical friction, substanti-
ating the effectiveness of inertia-based load correction. It is pertinent to mention that a
more accurate correction could be achieved by using acceleration data sourced from an
accelerometer.

Finertia(f) = ma(t) = —4mAn® f2sin@n f 1) (5.4)

5.5.4. REAL-TIME EARTHQUAKE LOADINGS

ne of the most important design goals of CYC-DoSS is to reproduce the real-time
O earthquake loadings. In order to evaluate whether CYC-DoSS is able to simulate
the time history of a real earthquake, the time history of Meinong Earthquake in 2016
recorded at CHY063 station is scaled to a peak amplitude of 2.4 mm and 4.2mm for X
and Y direction, respectively. The scaled time history is used as an input for the servo-
valve controllers via a user-defined waveform function in MP3. Figure 5.28 presented the
input waveforms and the measured displacements of both axes. A very good alignment
between them can be observed, indicating the CYC-DoSS is capable of reproducing the
real-time earthquake loadings accurately. The X versus Y displacement is also plotted in
Figure 5.28, further demonstrating the phase difference between the two axes is also well
captured by CYC-DoSS.
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5.5.5. VALIDATION TESTS WITH SOFT ORGANIC CLAY

1l evaluations discussed previously were conducted without mounting an actual soil
Asample in the CYC-DoSS apparatus. To assess the capability of CYC-DoSS for test-
ing soft organic soils, validation cyclic triaxial tests have been carried out. The QDTAS
system from GDS Instruments, known for its performance and reliability in soil test-
ing, served as the reference equipment. However, it is important to note that the fastest
achievable loading frequency of QDTAS is limited to 0.1Hz. For these validation tests,
undisturbed Dutch organic soil samples with 100mm in height and 50mm in diameter,
taken from specific depths in a sampling tube, were utilised. Prior to cyclic shearing,
the samples underwent isotropic consolidation to mean effective stress of 100 kPa. Fig-
ure 5.29 illustrates the compression curves and variations in pore pressure at the sam-
ples’ base. The observed differences in compression curves can be attributed to the vary-
ing initial void ratios of the natural material samples. Throughout the entire consolida-
tion stage, the pore pressure between the two samples remained almost identical.
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Figure 5.29: Compression curves and the pore water pressure variation during isotropic compression of vali-
dation tests

Following consolidation, strain-controlled cyclic triaxial tests were conducted with a
sinusoidal wave application of 2% strain amplitude and 0.1Hz frequency. The axial load
readings during cyclic shearing, as shown in Figure 5.30, reveal that QDTAS provides
smooth load readings, benefitting from its load cell positioning which captures post-
friction load effectively. In contrast, the CYC-DoSS load readings exhibit fluctuations
around 20N (+10N). A closer examination of CYC-DoSS identified a misalignment be-
tween the vertical load ram and the hydraulic actuator, significantly increasing friction.
This issue was not apparent in previous friction determination due to a much slower
displacement rate.
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Figure 5.30: Axial load readings during cyclic shearing of validation tests

Moreover, a delay in load reading is observed as the load nears zero. The CYC-DoSS’s
multi-axial shearing design incorporates pin connectors to link load cells with load rams
and hydraulic actuators, mitigating potential bending moments and side forces. How-
ever, these commercially manufactured pin connectors have a tolerance of +0.008mm,
allowing for movement when not under load, hence the observed delay in load readings
at load reversal points.

To account for these observations, especially given the ten times higher sampling
rate of CYC-DoSS compared to QDTAS, a running average has been applied to the CYC-
DoSS load readings for better data interpretation, as also depicted in Figure 5.30.

Figure 5.31 presents the stress paths, stress-strain curves, and variations in devia-
toric stress from both tests. The results from CYC-DoSS are characterised by a sawtooth
pattern throughout the test and a flatter response around the neutral load, attributed to
fluctuations and delays in load readings. Despite these discrepancies, the deviatoric re-
sponses of the two tests are relatively similar. However, the stress path in QDTAS shifts
more rapidly to the left, suggesting a quicker development of excess pore pressure.

Pore water pressure during cyclic loading is measured at the top and bottom bound-
aries of the sample in QDTAS, and at the top, middle, and bottom in CYC-DoSS, as shown
in Figure 5.32. QDTAS exhibits a higher variation in pore water pressure during cyclic
shearing, although the average pressures recorded by both systems are comparable. The
variation in CYC-DoSS is significantly less, shedding light on the divergent stress path
evolution between the two tests. Upon dismounting the CYC-DoSS sample, trapped air
was discovered in the water pipes connected to the top and bottom caps. The presence
of air, due to its high compressibility and the rapid loading rate, likely contributed to
the smaller observed variation in pore pressure, as it hindered the system from reaching
equilibrium.
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This theory is further corroborated by the results of subsequent monotonic undrained
shearing after cyclic loading, depicted in Figure 5.33. Although the CYC-DoSS results
show higher deviatoric stress, the differences between the two tests are minimal. More-
over, when shearing occurs at a significantly slower rate, the pore water pressure mea-
surements from both systems align more closely, indicating that the CYC-DoSS system
eventually allows the pore pressure to reach an equilibrium state.
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Figure 5.31: Stress paths, stress-strain curves and variation of deviatoric stress of validation tests
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5.6. LIMITATIONS AND FUTURE IMPROVEMENTS

he experimental evaluations of CYC-DoSS underscore its proficiency in handling di-
T verse loading scenarios such as cyclic cell pressure, multidirectional cyclic loading,
high-frequency loading, and real-time earthquake simulations. However, these evalua-
tions primarily attest to the mechanical and electrical design’s capability without delving
into the performance nuances with soft organic clay samples, where current limitations
become apparent. A significant issue is the misalignment between the vertical load ram
and the hydraulic actuator, which escalates friction and undermines precise load mea-
surements. Furthermore, mechanical compliance from commercially manufactured pin
connectors introduces a delay in load readings upon load reversal. Addressing the for-
mer requires the accurate repositioning of the vertical hydraulic actuator. The latter is-
sue may be mitigated through the utilisation of custom-built rod connectors or those
with an alternative mechanism.

Another challenge arises from the presence of trapped air within the system, skew-
ing pore water pressure measurements under cyclic loading conditions. Given that CYC-
DoSS is engineered to accommodate samples up to 150mm in diameter and 250mm in
height, water pipes of 6mm in diameter were chosen for connectivity during validation
test with a much smaller sample. This setup necessitates the introduction of changeable
fittings to facilitate the use of water pipes with varying diameters, tailored to the size of
the sample at hand. Moreover, the design and installation process of the top cap compli-
cates the thorough deairing of the system. Improving the mounting procedure/deairing
procedure has been considered, but it is most worthwhile after the compliance issues
above have been resolved. As such, it was decided not to run additional tests at improved
deaired conditions at this stage.

For the moment, the PID control parameters are tuned specifically for half the ca-
pacity of the hydraulic actuator system and are optimised for displacement control. This
configuration contributes to less satisfactory performance during high-frequency load-
ing, stemming from the limited scope of the current tuning. To achieve optimal system
performance across its full capacity, it is imperative to adjust the PID control parame-
ters accordingly. The challenges identified in previous validation tests, particularly the
misalignment and compliance issues, further complicate the fine-tuning of PID control
parameters for stress-controlled operations. These mechanical limitations inherently
restrict the precision and effectiveness of any control parameter adjustments. Conse-
quently, addressing the misalignment and mechanical compliance is a prerequisite for
refining the PID control parameters for stress-controlled scenarios.

To enhance our understanding of element experimental outcomes and delve deeper
into the hydro-mechanical coupling response under cyclic loading, this chapter intro-
duces advanced sensors developed in-house. Among these innovations, only the fibre
optic pressure transducer was utilised in tests with soil samples. For the 3D Hall effect
sensors, a preliminary proof of concept test has been conducted. It is crucial to em-
phasise that the precision levels achieved by these sensors are currently based solely
on analytical considerations. Introducing a specialised calibration routine presents an
opportunity to significantly improve this accuracy, making the sensors suitable for de-
ployment on soil samples.

Upon closer inspection of the accelerometer, it becomes evident that noise levels are
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particularly pronounced at low loading frequencies. While the accelerometer demon-
strates improved performance at higher frequencies, its readings are adversely affected
by sudden changes attributed to the cable’s motion, which swings due to directional
changes in displacement. To mitigate these issues, the implementation of a filter or the
selection of an accelerometer with a lower range, coupled with the use of a lightweight
cable, is anticipated to enhance its performance. Moreover, the laser sensor, while promis-
ing in its precision and utility, requires modification to be made submersible for appli-
cation in real tests.

Lastly, the positioning of the load cells in CYC-DoSS streamlines the mechanical lay-
out and simplifies maintenance procedures. However, at high frequencies, the load read-
ings require correction due to the influence of inertia. Additionally, this arrangement
of load cells also captures the frictional forces of the system, though these can be cali-
brated out. The adoption of a multi-axis load cell, placed below the bottom cap, could
potentially diminish the complexity involved in data correction and system calibration.
Nevertheless, the cross-coupling effect of the multi-axis load cell and the feasibility of its
maintenance must be further examined.
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5.7. SUMMARY AND CONCLUSIONS

T he Chapter presents the conceptual design and the electro-mechanical development
of a cutting-edge earthquake simulator for soft soils, named the CYC-DoSS device.
The design of the apparatus augments rotational stiffness while simultaneously min-
imising lateral movement and top cap rocking, achieved through the implementation of
a robust double-tripod system. The device is equipped with digitally controlled, servo-
hydraulic actuators in the x, y, and z axes to be capable of replicating real-time histories
of earthquakes. The CYC-DoSS device overcomes certain limitations inherent in tradi-
tional simple shear apparatus, such as unreliable pore pressure measurement and inde-
terminate lateral stresses, thanks to an automatically controlled cell and back pressure
system.

The novel concept relies on the incorporation of in-house developed local response
sensors, able to collect comprehensive data on the coupled hydro-mechanical response
of the soil sample. This includes information such as deformation, pore pressure and
acceleration, an insight which was unavailable in earlier devices. To further enrich the
data collected on the small-strain response and to bridge the gap between laboratory
and field observations, P-wave and S-wave bender element measurements were incor-
porated into the CYC-DoSS device.

This Chapter not only highlights the adaptability and range of CYC-DoSS in simulat-
ing complex loading conditions, but also candidly acknowledges the system’s current
limitations when tested with soft organic clay samples. Addressing these challenges
through strategic design and procedural modifications will enhance the precision and
reliability of CYC-DoSS, paving the way for its broader application in geotechnical re-
search and practice.
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6.1. OBSERVATIONS AND CONCLUSIONS

his thesis tackles the understudied aspects of Dutch soft organic clay behaviour un-

der static and cyclic loads, with a focus on mitigating the seismic hazards induced by
activities in the Groningen gas field. Recognising the gaps in our understanding of the
static response of these clays—particularly concerning organic content, stress-induced
anisotropy, and behaviours beyond triaxial compression—a rigorous experimental pro-
gramme was initiated. This programme explored both monotonic and non-monotonic
stress paths, encompassing compression and extension scenarios. The experimental ob-
servations and analyses have illuminated pathways for refining the existing constitutive
models, enhancing their precision in capturing the pre-failure behaviour of Dutch soft
organic clays.

Extending beyond static behaviours, the research delved into the dynamics of ‘slow’
cyclic loading, intentionally excluding the effects of non-uniform pore pressure distri-
bution. Through detailed experimental and modelling efforts, critical insights into the
slow cyclic response were uncovered. These include the effects of loading frequency, the
distinct behaviours of natural versus reconstituted samples, and the significant roles of
initial stress states, cyclic stress amplitudes, clay and organic content, and post-cyclic
undrained shear strength and recompression. The adaptation of the JMC-clay model to
include cyclic behaviours, through the introduction of bounding surface plasticity (JMC-
clay BS), represents a leap towards a more predictive modelling framework for cyclic
loading conditions. However, challenges in validating the JMC-clay BS model have led to
further enhancements, incorporating time-dependent strains through an elastoplastic-
viscoplastic bounding surface formulation (JMC-clay BSEVP). This model’s effective-
ness, validated against static and slow cyclic tests on Dutch organic clay, underscores its
strengths and limitations in reflecting soil behaviour under various loading conditions
and sets the stage for future refinements.

Additionally, the thesis identifies the limitations of existing shear testing systems
and the imperative to understand the ‘fast’ cyclic and dynamic behaviours of Dutch
organic soft soils. This need inspired the development of a novel dynamic testing ap-
paratus, CYC-DoSS, equipped with advanced local response sensors. The apparatus
achieved high rotational stiffness, minimised lateral movement, and reduced top cap
rocking through a robust double-tripod system. The device is equipped with digitally
controlled, servo-hydraulic actuators in the x, y, and z axes to be capable of applying
multidirectional loading up to 20Hz and replicating real-time histories of earthquakes.
With an automatically controlled cell and back pressure system, the CYC-DoSS device
provides reliable pore pressure measurement, determinate lateral stresses, and flexi-
ble stress paths. While highlighting CYC-DoSS’s adaptability and potential, the thesis
also acknowledges its current limitations with soft organic clay samples. Issues with the
current system include misaligned load ram and hydraulic actuator, which cause fric-
tion and inaccurate measurements; commercially manufactured pin connectors, which
cause delays in force measurement; and trapped air, which affects the accuracy of pore
water pressure measurements. PID control parameters are optimised for displacement
control and half-capacity of the hydraulic actuator system, potentially leading to less
satisfied performance during high-frequency loading. Future enhancements through
design and procedural adjustments are anticipated to improve the apparatus’s precision
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and reliability, contributing significantly to geotechnical research and practice.

6.1.1. STATIC BEHAVIOUR AND MODELLING OF DUTCH ORGANIC CLAY

riven by the objective to fill knowledge gaps in the static behaviour of Dutch or-
D ganic clay, this investigation delved into the roles of organic content, stress-induced
anisotropy, and behaviours beyond triaxial compression across varying stress paths. The
analysis aimed at refining the modelling approach by identifying and tuning essential
components.

* The compressibility of Dutch organic clay was found to significantly vary, influ-
enced by organic content and the presence of diatoms. The friction angle changes
with the Lode angle, showcasing a complex behaviour under shear. Notably, the
depositional fabric exhibits clear anisotropy that evolves swiftly with stress path
changes. Drained test analyses revealed that yield locus expansion is governed by
volumetric plastic strains, whereas anisotropy evolution is closely tied to the load-
ing direction.

* Based on the experimental insights, the JMC-clay model was formulated. Incor-
porating a non-associated flow rule, the model refines the yield locus formula-
tion, enhancing the yield surface shape’s flexibility and introducing a Lode angle-
dependent rotational hardening rule. The JMC-clay model’s strengths are partic-
ularly noticeable in the deviatoric stress-strain response, becoming increasingly
important as the stress ratio in extension increases.

* Numerical simulations validated the JMC-clay model’s capability to accurately cap-
ture the pre-failure response across diverse loading and unloading stress paths, a
vital attribute for its application in engineering practice. However, a critical exam-
ination of its practical limitations highlighted a significant sensitivity to the initial-
isation of the yield surface inclination, particularly at lower stress levels. This find-
ing suggests that the primary challenge in applying this model category in prac-
tical scenarios lies in the initial state’s accurate representation, rather than model
calibration.

6.1.2. SLOW CYCLIC BEHAVIOUR OF DUTCH ORGANIC CLAY

his research extends into ‘slow’ cyclic loading dynamics of Dutch organic clay, delib-
T erately omitting non-uniform pore pressure distribution effects. The study unveils
significant insights into the slow cyclic response, emphasising the influence of loading
frequency, comparison between natural and reconstituted samples, and the importance
of initial stress states, cyclic stress amplitudes, clay and organic content, and post-cyclic
properties.

* Itis observed that reconstituted samples exhibit a lower secant shear modulus and
damping ratio. However, the rate at which the shear modulus and damping ratio
decrease with the increase in the number of cycles does not show a marked differ-
ence between the two types of samples. Further insights are provided by plotting
the undrained shear strength, secant shear modulus, and damping ratio for both
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natural and reconstituted samples against the average mean effective stress. The
manner in which these properties evolve differs between the natural and recon-
stituted samples. Particularly, the variation in undrained shear strength, secant
shear modulus, and damping ratio with respect to average mean effective stress in
the natural sample is nonlinear, unlike in the reconstituted sample. The natural
sample exhibits higher shear stiffness, lower excess pore pressure development,
and a slower reduction in undrained shear strength during cyclic loading. This
suggests that the cyclic strength of the natural sample is greater than that of the
reconstituted one.

Both the induced and inherent anisotropy affect the soil response upon cyclic
loadings. The butterfly-shape stress path observed at later stages in the strain-
controlled cyclic triaxial tests is related to the dilation-contraction alternations,
which have been attributed to the rearrangement of microstructures resulting from
the continuous change in loading direction during cyclic shearing. Additionally,
the consistent stress path inclination on both compression and extension sides in
the strain-controlled cyclic triaxial tests is an indication of pronounced inherent
anisotropy. Furthermore, the inherent anisotropy of sample Cyc T2(IX) results in
a more asymmetrical stress path evolution. The test initiated from isotropic con-
ditions exhibits higher average pore pressure in each cycle. This is attributed to its
symmetrical behaviour along the horizontal axis, leading to a more pronounced
movement of the stress path toward the left on the meridian plane. In contrast, the
stress path in the Ky-consolidated test, due to its asymmetrical stress path, shows
a less shift toward the left on the meridian plane. Interestingly, the secant shear
modulus and damping ratio variations in Ky-consolidated samples tend to con-
verge towards those of isotropic-consolidated samples as the average mean effec-
tive stress decreases. Such a transition from anisotropic to isotropic during cyclic
loading suggests the erasing of stress-induced anisotropy during cyclic loading.

In engineering practice, accurately determining the exact number of loading cy-
cles can be challenging, particularly because most cyclic loads encountered in
geotechnical engineering designs are irregular and characterised by variable am-
plitudes and frequencies. Thanks to the contributions of numerous researchers,
methods have been developed to translate these irregular cyclic loads into sets
of equivalent cyclic amplitudes and loading cycles. However, it is important to
remem- ber that soil behaviour is dependent on the effective stress state and strain
level. Therefore, when investigating the cyclic behaviour of soils, it is essential to
anal- yse and interpret experimental data in the context of both effective stress
state and strain level, in addition to considering the number of loading cycles. The
changes in undrained shear strength, secant shear modulus, and damping ratio
during cyclic shearing with respect to the average mean effective stress, pgvg, re-
veal that the undrained shear strength, secant shear modulus, and damping ratio
tend to decrease almost linearly as the average mean effective stress diminishes.
Furthermore, it appears that the rate of shear modulus reduction in relation to pgvg
is not influenced by the initial stress ratio. Intriguingly, in both smaller and higher
cyclic shearing stages, the variations in secant shear modulus can be categorised
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into two distinct groups: tests initiated from either the compression or extension
side. This observation contrasts with the observation when plotting the secant
shear modulus with respect to loading cycles. This is due to the lower strain am-
plitudes, which result in an apparently higher shear modulus for extension-side
tests. While the trend is less pronounced, a higher absolute initial stress ratio gen-
erally corresponds to a lower secant shear modulus at the same cyclic deviatoric
strain.

* The stress-ratio dependency of excess pore pressure development becomes evi-
dent when analysing with cyclic deviatoric strain. On the compression side, sam-
ples with a higher initial stress ratio exhibit a more rapid increase in excess pore
pressure relative to the cyclic deviatoric strain. On the extension side, it is ob-
served that a higher absolute initial stress ratio leads to a quicker escalation of
excess pore pressure in relation to cyclic deviatoric strain. There is a consistent re-
lationship between larger stress ratio magnitude and higher permanent deviatoric
strain. Additionally, tests that commence from the compression side result in an
accumulation of compressive deviatoric strain, while tests that begin on the ex-
tension side show extensive deviatoric strain. Intriguingly, for samples where the
stress path exceeds the critical stress ratio and moves into the ‘dry’ side of critical,
the rate of axial strain accumulation accelerates sharply. This implies that these
samples are nearing the point of failure under the given cyclic shearing conditions.

* Regarding the impact of cyclic stress amplitude, the test with higher amplitude
shows a more rapid stiffness reduction in the early cyclic stage. The sample with
lower amplitude stabilising at a higher mean effective stress, the variation in nor-
malised secant shear modulus with respect to average mean effective stress ex-
hibits a similar trend between the two samples. A closer examination of the nor-
malised secant shear modulus in relation to cyclic deviatoric strain indicates that
the greater shear stiffness of the sample with lower amplitude is due to its smaller
cyclic deviatoric strain. The higher stress amplitude leads to a more significant de-
velopment of excess pore pressure with the loading cycle. Interestingly, the rate of
excess pore pressure increase in relation to cyclic deviatoric strain is slower for
the sample with higher amplitude. This observation is consistent with a lower
stress ratio on the compression side achieved by higher stress amplitude, is associ-
ated with a slower increase in excess pore pressure relative to the cyclic deviatoric
strain. The higher stress amplitudes lead to a quicker accumulation of permanent
deviatoric strain.

» The impact of organic and clay content on the cyclic response is investigated. For
samples with less clay and organic content, the shear modulus degrades more
rapidly. However, no clear difference is observed in the rate of secant shear mod-
ulus reduction between samples with different organic content but similar clay
content. When examining the variation of secant shear modulus in relation to av-
erage mean effective stress, all samples exhibit a similar reduction rate as mean
effective stress decreases. The more rapid degradation rate with the loading cycle
observed in samples with less clay and organic content results from a faster re-
duction in average mean effective stress with each cycle. Additionally, the change
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in secant shear modulus in relation to cyclic deviatoric strain suggests that the
secant shear modulus for the tested Dutch organic clays is dominated by cyclic
deviatoric strain. Nonetheless, further investigation is needed to confirm this as-
pect. The rate of excess pore pressure development in relation to cyclic deviatoric
strain is fastest for samples with less clay and organic content. Soils with higher
plasticity have a more flexible microstructure and result in a higher capacity to
adapt to applied cyclic loading, thus exhibiting lower excess pore pressure devel-
opment. However, the excess pore pressure responses of samples with different
organic content but similar clay content are quite similar, indicating a lesser influ-
ence of organic content on excess pore pressure development.

* Regarding the cyclic and post-cyclic undrained shear strength, compared to a sam-
ple that did not undergo cyclic loading, the post-cyclic undrained shear strength,
Su, experiences a significant increase—a nearly four-fold enhancement. In rela-
tion to critical state stress ratios, cyclic shearing does not appear to modify the
critical state stress ratios of the material under investigation. As for post-cyclic
deformation, the degree of post-cyclic deformation is dictated by both the sam-
ple compressibility and the excess pore pressure generated. A good linear relation
can be found between the predicted post-cyclic volumetric strain with empirical
relation and the measured one. However, the measured post-cyclic volumetric
strain is almost two times higher than the predicted one. A higher magnitude of
post-cyclic recompression is observed in Dutch organic clay. The post-cyclic axial
strain seems to be more influenced by the amount of excess pore pressure than by
the stress path during the recompression stage.

* The comparison between the pseudo-elastic shear modulus of tested Dutch or-
ganic clay and the empirical relation based on remoulded samples indicates that
the empirical relation could underestimate the pseudo-elastic shear modulus of
Dutch organic clay. The sample with more disturbance might result in better align-
ment with the relation based on data from remoulded samples. A generalised re-
lationship based on a series of in-situ seismic cone tests is also compared with
experimental data. Good alignment can be found for all tested Dutch organic clay
samples, suggesting that typical empirical relations for pseudo-elastic shear mod-
ulus can provide a reasonable estimation of the pseudo-elastic shear modulus of
Dutch organic clay.

6.1.3. SLOW CYCLIC MODELLING OF DUTCH ORGANIC CLAY

T

he thesis introduces the JMC-clay BSEVP model, a novel advancement in modelling
soil behaviour under cyclic loads. It delves into the sensitivity analysis of key param-

eters within an elastoplastic-viscoplastic bounding surface framework, aiming to facili-
tate model calibration and enhance predictive accuracy. The calibration procedure and
suggested parameter values are outlined. Lastly, the potential of the model for practical
geotechnical applications is underscored.

* The essence of the proposed model lies in the advancement of the elastoplastic-
viscoplastic framework, with a particular focus on the evolution of the overstress
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function. The parameters governing this function are meticulously examined. The
impact of the parameters s, and V on the overstress function is immediate; how-
ever, the parameter n, which defines the exponent for the ‘normalised overstress’
Ac*, exhibits a varying influence on the viscoplastic response, contingent on the
value of Ac*. By integrating the bounding surface and elastoplastic-viscoplastic
theories into the JMC-clay model, the total number of parameters increases from
12 to 19. This thesis summaries definitions and suggests reasonable ranges for
these parameters when applied to organic soils, which facilitates model calibra-
tion. The selection of viscoplastic parameters critically affects the slope of the
normal compression line and the apparent pre-consolidation pressure, indicating
that the choice of 1* should consider the soil’s time-dependent behaviour.

A thorough sensitivity analysis highlights the influence of the new model parame-
ters, including those associated with the bounding surface, on the model’s ability
to predict cyclic responses. This analysis emphasises the importance of viscoplas-
tic parameters, especially s,, in determining the size of the viscoplastic zone and
the evolution of the bounding surface. The parameter w, indicative of the hybrid
flow rule, is pivotal in addressing initial stabilisation in stress paths and the de-
velopment of excess pore pressure. The damage parameter a,; plays a significant
role in the deviatoric responses, influencing peak deviatoric stress and the reduc-
tion of shear modulus. The consideration of anisotropy evolution, adjustments to
the projection centre, and Lode angle dependency also prove essential in model
predictions.

* The model calibration process derives from the sensitivity analysis, with calibra-
tion of the JMC-clay EP parameters achievable through static laboratory tests. Cal-
ibration of additional parameters necessitates rapid cyclic triaxial tests, including
isotropic and Ky consolidated samples, with default parameter values provided
to aid initial calibration efforts. A minimum of six distinct tests is advised for a
comprehensive calibration, involving iterative adjustments to parameters to align
closely with observed experimental outcomes, such as stress paths, stress-strain
curves, secant shear modulus, and excess pore pressure development.

 Evaluation of the JMC-clay BSEVP model on samples from groups (III) to (IX) demon-

strates improvements in predictive accuracy, notably in simulating the cyclic be-
haviour of organic clay. The model successfully predicts stress path evolution,
excess pore pressure, and variations in secant shear modulus, though it slightly
overestimates peak deviatoric stress in static tests. Model performance in predict-
ing damping ratio evolution and a slight overprediction of secant shear modulus
indicate areas for further refinement. Observed discrepancies in the post-cyclic
recompression phase point to the need for model adjustments to reflect aspects
more accurately, such as the recompression index uncertainty and underestima-
tion of excess pore pressure.

* Applying the JMC-clay BSEVP model to group (X) samples provides insights into
its predictive capabilities and limitations. The model effectively captures changes
in loading rate during the unloading and reloading phases in static probe paths.
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The model tends to overestimate deviatoric strain in the static probe stage, a likely
consequence of calibration based on specific cyclic loading frequencies. Its per-
formance varies across different stress probe paths and cyclic loading conditions,
showing improved accuracy for stress states close to isotropic and Ky conditions.
In cyclic tests, the model response is nuanced, underestimating shear stiffness
at lower cyclic amplitudes while accurately predicting secant shear modulus at
higher amplitudes. Discrepancies in permanent deviatoric strain and excess pore
pressure development, especially in tests starting from initial stress ratios far from
the ones adopted for calibration, are notable. Despite reasonable efficacy in simu-
lating the cyclic behaviour of group (X) samples, the model exhibits significant dis-
crepancies with experimental results in post-cyclic recompression and undrained
shearing stages, stemming from underprediction of excess pore pressure develop-
ment during cyclic shearing, the uncertainty in the post-cyclic compression index,
and the evolution of the projection centre position. Improvements with the pro-
jection centre at the origin for post-cyclic stages highlight the necessity of further
investigation and refinement of the projection centre evolution.

* An achievement of the model is its capacity to produce shear modulus reduction
and damping curves, as reported in the literature, which is crucial for engineering
practice. The model demonstrates rate-dependent characteristics in generating
these curves across different loading frequencies. With the coupled elastoplastic-
viscoplastic framework, minor discrepancies in the curves are observable at fre-
quencies above 0.001Hz, likely attributable to strain-rate saturation. The model
proficiency in predicting both cyclic and permanent shear strains across various
loading frequencies underscores its critical aspect. Based on the parameters and
pre-shearing stress state employed for demonstration, the model demonstration
indicates that at high loading rates, failure predominantly results from perma-
nent shear strain, whereas at lower loading rates, failure is more likely attributed
to cyclic shear strain.

6.1.4. DEVELOPMENT OF CYC-DOSS

T he thesis unveils the conceptual design and electro-mechanical development of a
cutting-edge earthquake simulator for soft soils, termed the CYC-DoSS device. This

innovative device addresses and overcomes certain limitations found in traditional equip-

ment. Its novel approach is characterised by the integration of in-house developed local

response sensors, which are capable of collecting comprehensive data on the coupled

hydro-mechanical response of soil samples.

* The cross-coupling effect in multidirectional shear devices describes the influence
of movement along one axis on the movements occurring along another axis. To
evaluate this effect within the CYC-DoSS system, two harmonic waves were em-
ployed to explore different motion effects. In the slow-motion scenario, movement
of the X-axis table showed no significant impact on the Y-axis displacement and
load measurements. In contrast, movement of the Y-axis table resulted in negligi-
ble displacement on the holding axis, yet a 3N variation in the X-axis load reading
was noted. This outcome is consistent with the mechanical configuration, as the
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X-axis table is mounted atop the Y-axis table. During fast-motion testing, similar
observations were made, with no substantial impact on Y-axis displacement and
load readings when the X-axis table was moved. However, a 2N variation in the
X-axis load was observed upon movement of the Y-axis table, likely attributable
to the displacement amplitude of the motion. These findings collectively suggest
that the CYC-DoSS system demonstrates minimal cross-coupling effects, under-
scoring its effectiveness in isolating directional movements.

* The incorporation of cell and back pressure control within the CYC-DoSS system
enables the execution of authentic undrained tests, distinguishing it from tradi-
tional shearing devices. This capability not only allows for the application of cell
and back pressure to follow versatile stress paths but also facilitates back pressure
saturation, enhancing the system’s versatility beyond the limitations of existing de-
vices, which typically commence cyclic shearing from an isotropic or a Ky condi-
tion. Moreover, the CYC-DoSS system supports the determination of lateral stress
and allows for the performance of zero lateral strain (constant average area) cyclic
shearing tests. These tests are comparable to those conducted with conventional
cyclic simple shear devices on saturated samples, achieved by maintaining con-
stant height and preventing drainage, thereby eliminating the need for rigid lateral
support to control the sample’s lateral strain. Instead, the specimen is simply en-
closed in a standard latex membrane, simplifying the setup while maintaining test
integrity.

* In the CYC-DoSS, Gnax is determined through shear wave velocity measurements
via bender elements, providing a direct method for comparing laboratory and field
soil states. Non-uniformities and challenges in achieving pore pressure equalisa-
tion within the specimen become more pronounced under multidirectional load-
ing at high frequencies. To advance the understanding of experimental results
and the hydro-mechanical coupling response under such conditions, this thesis
has led to the development of advanced sensors. Specifically, the CYC-DoSS in-
corporates the FOP-M fibre optic pressure sensor. This technology allows stable
and accurate pressure measurement despite adverse conditions such as temper-
ature fluctuations, electromagnetic interference, humidity, and vibration. An ad-
vanced displacement sensing unit has also been developed, equipped with a laser
distance sensor and a 3D Hall effect sensor, to meticulously track and record the
lateral strain of specimens during testing. This dual-sensor approach enhances
the robustness and reliability of lateral strain measurements within the CYC-DoSS
system. Furthermore, the integration of MEMS accelerometers facilitates the mea-
surement of acceleration during cyclic tests, necessitating the correction of load
cell readings based on both mass and measured acceleration. This inclusion not
only enhances the accuracy of the system but also enables acceleration-controlled
tests, broadening the scope of experimental possibilities.

* The experimental evaluations conducted without a soil sample have showcased
the CYC-DoSS’s capabilities in handling cyclic cell pressure, multidirectional cyclic
shearing, high-frequency cyclic loading, and real-time earthquake loadings. These
tests effectively demonstrate the mechanical and electrical design’s robustness.
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However, they stopped short of assessing the system performance with soft or-
ganic clay samples, where specific limitations became evident. One notable is-
sue is the misalignment between the vertical load ram and the hydraulic actuator,
which increases friction and compromises the accuracy of load measurements.
Additionally, mechanical compliance introduced by commercially manufactured
pin connectors results in a delay in load readings following load reversal. Com-
pounding these challenges is the presence of trapped air within the system, which
distorts pore water pressure measurements under cyclic loading, highlighting ar-
eas for further refinement to enhance the system efficacy with actual soil samples.
These aspects warrant attention and improvements in the continued development
of CYC-DoSS.

6.2. LIMITATIONS

hile every effort was made to ensure the robustness and validity of the research,
chrtain constraints inherent to the experimental design, scope, and resources have
influenced the outcomes. Acknowledging these limitations is crucial for understanding
the context and scope of the thesis conclusions.

* The experimental tests conducted are confined to axisymmetric stress states, which
do not fully encompass the range of possible stress-strain paths encountered in
field conditions. Moreover, the direction of loading remains singular, limiting the
scope of simulated loading conditions and their corresponding effects on soil be-
haviour. This restriction highlights the need for further development and testing
methodologies that can more accurately replicate the complex and multidirec-
tional stress-strain paths typical of real-world scenarios.

¢ In cyclic triaxial testing, a sinusoidal waveform is commonly used to apply cyclic
strain or stress amplitudes. However, it is important to note that adopting a si-
nusoidal waveform results in a non-constant strain rate. Furthermore, in stress-
controlled cyclic triaxial tests, establishing a constant strain rate is crucial to iso-
late the influence of varying strain rates that arise from differences in stiffness
among samples. This approach ensures that the effects observed are attributable
to the stress conditions being investigated, rather than artefacts of varying strain
rates.

* The misalignment between the vertical load ram and the hydraulic actuator exac-
erbates friction, which in turn compromises the accuracy of load measurements.
Additionally, mechanical compliance inherent in commercially manufactured pin
connectors contributes to a delay in load readings following load reversal.

* Currently, the PID control parameters have been specifically tuned for operations
at half the capacity of the hydraulic actuator system and optimised for displace-
ment control. This limits loading rates and the rate at which setup can follow
changes in load direction without overshoot.

* Among all in-house developed local sensors, only the fibre optic pressure trans-
ducer was utilised in tests with soil samples. Other sensors needed additional cali-
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bration and optimisation in waterproofing before test runs could be attempted on
soil samples.

* The proposed model is only evaluated with cyclic triaxial tests up to a loading fre-
quency of 0.1Hz. The model validation at higher loading frequencies was not pos-
sible due to lacking experimental data on Dutch organic clay at higher loading
rates.

6.3. FUTURE RECOMMENDATIONS

T his section presents recommendations and aims to inspire further exploration and
refinement in this field, addressing unanswered questions and exploring new av-
enues that have emerged from this research.

* Despite the well-acknowledged rate-dependency of soft soils, the exploration of
this property is limited by the challenges in reliably measuring pore water pres-
sure during ‘fast’ loading scenarios. The advent of the CYC-DoSS system, equipped
with innovative sensor technology, introduces the capability to conduct ‘fast’ load-
ing tests. This development allows for the validation of experimental results against
the proposed model, enhancing our understanding of soil behaviour under seis-
mic conditions.

* For a comprehensive understanding of soil response under seismic events, it is
crucial to consider the impact of multidirectional loading. Numerous studies have
highlighted that soil behaviour is significantly influenced by loading from multiple
directions, underscoring the importance of incorporating multidirectional loading
scenarios in experimental designs and theoretical models.

* A major limitation in the practical application of the proposed class of models is
rooted in the initialisation of the current state. This emphasises the critical need
for arobust strategy to ensure reliable initialisation of constitutive models for prac-
tical applications. Developing such a strategy is essential to enhance the model
effectiveness and reliability.

* Applying the JMC-clay BSEVP model to group (X) samples has shed light on both
its predictive strengths and areas needing improvement. The model reveals a ten-
dency to underestimate shear stiffness at lower cyclic amplitudes, while its predic-
tions for secant shear modulus at higher amplitudes are more accurate. This dis-
crepancy highlights the need to incorporate a strain-amplitude dependent shear
modulus into the model to enhance its accuracy across a broader range of cyclic
conditions. Furthermore, significant discrepancies were observed in the predic-
tion of permanent deviatoric strain and excess pore pressure development, par-
ticularly in tests initiated from initial stress ratios far from those calibrated ones.
These findings point to the critical influence of the overstress function and hybrid
flow rule on the model response, underscoring the need for further research and
refinement, especially concerning different initial stress states. While the model
demonstrates a reasonable ability to simulate the cyclic behaviour of group (X)
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samples, it significantly diverges from experimental results in the post-cyclic re-
compression and undrained shearing stages. A demonstration by setting the pro-
jection centre at the origin for post-cyclic stages suggests a clear path for future
enhancements by focusing on the projection centre evolution.
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A.1. CALIBRATION OF TRIAXIAL EQUIPMENT

he triaxial equipment used in this thesis is calibrated every two months or before
T each experimental campaign to ensure the accuracy of the experimental program.
The calibration procedure involves offsetting the pressure readings of pressure/volume
controllers and pressure transducers at the half height of the sample, as shown in Figure
A.1, and checking the alignment between pressure readings with a calibration ramp up
to 600 kPa (both forward and backwards).

Four triaxial systems are used in this thesis for laboratory testing: GDSTAS Cell 1,
GDSTAS Cell 2, QDTAS Cell 1 and QDTAS Cell 2. GDSTAS Cell 1 and GDSTAS Cell 2 are
used to perform quasi-static tests and slow cyclic tests up to 0.001Hz loading frequency,
while QDTAS Cell 1 and QDTAS Cell 2 are used to perform slow cyclic tests up to 0.1Hz
and validation tests for CYC-DoSS. For clarity, one calibration result is presented for each
equipment.

Figure A.1: Offsetting the pressure readings of pressure/volume controllers and pressure transducers at the
half height of the sample

A.1.1. CALIBRATION OF GDSTAS CELL 1

n August 31st, 2021, the GDSTAS Cell 1 was calibrated before slow cyclic triaxial

tests up to 0.001Hz. Figure A.2 presents the pressure readings from the cell, back
pressure/volume controllers, and the pore pressure transducer during the forward and
backward pressure ramp without a sample. The pressure differences of cell pressure,
back pressure, and pore pressure transducers during the calibration ramp are also re-
ported in Figure A.2. The difference between the pressure readings is less than 2kPa.
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Figure A.2: Offsetting the pressure readings of pressure/volume controllers and pressure transducers at the
half height of the sample

A.1.2. CALIBRATION OF GDSTAS CELL 2
n August 31st, 2021, the GDSTAS Cell 2 was calibrated before slow cyclic triaxial
tests up to 0.001Hz. Figure A.3 presents the pressure readings from the cell, back
pressure/volume controllers, and the pore pressure transducer during the forward and
backward pressure ramp without a sample. The pressure differences of cell pressure,
back pressure, and pore pressure transducers during the calibration ramp are also re-
ported in Figure A.3. The difference between the pressure readings is less than 2kPa.
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Figure A.3: Pressure readings and pressure differences of cell pressure, back pressure, and pore pressure trans-
ducers during calibration ramp

A.1.3. CALIBRATION OF QDTAS CELL 1

O n August 2nd, 2022, the GDSTAS Cell 1 was calibrated before slow cyclic triaxial tests
started at 0.1Hz. Figure A.4 presents the pressure readings from the cell, back pres-

sure/volume controllers, and the pore pressure transducer during the forward and back-
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ward pressure ramp without a sample. The pressure differences of cell pressure, back
pressure, and pore pressure transducers during the calibration ramp are also reported in
Figure A.4. The difference between the pressure readings is less than 2kPa.
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Figure A.4: Pressure readings and pressure differences of cell pressure, back pressure, and pore pressure trans-
ducers during calibration ramp

A.1.4. CALIBRATION OF QDTAS CELL 2

O n August 2nd, 2022, the QDTAS Cell 2 was calibrated before slow cyclic triaxial tests
started at 0.1Hz. Figure A.5 presents the pressure readings from the cell, back pres-

sure/volume controllers, and the pore pressure transducer during the forward and back-
ward pressure ramp without a sample. The pressure differences of cell pressure, back
pressure, and pore pressure transducers during the calibration ramp are also reported in

Figure A.5. The difference between the pressure readings is less than 2kPa.
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Figure A.5: Pressure readings and pressure differences of cell pressure, back pressure, and pore pressure trans-
ducers during calibration ramp
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B.1. INFLUENCE OF PARAMETER ho ON THE CYCLIC RESPONSE
T he impact of the parameter & on cyclic response is examined using strain-controlled

cyclic shearing, with a cyclic strain amplitude, &y set at 0.01. For this sensitivity
analysis, four distinct iy values are considered. Model parameters are listed in Chapter 3
and Table B.1. The simulation process comprises two stages: an isotropic consolidation
stage followed by a cyclic shearing stage.

Table B.1: Model parameters adopted in sensitivity analysis

aq Seln w
0 1 0

Figure B.1 depicts the evolution of void ratio throughout both the consolidation and
strain-controlled cyclic shearing stages. A lower hg value leads to an earlier change from
stiff to less stiff compression response. As the value increases, such a transition is more
evident.
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Figure B.1: Variation of void ratio during consolidation and strain-controlled cyclic shearing stage for different
hg value

Figure B.2 further illustrates the stress path and the average excess pore pressure
during cyclic shearing. It is observed that higher hy values are associated with higher
peak deviatoric stresses attained during cyclic loading. For all investigated hg values, the
stress paths tend to move leftward during cyclic loading. This leftward movement in-
dicates contractive behaviour and the development of positive excess pore pressure. In
general, a larger hg value results in slightly more excess pore pressure development (at
same Ecyc).

Strain-controlled cyclic shearing enables the analysis of the evolution of shear stiff-
ness and damping ratio during cyclic loading. Figure B.3 displays the deviatoric stress-
strain curve, as well as the development of the secant shear modulus and damping ratio
for various hg values. Consistent with the stress path observations, the larger ki values
correlate with higher peak deviatoric stresses during cyclic shearing. Regarding the se-
cant shear modulus, larger ki values result in higher moduli, which slightly decrease as
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the number of loading cycles increases. The damping ratio generally increases as hy val-
ues decrease in the first two loading cycles, although the differences among various hg
values are relatively minor. Additionally, the variation in damping ratio with increasing
loading cycles is not pronounced.

To further investigate various aspects of the predicted cyclic response, a sensitivity
analysis is also conducted using stress-controlled cyclic shearing. Two different cyclic
stress amplitudes, gcyc (0.15p} and 0.30p}, with p’ = 100kPa), were chosen to assess the
impact of loading magnitude. Figure B.4 presents the stress path and average excess
pore pressure observed during stress-controlled cyclic shearing. Consistently, across all
hg values, the stress paths show a leftward movement during cyclic loading, leading to
the development of positive excess pore pressure. Additionally, it is observed that higher
cyclic stress amplitudes and lower hg values result in greater excess pore pressure devel-
opment.

Figure B.5 illustrates the accumulation of permanent deviatoric strain, denoted as
£g,per, during cyclic shearing. It is observed that lower hg values lead to larger develop-
ments of £, per. Additionally, there is a correlation between the increase in permanent
deviatoric strain and the rise in stress amplitude. Although the cyclic stress amplitude is
symmetrical along the mean effective stress axis, for some hg values, € 4, per initially accu-
mulates towards the extension side during the first 2 to 3 cycles, and then shifts towards
the compression side, with the magnitude of this shift decreasing alongside h values.
This asymmetrical response can be attributed to three key factors: (1) the Lode angle
dependency of the critical state stress ratio, (2) the Lode angle dependency of anisotropy
evolution, as governed by the rotational hardening rule, and (3) the updating of the pro-
jection centre upon stress reversal.

An increase in the hg value increases the plastic modulus within the bounding sur-
face. This leads to a stiffer compression curve during the consolidation stage, coupled
with a more pronounced transition in stiffness. In the context of cyclic loading, higher
ho values correlate with reduced excess pore pressure development (at same gcyc), in-
creased secant shear modulus, and diminished permanent deviatoric strain. Further-
more, higher stress amplitudes result in greater development of excess pore pressure
and an increase in permanent deviatoric strain.
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Figure B.2: Stress path and development of excess pore pressure of strain-controlled cyclic shearing stage for
different kg value
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stage for different hp value
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Figure B.4: Stress path and development of excess pore pressure of stress-controlled cyclic shearing stage for
different fg values: (a) geyc = 0.15p} and (b) geyc = 0.30p]
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B.2. INFLUENCE OF PARAMETER @4 ON THE CYCLIC RESPONSE (ay > 0) 287

B.2. INFLUENCE OF PARAMETER a; ON THE CYCLIC RESPONSE

(aq >0)
T he impact of the positive damage parameter (a; > 0) on cyclic response is explored
using strain-controlled cyclic shearing, with the cyclic strain amplitude, £cyc set at
0.01. For this sensitivity analysis, four a; values are considered. Model parameters can
be found in Chapter 3 and Table B.2. The simulation includes two stages: firstly, an
isotropic consolidation stage, and secondly, a cyclic shearing stage.

Table B.2: Model parameters adopted in sensitivity analysis

hy  Sem w
50 1 0

Figure B.6 showcases the variation of void ratio during both the consolidation and
strain-controlled cyclic shearing stages, and it suggests that there is almost no influence
on the compression curve when parameter a; > 0.

Figure B.7 presents the stress path and average excess pore pressure during cyclic
shearing. For all a; values, the simulations attain the same peak deviatoric stress in
the first loading cycle. However, this peak deviatoric stress degrades more rapidly with
increasing ay values. In all simulations, the stress paths exhibit a consistent leftward
movement during cyclic loading, suggesting contractive behaviour and the development
of positive excess pore pressure. Furthermore, a minor reduction in excess pore pressure
with an increase in a, value is observed.
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Figure B.6: Variation of void ratio during consolidation and strain-controlled cyclic shearing stage for different
ag value

Figure B.8 presents the deviatoric stress-strain curve, along with the development of
the secant shear modulus and damping ratio for a range of a,; values. In alignment with
the stress path observations, smaller a,; values are associated with a slower degradation
of peak deviatoric stresses during cyclic shearing. When it comes to the secant shear
modulus, lower a; values lead to higher moduli and a more gradual reduction in mod-
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Figure B.7: Stress path and development of excess pore pressure of strain-controlled cyclic shearing stage for

different a; value
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ulus as the number of loading cycles increases. The damping ratio tends to decrease as
aq values increase, though the differences among various a, values are not significant.
However, a decreasing trend in the variation of damping ratio with increasing loading
cycles is observed for a; value equals to 50.

To further investigate various aspects of the predicted cyclic response, a sensitivity
analysis was also conducted using stress-controlled cyclic shearing. Two different cyclic
stress amplitudes, gcyc (0.15p} and 0.30p}, with p’ = 100kPa), were chosen to assess the
impact of loading magnitude. Figure B.9 illustrates the stress path and average excess
pore pressure during stress-controlled cyclic shearing. Consistently, for all a,; values, the
simulations predict contractive behaviour and development of positive excess pore pres-
sure. There is a direct correlation between higher a; values and slightly increased ex-
cess pore pressure development. Furthermore, the simulations reveal that higher cyclic
stress amplitudes lead to greater development of excess pore pressure. It is important to
note that in the simulation with a cyclic stress amplitude of gcyc = 0.30 p;., an interest-
ing phenomenon is observed. For a; values greater than 25, the stress paths exhibit a
scimitar shape, and the excess pore pressure shows a decreasing trend. This difference
is attributed to the drastically reduced plastic modulus during cyclic loading with higher
damage parameters. As a result, rotational hardening is intensified, leading to a much
faster change in the inclination of the bounding surface during cyclic shearing.

Figure B.10 depicts the accumulation of permanent deviatoric strain, represented as
€g,per, during cyclic shearing. Despite similar levels of permanent deviatoric strain in
the initial cycle across all simulations, higher a, values are observed to result in larger
accumulations of €, per as the shearing progresses. Additionally, a correlation is evident
between the increase in permanent deviatoric strain and higher stress amplitudes.
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Figure B.9: Stress path and development of excess pore pressure of stress-controlled cyclic shearing stage for

different a, values: (a) gcyc = 0.15p;. and (b) geyc = O.SOp;.
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Figure B.10: Stress-strain curve and permanent deviatoric strain of stress-controlled cyclic shearing stage for
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B.3. INFLUENCE OF PARAMETER a; ON THE CYCLIC RESPONSE

(ag <0)

n the previous sections, the sensitivity analysis was conducted for the positive damage
I parameter (a; > 0). The next section will be dedicated to the sensitivity analysis of
the negative damage parameter a; (a4 < 0), aiming to elucidate its influence within the
proposed model framework.

The impact of the negative damage parameter (a; < 0) on cyclic response is explored
using strain-controlled cyclic shearing, with the cyclic strain amplitude, &¢yc set at 0.01.
For this sensitivity analysis, four a4 values are considered. Model parameters can be
found in Chapter 3 and Table B.3. The simulation process includes two stages: firstly, an
isotropic consolidation stage, and secondly, a cyclic shearing stage.

Table B.3: Model parameters adopted in sensitivity analysis

hO Seln w
50 1 0

Figure B.11 showcases the variation of void ratio during both the consolidation and
strain-controlled cyclic shearing stages, and it also indicates that there is no influence
on the compression curve when the parameter a; < 0.

Figure B.12 presents the stress path and average excess pore pressure during cyclic
shearing. For all a; values, the simulations again attain the same peak deviatoric stress
in the firstloading cycle, but the peak deviatoric stress in the subsequent cycles increases
as ay value reduces. Additionally, the stress paths exhibit contractive behaviour and the
development of positive excess pore pressure. Furthermore, a minor increase in excess
pore pressure with a lower a; value is observed, attributing this to the higher peak devi-
atoric stress with a lower a, value.
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Figure B.11: Variation of void ratio during consolidation and strain-controlled cyclic shearing stage for different
ag value
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Figure B.12: Stress path and development of excess pore pressure of strain-controlled cyclic shearing stage for
different a; value

Figure B.13 presents the deviatoric stress-strain curve, along with the development
of the secant shear modulus and damping ratio for a range of a,; values. In alignment
with the stress path observations, smaller a; values are associated with higher peak de-
viatoric stresses during cyclic shearing. When it comes to the secant shear modulus,
except for a; = —50, lower a,; values lead to higher moduli and a more gradual increase
in modulus as the number of loading cycles increases. As for the damping ratio, the dif-
ferences for a, values larger than -25 are relatively minor. The damping ratio increases
with the loading cycle for simulations with a, values lower than -25. This is attributed to
the drastic increase in plastic modulus with loading cycle, rendering stiffer stress-strain
curves and higher loop area. Additionally, an increasing trend in the damping ratio with
a rising number of loading cycles is noted for a; values below -25. It is important to
highlight that at an a, value of -50, a rapid increase in plastic modulus occurs, leading
to a viscoelastic response. This suggests that a reasonable range for the a; value should
be set above -50 to ensure a more accurate and realistic prediction of soil behaviour.

To further investigate various aspects of the predicted cyclic response, a sensitivity
analysis was also conducted using stress-controlled cyclic shearing. Two different cyclic
stress amplitudes, Gcyc (0.15p;. and O.SOp;., with p;. = 100kPa), were chosen to assess
the impact of loading magnitude. Figure B.14 illustrates the stress path and average ex-
cess pore pressure during stress-controlled cyclic shearing. The simulations reveal that
higher cyclic stress amplitudes and a, values lead to greater development of excess pore
pressure. Figure B.15 depicts the accumulation of permanent deviatoric strain, repre-
sented as £ per, during cyclic shearing. Despite similar levels of permanent deviatoric
strain in the initial cycle across all simulations, lower a; values result in smaller accumu-
lations of €4,per as the shearing progresses. Additionally, the permanent deviatoric strain
increases with stress amplitude.

The parameter a; primarily influences the deviatoric aspects of the cyclic response,
including peak deviatoric stress, secant shear modulus, and permanent deviatoric strain.
However, the significant rise or reduction in plastic modulus during cyclic loading with
extreme a, values can also impact other facets of the cyclic response. For example, a
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very high positive a; value can alter the pattern of stress path evolution and the devel-
opment of excess pore pressure. Additionally, a very low negative a; value results in a
rapid increase in plastic modulus, leading to a viscoelastic response. Therefore, while
the direct effects of a; are observed in deviatoric responses, its broader impact extends
to influencing the overall cyclic behaviour of the soil.
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Figure B.13: Stress-strain curve, secant shear modulus, and damping ratio of strain-controlled cyclic shearing
stage for different a,; value
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Figure B.14: Stress path and development of excess pore pressure of stress-controlled cyclic shearing stage for
different a, values: (a) geyc =0.15 p:. and (b) gcyc = 0.30 p;
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B.4. INFLUENCE OF ELASTIC NUCLEUS SIZE Sz ON THE CYCLIC

RESPONSE

he impact of the elastic nucleus size se}, on cyclic response is initially examined us-
T ing strain-controlled cyclic shearing, with a cyclic strain amplitude, &cyc set at 0.01.
For this sensitivity analysis, four distinct sj, values are considered. Model parameters
are listed in Chapter 3 and Table B.4. The simulation process comprises two stages: a
consolidation stage followed by a cyclic shearing stage.

Table B.4: Model parameters adopted in sensitivity analysis

ho aq w
50 0 0

Figure B.16 depicts the evolution of void ratio throughout both the consolidation and
strain-controlled cyclic shearing stages. Although it is not so evident, a small elastic nu-
cleus size (smaller sgj,) leads to an earlier change from stiff to less stiff compression re-
sponse.
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Figure B.16: Variation of void ratio during consolidation and strain-controlled cyclic shearing stage for different
Seln Value

Figure B.17 further illustrates the stress path and the average excess pore pressure
during cyclic shearing. It is observed that larger elastic nucleus sizes (higher s.},) are
associated with higher peak deviatoric stresses attained during cyclic loading. For all
simulations, the leftward movement indicates contractive behaviour and the develop-
ment of positive excess pore pressure. The excess pore pressure also slightly increases
for larger elastic nucleus sizes (higher sgy,).

Figure B.18 displays the deviatoric stress-strain curve, as well as the development of
the secant shear modulus and damping ratio for various se, values. Consistent with
the stress path observations, the higher s, values correlate with higher peak devia-
toric stresses during cyclic shearing. Regarding the secant shear modulus, higher s,
values result in higher moduli, which slightly decrease as the number of loading cycles
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Figure B.17: Stress path and development of excess pore pressure of strain-controlled cyclic shearing stage for
different s, value

increases. The damping ratio generally increases as se|, values increase, aligning with a
larger elastic range within the bounding surface. Additionally, the variation in damping
ratio with increasing loading cycles is not pronounced.

To further investigate various aspects of the predicted cyclic response, a sensitivity
analysis was also conducted using stress-controlled cyclic shearing. Two different cyclic
stress amplitudes, gcyc (0.15p} and 0.30p}, with p; = 100kPa), were chosen to assess the
impact of loading magnitude. Figure B.19 presents the stress path and average excess
pore pressure observed during stress-controlled cyclic shearing. Consistently, across all
Seln values, the development of positive excess pore pressure is observed. Additionally,
higher cyclic stress amplitudes result in greater excess pore pressure development.

Figure B.20 illustrates the accumulation of permanent deviatoric strain, denoted as
€g,per, during cyclic shearing. It is observed that higher s, values lead to a smaller mag-
nitude of €4 per. Additionally, there is a correlation between the increase in permanent
deviatoric strain and the rise in stress amplitude. It is worth noting that when the elastic
nucleus is active (sg|, > 1), the permanent deviatoric strain develops towards the ex-
tension side. This can be attributed to two factors: (1) the Lode angle dependency of the
critical state stress ratio, rendering a smaller elastic range towards the extension side and
(2) the updating of the projection centre upon stress reversal, resulting in the movement
of the elastic nucleus.

The impact of elastic nucleus size on the compression curve is not evident from the
conducted simulation. In terms of volumetric response, a larger elastic nucleus size re-
duces the development of excess pore pressure. As for the deviatoric response, a higher
Seln Value leads to higher peak deviatoric stress, secant shear modulus, and damping ra-
tio. Additionally, when the elastic nucleus is active (se|, > 1), the permanent deviatoric
strain develops towards the extension side.
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Figure B.19: Stress path and development of excess pore pressure of stress-controlled cyclic shearing stage for
different s, values: (a) geyc = 0.15 p;. and (b) geyc = 0.30 p;.
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B.5. INFLUENCE OF PARAMETER w ON THE CYCLIC RESPONSE
I n the subsequent section, a sensitivity analysis of the hybrid flow rule parameter w

is conducted. The impact of the hybrid flow rule parameter w on cyclic response is
explored using strain-controlled cyclic shearing, with the cyclic strain amplitude, &cyc
set at 0.01. For this sensitivity analysis, four w values are considered. Model parameters
can be found in Chapter 3 and Table B.5. The simulation process includes two stages:
firstly, an isotropic consolidation stage, and secondly, a cyclic shearing stage.

Table B.5: Model parameters adopted in sensitivity analysis

hy ag Sen
50 0 1

Figure B.21 showcases the variation of void ratio during both the consolidation and
strain-controlled cyclic shearing stages, and it indicates that the influence of parameter
w on the compression curve is minor.
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Figure B.21: Variation of void ratio during consolidation and strain-controlled cyclic shearing stage for different
w value

Figure B.22 depicts the stress path and average excess pore pressure observed during
cyclic shearing. Across all w values, the simulations consistently achieve similar peak de-
viatoric stress levels during cyclic loading. In each simulation, the stress paths show con-
tractive behaviour and development of positive excess pore pressure. Furthermore, an
increase in the w value leads to greater excess pore pressure development under cyclic
loading. As expected, the simulation with a w value of zero shows stabilisation in both
the stress path and pore pressure development.

Figure B.23 illustrates the deviatoric stress-strain curve, along with the development
of the secant shear modulus and damping ratio for a range of w values. There is a trend
of reduction in peak deviatoric stress after the first loading cycle as the w value increases.
In terms of the secant shear modulus, lower w values result in higher moduli and a lesser
reduction in modulus with an increasing number of loading cycles. Regarding the damp-
ing ratio, it tends to decrease as w values increase, and the differences among various w
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Figure B.22: Stress path and development of excess pore pressure of strain-controlled cyclic shearing stage for
different w value

values are quite noticeable. Additionally, for w values other than zero, there is a dis-
cernible decreasing trend in the variation of the damping ratio with increasing loading
cycles.

The sensitivity analysis was extended to include stress-controlled cyclic shearing,
utilising two distinct cyclic stress amplitudes, gcyc (0.15p and 0.30p!, with p = 100kPa),
to determine the impact of loading magnitude. Figure B.24 illustrates the stress path and
average excess pore pressure during stress-controlled cyclic shearing. There is a direct
correlation between higher w values and increased excess pore pressure development.
Furthermore, the simulations reveal that higher cyclic stress amplitudes lead to greater
development of excess pore pressure.

Figure B.25 demonstrates the accumulation of permanent deviatoric strain, repre-
sented as £ per, during cyclic shearing. In simulations with a cyclic stress amplitude
of geyc = 0.15p’, higher w values lead to greater accumulations of €4 per up to the 9th
loading cycle. Conversely, for gcyc = 0.30p}, all w values result in similar accumulations
of £4,per up to the 3" 4 loading cycle. Intriguingly, for w values above 3, €£g,per begins to
decrease after the 3¢ loading cycle, while it continues to increase for w values below
3. This pattern is attributed to the variation in the deviatoric plastic strain increment.
When w equals zero, the deviatoric plastic strain increment reaches its maximum as the
image stress reaches and stabilises at the critical state stress ratio. However, with the
adoption of the hybrid flow rule, the image stress can evolve towards the dry side of the
critical state, leading to a reduction in the deviatoric plastic strain increment.

The hybrid flow rule parameter w is initially introduced to better capture cyclic volu-
metric responses, w also significantly alters cyclic deviatoric responses. For example, as
stiffness is dependent on mean effective stress, higher w values lead to a more rapid re-
duction in mean effective stress. This, in turn, results in a quicker decrease in shear stiff-
ness, as evidenced by lower peak deviatoric stress and secant shear modulus observed
after the first loading cycle.
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Figure B.23: Stress-strain curve, secant shear modulus, and damping ratio of strain-controlled cyclic shearing

stage for different w value
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Figure B.24: Stress path and development of excess pore pressure of stress-controlled cyclic shearing stage for
different w values: (a) geyc = 0.15p) and (b) geyc = 0.30p!
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Additionally, w influences the development of permanent deviatoric strain. This is
due to the variation in deviatoric plastic strain increment that occurs when implement-
ing the hybrid flow rule, allowing the image stress to evolve towards the dry side of the
critical state and consequently reducing the deviatoric plastic strain increment.

Interestingly, the damping ratio upon cyclic loading appears to be highly dependent
on the hybrid flow rule parameter. This dependence arises because an increase in w not
only reduces the contribution of the plastic volumetric increment at the image stress
state but also slows the increase in image stress weighting for similarity ratios lower than
1.5 (equivalent to 1/b = 0.7, as shown in Figure B.26). This leads to a lower plastic mod-
ulus and a slower variation in predicted shear stiffness, thereby reducing the area in the
hysteresis loop and resulting in a lower damping ratio.

1
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1b()

Figure B.26: Variation of image stress weighting x with different hybrid flow rule parameter w and similarity
ratio b.
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B.6. INFLUENCE OF OVER-CONSOLIDATION RATIO (OCR) ON

THE CYCLIC RESPONSE

I tis well-known that the over-consolidation ratio (OCR) has a significant impact on the
static behaviour of soil. The impact of the over-consolidation ratio (OCR) on cyclic re-
sponse is initially examined using strain-controlled cyclic shearing, with a cyclic strain
amplitude, &cyc set at 0.01. For this sensitivity analysis, four distinct OCRs are consid-
ered. Model parameters are listed in Chapter 3 and Table B.6. The simulation process
comprises two or three stages: a consolidation stage, an unloading stage (for OCR > 1),
and followed by a cyclic shearing stage.

Table B.6: Model parameters adopted in sensitivity analysis

hy ag Sem w
50 0 1 0

Figure B.27 illustrates the stress path and the average excess pore pressure during
cyclic shearing. It is observed that higher OCR values are associated with higher peak
deviatoric stresses attained during cyclic loading. Additionally, as the OCR increases, the
predicted response changes from contractive behaviour (positive excess pore pressure)
to dilative behaviour (negative excess pore pressure).
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Figure B.27: Stress path and development of excess pore pressure of strain-controlled cyclic shearing stage for
different OCR

Figure B.28 illustrates the deviatoric stress-strain curve, along with the development
of the secant shear modulus and damping ratio for a range of OCR. Aligning with the
stress path observations, peak deviatoric stress increases as OCR increases. In terms
of the secant shear modulus, higher OCR values result in higher moduli. Besides the
simulation with an OCR of five, a reduction in modulus with an increasing number of
loading cycles is observed. The damping ratio tends to decrease as OCR values decrease,
but the difference is not significant.
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Figure B.28: Stress-strain curve, secant shear modulus, and damping ratio of strain-controlled cyclic shearing
stage for different OCR value
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The sensitivity analysis was extended to include stress-controlled cyclic shearing,
utilising two distinct cyclic stress amplitudes, geyc (0.15p} and 0.30p}, with p’; = 100kPa),
to determine the impact of loading magnitude.

Figure B.29 illustrates the stress path and average excess pore pressure during stress-
controlled cyclic shearing. For all OCR values below five, the stress paths exhibit a left-
ward movement during cyclic loading, indicative of contractive behaviour and the con-
sequent development of positive excess pore pressure. Furthermore, the simulations
reveal that higher cyclic stress amplitudes lead to greater development of excess pore
pressure.

Figure B.30 demonstrates the accumulation of permanent deviatoric strain, repre-
sented as £, per, during cyclic shearing. In all simulations, higher OCR values lead to
smaller accumulations of €4per. Additionally, higher cyclic stress amplitudes lead to a
larger accumulation of permanent deviatoric strain.

As the OCR increases, the predicted response changes from contractive behaviour
(positive excess pore pressure) to dilative behaviour (negative excess pore pressure). In
terms of the peak deviatoric stress and secant shear modulus, higher OCR values result
in higher moduli. For low OCR values (OCR < 2), a reduction in modulus with an in-
creasing number of loading cycles is observed. The damping ratio tends to decrease as
OCR values decrease, however, the difference is not evident. Additionally, higher OCR
values lead to less permanent deviatoric strain. For all OCR values, higher cyclic stress
amplitudes lead to a greater magnitude of excess pore pressure and accumulations of

Sq,per.
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Figure B.29: Stress path and development of excess pore pressure of stress-controlled cyclic shearing stage for
different OCR values: () gcyc = 0.15p} and (b) qeyc = 0.30p
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C.1. INFLUENCE OF PARAMETERS §;, ON THE CYCLIC RESPONSE

C.1.1.ISOTROPIC INITIAL STRESS STATE

he impact of the viscoplastic parameter s, on cyclic response is initially examined

using strain-controlled cyclic shearing, with a cyclic strain amplitude, £cyc setat 0.01.
For this sensitivity analysis, four distinct s, values are considered. Model parameters
not detailed in Chapter 4 are listed in Table C.1. The simulation process comprises two
stages: a consolidation stage followed by a cyclic shearing stage. The consolidation stage
is conducted over a period of 10,800 minutes, the cyclic loading frequency and waveform
adopted are reported in Chapter 4.

Table C.1: Model parameters adopted in sensitivity analysis

|4 n ag w
5x10"kPamin 4 0 0

Figure C.1 depicts the evolution of the bounding surface size throughout both the
consolidation and strain-controlled cyclic shearing stages. A lower s, value leads to a
faster change in the bounding surface size.

Figure C.2 illustrates the stress path and the average excess pore pressure during
cyclic shearing. It is observed that smaller s, values are associated with higher peak
deviatoric stresses attained during cyclic loading. Except for the simulation where the s,
value is equal to 1.25, the stress paths tend to move leftward during cyclic loading. This
leftward movement indicates contractive behaviour and the development of positive ex-
cess pore pressure. Conversely, in the simulation with a s, value of 1.25, the soil exhibits
contractive behaviour in the first cycle followed by dilative behaviour in subsequent cy-
cles, as evidenced by the pattern of excess pore pressure development.
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Figure C.1: Evolution of the size of bounding surface during consolidation and strain-controlled cyclic shearing
stage for different s, value
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Figure C.2: Stress path and development of excess pore pressure of strain-controlled cyclic shearing stage for
different s, value

Strain-controlled cyclic shearing enables the analysis of the evolution of shear stiff-
ness and damping ratio during cyclic loading. Figure C.3 displays the deviatoric stress-
strain curve, as well as the development of the secant shear modulus and damping ratio
for various s, values. Consistent with the stress path observations, the smaller s, values
correlate with higher peak deviatoric stresses during cyclic shearing. This correlation is
also evident in the deviatoric stress-strain evolution. Regarding the secant shear mod-
ulus, lower s, values result in higher moduli, which slightly decrease as the number of
loading cycles increases. The damping ratio generally increases as s, values decrease,
although the differences among various s, values are relatively minor. Additionally, the
variation in damping ratio with increasing loading cycles is not pronounced.

To further investigate various aspects of the predicted cyclic response, a sensitivity
analysis was also conducted using stress-controlled cyclic shearing. Two different cyclic
stress amplitudes, geyc (0.15p} and 0.30p}, with p; = 100kPa), were chosen to assess the
impact of loading magnitude. Figure C.4 displays the evolution of the bounding surface
size during both the consolidation and stress-controlled cyclic shearing stages. Similar
to the strain-controlled simulations, a lower s, value results in a quicker change in the
bounding surface size.
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Figure C.5 presents the stress path and average excess pore pressure observed during
stress-controlled cyclic shearing. Consistently, across all s, values, the stress paths show
a leftward movement during cyclic loading, leading to the development of positive ex-
cess pore pressure. Additionally, it is observed that higher cyclic stress amplitudes result
in greater excess pore pressure development.
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Figure C.5: Stress path and development of excess pore pressure of stress-controlled cyclic shearing stage for
different s, value : (a) geyc = 0.15p;. and (b) geyc = 0.30p;.
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Figure C.6 illustrates the accumulation of permanent deviatoric strain, denoted as
€4,per, during cyclic shearing. It is observed that higher s, values lead to larger develop-
ments of £4,per. Additionally, there is a significant correlation between the increase in
permanent deviatoric strain and the rise in stress amplitude. Although the cyclic stress
amplitude is symmetrical along the mean effective stress axis, for all s, values, £ per ini-
tially accumulates towards the extension side during the first 2 to 3 cycles, and then shifts
towards the compression side. As discussed in Appendix B, this asymmetrical response
can be attributed to three key factors: (1) the Lode angle dependency of the critical state
stress ratio, (2) the Lode angle dependency of anisotropy evolution, as governed by the
rotational hardening rule, and (3) the updating of the projection centre upon stress re-
versal.
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Figure C.6: Stress-strain curve and permanent deviatoric strain of stress-controlled cyclic shearing stage for
different s, value : (a) gcyc = 0.15 p;. and (b) geyc = 0.30p;
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C.1.2. Ky INITIAL STRESS STATE

xperimental observations presented in Chapter 3, along with several research stud-
E ies, have highlighted the significant influence of the initial stress state on cyclic re-
sponse. Building upon these insights, the impact of the viscoplastic parameter s, on
cyclic behaviour is investigated, starting from a K stress state, using strain-controlled
cyclic shearing. The chosen cyclic strain amplitude is €cyc = 0.01, and four distinct s,
values are considered for this analysis. The model parameters not presented in Chap-
ter 4 are listed in Table C.1. The simulation encompasses two stages: a Ky consolidation
stage, followed by a cyclic shearing stage. The consolidation stage spans 10,800 minutes,
and the details of the cyclic loading frequency and waveform are provided in Chapter 4.

Figure C.7 illustrates the evolution of bounding surface size during both the K, con-
solidation and strain-controlled cyclic shearing stages. In alignment with results from
simulations starting from an isotropic stress state, a lower s, value results in a more rapid
change in the bounding surface size.
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Figure C.7: Evolution of the size of bounding surface during consolidation and strain-controlled cyclic shearing
stage for different s, value

Figure C.8 showcases the stress path and the average excess pore pressure during
cyclic shearing. A notable observation is that smaller s, values correlate with higher
peak deviatoric stresses during cyclic loading. The stress path for a s, value of 1.25 moves
above the critical state stress ratio in the first three loading cycles. This is attributed to a
substantially larger bounding surface size after the consolidation stage, leaving the im-
age stress on the dry side of the critical stress state. For simulations with s, values other
than 1.25, the average excess pore pressure initially increases in the first three cycles and
then decreases. This behaviour is linked to the image stress being on the dry side, a re-
sult of the increased bounding surface size, the inclination of the bounding surface, and
the updating of the projection centre. In contrast, the simulation with a s, value of 1.25,
having a much larger bounding surface size, exhibits a monotonic reduction in excess
pore pressure.

Figure C.9 presents the deviatoric stress-strain curve along with the development
of the secant shear modulus and damping ratio for different s, values. In line with the
sensitivity analysis results from the isotropic stress state, smaller s, values are associated
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Figure C.8: Stress path and development of excess pore pressure of strain-controlled cyclic shearing stage for
different s, value

with higher peak deviatoric stresses during cyclic shearing, a trend also visible in the
deviatoric stress-strain evolution. With regard to the secant shear modulus, for s, values
larger than 1.25, lower s, values result in higher moduli, which tend to slightly decrease
as the number of loading cycles increases. For the simulation with s, = 1.25, the secant
shear modulus exhibits a slight decrease in the second cycle, followed by a slight increase
from the 4'" to 7'" cycles, and then a reduction in subsequent cycles. This initial increase
is attributed to the rise in mean effective stress, p’, while the later decrease correlates
with the reduction in bounding surface size. Regarding the damping ratio, it generally
shows an increase as s, values decrease; however, the differences between various s,
values are relatively minor. Moreover, the variation in damping ratio across increasing
loading cycles shows an increasing trend.

Continuing with the sensitivity analysis, stress-controlled cyclic shearing was also
employed to delve deeper into different aspects of the predicted cyclic response. Two
distinct cyclic stress amplitudes, geyc (0.15p} and 0.30p’, with p} = 100kPa), were utilised
to determine the impact of loading magnitude. Figure C.10 illustrates the evolution of
bounding surface size through both the Kj consolidation and stress-controlled cyclic
shearing stages. Mirroring the strain-controlled simulations, the size of the bounding
surface at the end of the consolidation stage increases with s, value. It is important to
highlight that in simulations with higher cyclic stress amplitudes, a reduction in excess
pore pressure is observed after the second cycle. This behaviour can be attributed to the
adopted rotational hardening rule and the subsequent increase in bounding surface size
during cyclic loading.
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Figure C.11 displays the stress path and average excess pore pressure during stress-
controlled cyclic shearing. For s, values greater than 1.25, the stress paths exhibit a left-
ward movement during cyclic loading, resulting in the development of positive excess
pore pressure. In contrast, the simulation with a s, value of 1.25 initially shows positive
excess pore pressure in the first three cycles, followed by negative excess pore pressure
in subsequent cycles. Lastly, higher cyclic stress amplitudes lead to more pronounced
positive or negative excess pore pressure development.

Figure C.12 demonstrates the accumulation of permanent deviatoric strain, € per,
during cyclic shearing. Consistent with results from simulations starting from an isotropic
stress state, higher s, values are associated with larger accumulations of €4 per. There
is also a marked correlation between the increase in permanent deviatoric strain and
higher stress amplitudes. For all s, values, &4 per predominantly accumulates on the
compression side, with the extent of accumulation rising in tandem with s, values. No-
tably, the accumulated permanent deviatoric strain is significantly greater compared to
simulations originating from an isotropic stress state.

In terms of volumetric response, including the evolution of the stress path and the
development of excess pore pressure, the dominant factor is the size of the bounding
surface at the end of the consolidation stage. This size significantly influences the be-
haviour during cyclic shearing. Regarding the deviatoric response, lower values of 1*
and the larger bounding surface size are associated with increased secant shear modu-
lus and reduced permanent deviatoric strain, €g4,per, as s, values decrease. However, the
reduction in secant shear modulus and variations in damping ratio appear less influ-
enced by s, values. Beyond the s, parameter, other critical model ingredients affecting
model predictions include the evolution of anisotropy (rotational hardening), updates
to the projection centre, and the Lode angle dependency of the critical state stress ratio.
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Figure C.11: Stress path and development of excess pore pressure of stress-controlled cyclic shearing stage for
different s, value : (a) geyc = 0.15p} and (b) geyc = 0.30p)
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Figure C.12: Stress-strain curve and permanent deviatoric strain of stress-controlled cyclic shearing stage for
different s, value : (a) geyc = 0.15 p;. and (b) geyc = 0.30p;.
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C.2. INFLUENCE OF PARAMETERS V ON THE CYCLIC RESPONSE

C.2.1.ISOTROPIC INITIAL STRESS STATE

he sensitivity analysis for the viscoplastic parameter V also utilises strain-controlled
T cyclic shearing, with the cyclic strain amplitude, €.y set to 0.01. In this analysis, four
distinct V values are examined. Model parameters that are not detailed in Chapter 4
can be found in Table C.2. The simulation process includes two stages: firstly, a con-
solidation stage, and secondly, a cyclic shearing stage. The consolidation stage spans a
duration of 10,800 minutes. Details regarding the cyclic loading frequency and waveform
used in this analysis are provided in Chapter 4.

Table C.2: Model parameters adopted in sensitivity analysis

Sy, n o ag w
2 4 0 O

Figure C.13 illustrates the evolution of bounding surface size during both the con-
solidation and strain-controlled cyclic shearing stages. A key observation is that lower
V values result in a more rapid change in the bounding surface size, demonstrating a
notable trend. Interestingly, the relationship between the bounding surface size evolu-
tion and V value appears more log-linear compared to the relationship observed with s,
values.

250
S,=2n=4

= N

a =]

S S
| |

Size of bounding surface, p',(kPa)
S
o
|

V=5x10" kPa-min

u
S
|

- V=5x10° kPa-min
4 V=5x10° kPa-min
V=5x107 kPa-min

0 25 50 75 100 125
Mean effective stress, p' (kPa)

Figure C.13: Evolution of the size of bounding surface during consolidation and strain-controlled cyclic shear-
ing stage for different V value

Figure C.14 presents the stress path and average excess pore pressure observed dur-
ing cyclic shearing. It shows that lower V values correlate with higher peak deviatoric
stresses attained during cyclic loading. Across all investigated V values, the stress paths
exhibit a consistent leftward movement during cyclic loading. This movement towards
the left signifies contractive behaviour and is associated with the development of posi-
tive excess pore pressure. Furthermore, it is observed that the magnitude of excess pore
pressure increases as V values increase, indicating a direct relationship between V and
the extent of pore pressure development.
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Figure C.14: Stress path and development of excess pore pressure of strain-controlled cyclic shearing stage for
different V value

Figure C.15 shows the deviatoric stress-strain curve along with the variation of the
secant shear modulus and damping ratio for a range of V values. In line with the stress
path observations, lower V values are associated with higher peak deviatoric stresses
during cyclic shearing. When it comes to the secant shear modulus, smaller V values
lead to higher moduli, which exhibit a slight decrease as the number of loading cycles
increases. As for the damping ratio, it generally tends to increase as V values decrease.
However, the differences among various V values are relatively minor. Additionally, there
is no pronounced variation in damping ratio with an increase in loading cycles.

The sensitivity analysis was extended to include stress-controlled cyclic shearing,
utilising two different cyclic stress amplitudes, gy (0.15p] and 0.30 p;., with p; =100kPa),
to determine the impact of loading magnitude. Figure C.16 illustrates the evolution of
bounding surface size during both the consolidation and stress-controlled cyclic shear-
ing stages. Echoing the results from the strain-controlled simulations, lower V values are
associated with a faster increase in the bounding surface size.

Figure C.17 shows the stress path and average excess pore pressure during stress-
controlled cyclic shearing. Across all V values, the stress paths exhibit a consistent left-
ward movement during cyclic loading, leading to the development of positive excess
pore pressure. Notably, the magnitude of excess pore pressure decreases with reduc-
ing V values. Additionally, higher cyclic stress amplitudes are found to result in greater
excess pore pressure development.

Figure C.18 demonstrates the accumulation of permanent deviatoric strain, £ per,
during cyclic shearing. Higher V values correlate with larger developments of € per.
There is also a significant correlation between the increase in permanent deviatoric strain
and the rise in stress amplitude. As observed previously in the sensitivity analysis of the
parameter s,, for all V values, €, pe; initially accumulates towards the extension side
during the first 2 to 3 cycles, then shifts towards the compression side.
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Figure C.15: Stress-strain curve, secant shear modulus, and damping ratio of strain-controlled cyclic shearing

stage for different V value
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Figure C.16: Evolution of the size of bounding surface during consolidation and stress-controlled cyclic shear-
ing stage for different V value : (a) geyc = 0.15p} and (b) qeyc = 0.30p)
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Figure C.17: Stress path and development of excess pore pressure of stress-controlled cyclic shearing stage for
different V value : (a) geyc = 0.15p) and (b) qeyc = 0.30p
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Figure C.18: Stress-strain curve and permanent deviatoric strain of stress-controlled cyclic shearing stage for
different V value : (a) geyc = 0.15p; and (b) geyc = 0.30p;.
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C.2.2. Ky INITIAL STRESS STATE

he impact of the viscoplastic parameter V on cyclic behaviour, starting from a Kj
T stress state, is investigated using strain-controlled cyclic shearing, with a cyclic strain
amplitude .y set at 0.01. For this analysis, four distinct V values are considered. The
additional model parameters not listed in Chapter 4 are detailed in Table C.2. The simu-
lation process includes two stages: firstly, a Ky consolidation stage, and secondly, a cyclic
shearing stage. The consolidation stage lasts for 10,800 minutes, with the cyclic loading
frequency and waveform details provided in Chapter 4.

Figure C.19 displays the evolution of bounding surface size during both the Ky con-
solidation and strain-controlled cyclic shearing stages. Echoing results from simulations
initiated from an isotropic stress state, lower V values lead to a more rapid change in the
bounding surface size.
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Figure C.19: Evolution of the size of bounding surface during consolidation and strain-controlled cyclic shear-
ing stage for different V value

Figure C.20 presents the stress path and average excess pore pressure during cyclic
shearing. In line with simulations from an isotropic stress state, lower V values are asso-
ciated with higher peak deviatoric stresses during cyclic loading. Across all simulations,
the average excess pore pressure initially increases in the first two to three cycles and
then decreases. This pattern is tied to the image stress being on the dry side, as previ-
ously explained in the sensitivity analysis of parameter s,. Moreover, the magnitude of
excess pore pressure is greater with higher V values.

Figure C.21 illustrates the deviatoric stress-strain curve, along with the development
of the secant shear modulus and damping ratio for various V values. Consistent with the
results from the sensitivity analysis under isotropic stress state conditions, lower V' val-
ues correlate with higher peak deviatoric stresses during cyclic shearing. Regarding the
secant shear modulus, smaller V values lead to higher moduli, which exhibit a slight de-
crease as the number of loading cycles increases. The damping ratio generally increases
as V values decrease, although the differences among the various V values are relatively
minor. Additionally, a minor increase in damping ratio is observed with an increasing
number of loading cycles.
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Figure C.20: Stress path and development of excess pore pressure of strain-controlled cyclic shearing stage for
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The sensitivity analysis was extended to include stress-controlled cyclic shearing,
employing two distinct cyclic stress amplitudes, gcyc (0.15p} and 0.30p}, with p; = 100kPa).
Figure C.22 demonstrates the evolution of bounding surface size during both the Ky con-
solidation and stress-controlled cyclic shearing stages.
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Figure C.22: Evolution of the size of bounding surface during consolidation and stress-controlled cyclic shear-
ing stage for different V value : (a) gcyc = 0.15p} and (b) qeyc = 0.30p)

Figure C.23 presents the stress path and average excess pore pressure observed dur-
ing stress-controlled cyclic shearing. Across all V values, the stress paths show a con-
sistent leftward movement during cyclic loading, leading to the development of positive
excess pore pressure. Notably, lower V values tend to generate lower excess pore pres-
sure during cyclic shearing. It is important to highlight that in simulations with higher
cyclic stress amplitudes, a reduction in excess pore pressure is observed after the second
cycle. This behaviour can be attributed to the adopted rotational hardening rule and the
subsequent increase in bounding surface size during cyclic loading.

Figure C.24 illustrates the accumulation of permanent deviatoric strain, € per, dur-
ing cyclic shearing. In alignment with results from simulations initiated from an isotropic
stress state, higher V values correlate with larger accumulations of €4 per. A significant
correlation exists between the increase in permanent deviatoric strain and higher stress
amplitudes. Across all V values, €4per predominantly accumulates on the compres-
sion side. Notably, the magnitude of accumulated permanent deviatoric strain is con-
siderably greater in these simulations compared to those originating from an isotropic
stress state. It is important to note that in the simulation with V = 5 x 107 kPa-min and
Geyc = 0.30 p;., the target peak deviatoric stress was not achieved. Consequently, the per-
manent deviatoric strain in this particular simulation is less representative, due to the
upper limit of cyclic strain imposed in the simulation.

Based on the discussion above, the impact of the V parameter on the predicted cyclic
response is summarised. For the volumetric response, which includes the evolution of
the stress path and the development of excess pore pressure, the size of the bounding
surface at the end of the consolidation stage emerges as a key factor. This size signif-
icantly dictates the behaviour during cyclic shearing. In terms of deviatoric response,
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lower A* values and larger bounding surface sizes contribute to increased secant shear
modulus and reduced permanent deviatoric strain, €4,per, as V values decrease. How-
ever, the secant shear modulus reduction and damping ratio variations seem less de-
pendent on V values. Besides the V parameter, other crucial factors influencing model
predictions include the evolution of anisotropy (rotational hardening), updates to the
projection centre, and the Lode angle dependency of the critical state stress ratio. Over-
all, while the influence of reducing V is akin to decreasing s,, the model prediction varies
log linearly to changes in s, value.
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Figure C.23: Stress path and development of excess pore pressure of stress-controlled cyclic shearing stage for
different V value : (a) geyc = 0.15p; and (b) geyc = 0.30p;.
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C.3. INFLUENCE OF PARAMETERS 71 ON THE CYCLIC RESPONSE

C.3.1. ISOTROPIC INITIAL STRESS STATE
n the following section, the sensitivity analysis of the viscoplastic parameter 7 is per-
formed, starting with strain-controlled cyclic shearing. For this analysis, the cyclic
strain amplitude is £cyc = 0.01, as used previously. As explored in Chapter 4, the impact
of the parameter n is intricately linked to the ‘normalized overstress’, denoted as AG.
This relationship is recapped in equations C.1 and C.2:

@:lexp(i)(A(?)n (C.1
v o\ Mgp
a Sy
A6 >1, b< 26,1
a Sy
A6 = 1, b= m (CZ)
~ Sy
AG < 1, b > m

In this analysis, the impact of the parameter 7 in the context of three different s, val-
ues is explored, given the relationship between the range of A¢ and the chosen s, value.
Four distinct n values are examined. Any model parameters not specified in Chapter 4
are available in Table C.3. The simulation comprises two stages: initially, a consolidation
stage, followed by a cyclic shearing stage. The duration of the consolidation stage is set
at 10,800 minutes. Comprehensive details on the cyclic loading frequency and waveform
used in this analysis can be found in Chapter 4.

Table C.3: Model parameters adopted in sensitivity analysis

\%4 ag w
5x10’kPamin 0 0

Figure C.25(a) to C.25(c) showcase the evolution of bounding surface size during
both the consolidation and strain-controlled cyclic shearing stages. For a s, value of 1.5,
higher n values are observed to result in a more rapid change in the bounding surface
size. In contrast, for s, values of 2 and 2.5, higher n values lead to a lesser increase in the
bounding surface size.

Figure C.26(a) to C.26(c) display the stress path and average excess pore pressure
during cyclic shearing. For a s, value of 1.5, higher n values are associated with increased
peak deviatoric stresses during cyclic loading. Conversely, for s, values of 2 and 2.5,
higher n values result in lower peak deviatoric stresses. Across all investigated n and s,
values, the stress paths consistently move leftward during cyclic loading, indicating con-
tractive behaviour and the development of positive excess pore pressure. The magnitude
of excess pore pressure increases as n values rise for s, values of 2 and 2.5, but decreases
with increasing n values for an s, of 1.5. The predicted response can be attributed to the
variations in the ‘normalized overstress’, Ag, for different s, values. Specifically, A¢ is
greater than 1 when s, equals 1.5. In contrast, for s, values of 2 and 2.5, A¢ is less than
1, leading to a different influence from r value.
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Figure C.27 to C.29 present the deviatoric stress-strain curve, as well as the variation
of the secant shear modulus and damping ratio for a range of s, and » values. Consistent
with the stress path observations, lower n values correspond to higher peak deviatoric
stresses during cyclic shearing for s, values of 2 and 2.5. However, as the s, value de-
creases to 1.5, larger n values are linked to smaller peak deviatoric stresses. Given that
the cyclic strain amplitude is constant across all simulations, the n value has a same
impact on the secant shear modulus. Additionally, the secant shear modulus tends to
slightly decrease as the number of loading cycles increases. Regarding the damping ra-
tio, the differences among various n values are minimal. Furthermore, no pronounced
variation in the damping ratio is observed with an increase in loading cycles.
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Figure C.27: Stress-strain curve, secant shear modulus, and damping ratio of strain-controlled cyclic shearing
stage for different n value (s, = 1.5)
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Figure C.28: Stress-strain curve, secant shear modulus, and damping ratio of strain-controlled cyclic shearing

stage for different n value (s, =2)
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Figure C.29: Stress-strain curve, secant shear modulus, and damping ratio of strain-controlled cyclic shearing
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The sensitivity analysis of the parameter n also encompasses stress-controlled cyclic
shearing, using two distinct cyclic stress amplitudes, geyc (0.15p] and 0.30p}, with p; =
100kPa), to assess the impact of loading magnitude. Figure C.30 to C.32 illustrate the
evolution of bounding surface size during both the consolidation and stress-controlled
cyclic shearing stages. In line with the strain-controlled simulation results, lower n val-
ues lead to a faster increase in bounding surface size for s, values of 2 and 2.5. Con-
versely, for an s, of 1.5, higher n values are linked to a quicker increase in bounding
surface size.
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Figure C.30: Evolution of the size of bounding surface during consolidation and stress-controlled cyclic shear-
ing stage for different 7 value (s, = 1.5)

200 200
S,=2 V=5x107 kPa-min S,=2 V=5x107 kPa-min
© ©
< 150 < 150
a a
[ o -
& 8
€ € S
a @ o
2 100 2100 —
£ £
b=l =]
c c
=3 3 -
=} o
o o
k) 6
8 50 8 50 —|
1%} 1%
0 T T T T 0 \ \ \ \
25 50 75 100 125 0 25 50 75 100 125
Mean effective stress, p' (kPa) Mean effective stress, p' (kPa)
(@) (b)

Figure C.31: Evolution of the size of bounding surface during consolidation and stress-controlled cyclic shear-
ing stage for different n value (s, = 2)
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Figure C.32: Evolution of the size of bounding surface during consolidation and stress-controlled cyclic shear-
ing stage for different n value (s, = 2.5)

Figure C.33 to C.35 show the stress path and average excess pore pressure during
stress-controlled cyclic shearing. Consistent across all s, and 7 values, the stress paths
move leftward during cyclic loading, leading to positive excess pore pressure develop-
ment. For s, values of 2 and 2.5, excess pore pressure decreases with reducing n values,
while for an s, of 1.5, it decreases with increasing n values. Higher cyclic stress ampli-
tudes result in greater excess pore pressure development.

Figure C.36 to C.38 demonstrate the accumulation of permanent deviatoric strain,
€4,per, during cyclic shearing. For s, values of 2 and 2.5, higher n values correlate with
larger accumulations of €, per, whereas for an s, of 1.5, smaller n values lead to larger
accumulations. There is also a notable correlation between increased permanent devi-
atoric strain and higher stress amplitudes. Similar to previous observations in the sen-
sitivity analysis of parameters s, and V, &4 per in all simulations initially accumulates
towards the extension side in the first 2 to 3 cycles, then shifts towards the compression
side.
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Figure C.33: Stress path and development of excess pore pressure of stress-controlled cyclic shearing stage for
different n value (s, = 1.5)
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Figure C.34: Stress path and development of excess pore pressure of stress-controlled cyclic shearing stage for

different n value (s, =2)
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Figure C.35: Stress path and development of excess pore pressure of stress-controlled cyclic shearing stage for

different n value (s, = 2.5)
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Figure C.36: Stress-strain curve and permanent deviatoric strain of stress-controlled cyclic shearing stage for

different »n value (s, = 1.5)
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Figure C.37: Stress-strain curve and permanent deviatoric strain of stress-controlled cyclic shearing stage for
different n value (s, = 2)
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Figure C.38: Stress-strain curve and permanent deviatoric strain of stress-controlled cyclic shearing stage for
different n value (s, = 2.5)
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C.3.2. K{ INITIAL STRESS STATE

n the next section, a sensitivity analysis of the viscoplastic parameter 7 for initially K,
I consolidated stress state is conducted, starting with strain-controlled cyclic shearing.
The same cyclic strain amplitude, £cyc = 0.01 is adopted. The combinations of s, and n
values examined remain consistent with those earlier. Additional model parameters not
presented in Chapter 4 are detailed in Table C.3. The simulation process involves two
stages: a Ky consolidation stage followed by a cyclic shearing stage, with the consolida-
tion lasting 10,800 minutes. The cyclic loading frequency and waveform details are as
provided in Chapter 4.

Figure C.39(a) to C.39(c) illustrate the evolution of bounding surface size during both
the Ky consolidation and strain-controlled cyclic shearing stages. Across all combina-
tions of s, and 7 values, including s, = 1.5, higher n values are associated with a lesser
increase in bounding surface size. Notably, for s, = 1.5 under isotropic consolidation,
the ‘normalized overstress, Ad, is greater than 1, but under K consolidation, Ag is less
than 1, resulting in a different response to n values.
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Figure C.39: Evolution of the size of bounding surface during consolidation and strain-controlled cyclic shear-
ing stage for different n value : (a) sy =1.5 (b) sy =2 (c) s =2.5
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Figure C.40(a) to C.40(c) illustrate the stress path and average excess pore pressure
during cyclic shearing. Across all simulations, lower n values are linked to increased
peak deviatoric stresses during cyclic loading. Consistently, for all investigated n and s,
values, the stress paths exhibit a leftward movement during cyclic loading, suggesting
contractive behaviour and the development of positive excess pore pressure. Notably,
the magnitude of excess pore pressure rises with increasing »n values for all s, values.
As previously mentioned and explained, the excess pore pressure begins to decrease be-
tween the 2nd and 3rd cycle.

Figure C.41 to C.43 present the deviatoric stress-strain curve, alongside the variation
of the secant shear modulus and damping ratio for a range of n and s, values. In align-
ment with the stress path observations, lower n values correlate with higher peak devia-
toric stresses during cyclic shearing, indicating higher secant shear modulus for lower n
values. Additionally, the secant shear modulus shows a slight decrease as the number of
loading cycles increases. With respect to the damping ratio, differences among various
n values are relatively minor. A small increase in damping ratio is also observed with an
increasing number of loading cycles.

The sensitivity analysis of the parameter n under initially K, consolidated stress state
also includes stress-controlled cyclic shearing. Two distinct cyclic stress amplitudes, gcyc
(0.15p) and 0.30p!, with p’; = 100kPa), are used to evaluate the impact of loading mag-
nitude. Figure C.44 to C.46 depict the evolution of bounding surface size during both
the consolidation and stress-controlled cyclic shearing stages. Consistent with strain-
controlled simulation results, lower n values result in a quicker increase in bounding
surface size across all s, values.
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Figure C.41: Stress-strain curve, secant shear modulus, and damping ratio of strain-controlled cyclic shearing
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Figure C.47 to C.49 present the stress path and average excess pore pressure during
stress-controlled cyclic shearing. Across all n values, the stress paths consistently move
leftward during cyclic loading, resulting in the development of positive excess pore pres-
sure. Lower n values tend to generate lesser excess pore pressure during cyclic shearing.
In some simulations, a reduction in excess pore pressure is noted after the second cycle,
a phenomenon previously explained. Additionally, higher cyclic stress amplitudes lead
to greater excess pore pressure development.

Figure C.50 to C.52 illustrate the accumulation of permanent deviatoric strain, € 4 per,
during cyclic shearing. Higher n values are associated with larger accumulations of
€g,per- There is a notable correlation between increased permanent deviatoric strain and
higher stress amplitudes. Across all n values, €4 per predominantly accumulates on the
compression side. It is important to note that in a few simulations, the target peak devia-
toric stress was not reached, making the permanent deviatoric strain less representative
due to the upper limit of cyclic strain imposed in the simulation.

From the discussion above, the impact of the parameter n on the predicted cyclic re-
sponse is distilled. For the volumetric response, encompassing the evolution of the stress
path and the development of excess pore pressure, the size of the bounding surface at the
end of the consolidation stage proves to be a crucial determinant. This size significantly
influences the deviatoric response during cyclic shearing as well. Overall, the effect of
the parameter n is primarily attributed to its role in the evolution of the bounding sur-
face size. While the influence of n is somewhat similar to that of parameters s, and V,
its specific contribution is highly contingent on the chosen s, value and the nature of
the stress path during the consolidation stage. As discussed in Chapter 4, the param-
eter n functions as an exponent term of the ‘normalized overstress, AG. Its influence
on the overstress function, @, can vary—being positive, neutral, or negative—when n is
larger than 1. This characteristic affects the evolution rate of the overstress function and,
consequently, the predicted response of the model. Considering the parameter n has
similar influences to that of parameters s, and V, unless specific experimental obser-
vations suggest otherwise, adopting a n value of 1 could simplify the model calibration
process.
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Figure C.47: Stress path and development of excess pore pressure of stress-controlled cyclic shearing stage for
different n value (s, = 1.5)
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Figure C.48: Stress path and development of excess pore pressure of stress-controlled cyclic shearing stage for
different n value (s, =2)
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Figure C.49: Stress path and development of excess pore pressure of stress-controlled cyclic shearing stage for
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Figure C.50: Stress-strain curve and permanent deviatoric strain of stress-controlled cyclic shearing stage for
different »n value (s, = 1.5)
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Figure C.51: Stress-strain curve and permanent deviatoric strain of stress-controlled cyclic shearing stage for
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Figure C.52: Stress-strain curve and permanent deviatoric strain of stress-controlled cyclic shearing stage for

different n value (s, = 2.5)
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C.4. INFLUENCE OF PARAMETERS a4z ON THE CYCLIC RESPONSE

C.4.1. ISOTROPIC INITIAL STRESS STATE, a, >0
n the previous sections, the sensitivity analysis was conducted for the viscoplastic re-
lated parameters s,, V, and n. To the best of the author’s knowledge, a thorough sensi-
tivity analysis of the damage parameter a, for viscoplastic bounding surface models has
not yet been extensively explored. Therefore, the next section will be dedicated to the
sensitivity analysis of the damage parameter a4, aiming to elucidate its influence within
the proposed model framework.

The impact of the positive damage parameter (a4 > 0) on cyclic response is initially
explored using strain-controlled cyclic shearing, with the cyclic strain amplitude, ¢y set
at 0.01. For this sensitivity analysis, five a,; values are considered. Model parameters that
are not detailed in Chapter 4 can be found in Table C.4. The simulation process includes
two stages: firstly, a consolidation stage, and secondly, a cyclic shearing stage. The con-
solidation stage spans 10,800 minutes. Details regarding the cyclic loading frequency
and waveform used in this analysis are provided in Chapter 4.

Table C.4: Model parameters adopted in sensitivity analysis

Sy %4 n w
1.75 5x10’kPamin 4 0

Figure C.53 showcases the evolution of bounding surface size during both the con-
solidation and strain-controlled cyclic shearing stages. With the increase in the a, value,
which leads to a faster reduction in the plastic modulus, there is a faster increase in the
bounding surface size.

Figure C.54 presents the stress path and average excess pore pressure during cyclic
shearing. It is noted that for all a; values, the simulations attain the same peak devia-
toric stress in the first loading cycle. However, this peak deviatoric stress degrades more
rapidly with increasing a, values. In all simulations, the stress paths exhibit a consistent
leftward movement during cyclic loading, suggesting contractive behaviour and the de-
velopment of positive excess pore pressure. Furthermore, a minor reduction in excess
pore pressure with an increase in loading cycles is observed for a; values above 5.

Figure C.55 presents the deviatoric stress-strain curve, along with the development
of the secant shear modulus and damping ratio for a range of a; values. In alignment
with the stress path observations, smaller a; values are associated with a slower degra-
dation of peak deviatoric stresses during cyclic shearing. When it comes to the secant
shear modulus, lower a; values lead to higher moduli and a more gradual reduction in
modulus as the number of loading cycles increases. As for the damping ratio, it tends
to decrease as a,; values increase, though the differences among various a; values are
relatively minor. Additionally, a decreasing trend in the variation of damping ratio with
increasing loading cycles is observed for a, values above 25.
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Figure C.55: Stress-strain curve, secant shear modulus, and damping ratio of strain-controlled cyclic shearing
stage for different a; value
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To further investigate various aspects of the predicted cyclic response, a sensitivity
analysis was also conducted using stress-controlled cyclic shearing. Two different cyclic
stress amplitudes, geyc (0.15 p;. and 0.30 p;., with p;. =100 kPa), were chosen to assess the
impact of loading magnitude. Figure C.56 displays the evolution of the bounding surface
size during both the consolidation and stress-controlled cyclic shearing stages. Similar
to the strain-controlled simulations, a higher a, value results in a larger bounding sur-
face size.
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Figure C.56: Evolution of the size of bounding surface during consolidation and stress-controlled cyclic shear-
ing stage for different a; value : (a) geyc = 0.15p] and (b) geyc = 0.30p

Figure C.57 illustrates the stress path and average excess pore pressure during stress-
controlled cyclic shearing. Consistently, for all a; values, the stress paths exhibit a left-
ward movement during cyclic loading, indicative of contractive behaviour and the con-
sequent development of positive excess pore pressure. Notably, there is a direct corre-
lation between higher a; values and increased excess pore pressure development. Fur-
thermore, the simulations reveal that higher cyclic stress amplitudes lead to greater de-
velopment of excess pore pressure. As indicated in Appendix B, for a,; values greater
than 25, the stress paths exhibit a scimitar shape, and the excess pore pressure shows a
decreasing trend.

Figure C.58 depicts the accumulation of permanent deviatoric strain, represented as
€4,per» during cyclic shearing. Notably, despite similar levels of permanent deviatoric
strain in the initial cycle across all simulations, higher a; values are observed to result
in larger accumulations of € per as the shearing progresses. Additionally, a substantial
correlation is evident between the increase in permanent deviatoric strain and higher
stress amplitudes.
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Figure C.57: Stress path and development of excess pore pressure of stress-controlled cyclic shearing stage for
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C.4.2. Ky INITIAL STRESS STATE, ag > 0

he impact of the positive damage parameter (a; > 0) on cyclic response is also ex-
T plored for initially Ky consolidation stress state using strain-controlled cyclic shear-
ing. The cyclic strain amplitude, &cyc, is set at 0.01. Model parameters that are not
detailed in Chapter 4 can be found in Table C.4. The simulation process includes two
stages: firstly, a Ky consolidation stage, and secondly, a cyclic shearing stage. The con-
solidation stage spans 10,800 minutes.

Figure C.59 showcases the evolution of bounding surface size during both the Kj
consolidation and strain-controlled cyclic shearing stages. Similar to the simulation
starting from the isotropic stress state, the increase in the a; value leads to a faster in-
crease in the bounding surface size.

Figure C.60 presents the stress path and average excess pore pressure during cyclic
shearing. It is noted that for all a; values, the simulations attain the same peak devia-
toric stress in the first loading cycle. However, this peak deviatoric stress degrades more
rapidly with increasing a, values. In all simulations, the stress paths exhibit a consis-
tent leftward movement during cyclic loading, suggesting contractive behaviour and the
development of positive excess pore pressure. Furthermore, a reduction in excess pore
pressure after the second loading cycle is also observed.
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Figure C.59: Evolution of the size of bounding surface during consolidation and strain-controlled cyclic shear-
ing stage for different a; value

Figure C.61 presents the deviatoric stress-strain curve, along with the development
of the secant shear modulus and damping ratio for a range of a,; values. In alignment
with the simulation of initially isotropic consolidated, smaller a; values are associated
with a slower degradation of peak deviatoric stresses during cyclic shearing, a trend that
is clearly evident in the deviatoric stress-strain evolution. When it comes to the secant
shear modulus, lower a,; values lead to higher moduli and a more gradual reduction in
modulus as the number of loading cycles increases. As for the damping ratio, it tends
to decrease as a,; values increase, though the differences among various a,; values are
relatively minor. Additionally, a decreasing trend in the variation of damping ratio with
increasing loading cycles is observed for a; values of 50.
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To further investigate various aspects of the predicted cyclic response, a sensitivity
analysis was also conducted using stress-controlled cyclic shearing. Two different cyclic
stress amplitudes, geyc (0.15p;. and 0.30p;., with p;. =100 kPa), were chosen to assess the
impact of loading magnitude. Figure C.62 displays the evolution of the bounding surface
size during both the consolidation and stress-controlled cyclic shearing stages. Same as
the strain-controlled simulations, a higher a,; value results in a larger bounding surface
size.
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Figure C.62: Evolution of the size of bounding surface during consolidation and stress-controlled cyclic shear-
ing stage for different a, value : (a) geyc = 0.15p] and (b) geyc = 0.30p)

Figure C.63 illustrates the stress path and average excess pore pressure during stress-
controlled cyclic shearing. Consistently, for all a, values, the stress paths exhibit a left-
ward movement during cyclic loading, indicative of contractive behaviour and the con-
sequent development of positive excess pore pressure. The simulations reveal that higher
cyclic stress amplitudes lead to slightly higher development of excess pore pressure. In
simulations with a cyclic stress amplitude of gcyc = 0.30p} and a, values less than 25, a
distinct behaviour is observed where the stress paths stabilise, or ‘freeze’, upon reaching
the critical stress state ratio. Correspondingly, the development of excess pore pressure
in these cases reaches a plateau. However, in simulations with a,; values greater than 25,
there is a noticeable increase in the slope of stress paths with each loading cycle, along-
side an increasing trend in excess pore pressure. This contrasting behaviour is also at-
tributed to the rapid reduction in plastic modulus during cyclic loading for higher dam-
age parameters, leading to a faster change in the inclination of the bounding surface, as
explained in the previous section.

Figure C.64 illustrates the accumulation of permanent deviatoric strain, denoted as
€g,per, during cyclic shearing. While similar levels of ¢, per are observed in the initial
cycle across all simulations, it is noted that higher a; values lead to greater accumula-
tions of € 4 per as the shearing continues. Compared to the results obtained under initially
isotropic stress conditions, the accumulation of permanent deviatoric strain is signifi-
cantly higher when the initial stress state is at Ky condition. Furthermore, the permanent
deviatoric strain increases with stress amplitude.




C. SENSITIVITY ANALYSIS OF JMC-CLAY ELASTOPLASTIC-VISCOPLASTIC BOUNDING

372

SURFACE MODEL PARAMETERS

| §,=1.75 V=5x107 kPa-min
n=4

75 —

50

Deviatoric stress, q (kPa)

25

0 \ \ \ \

0 25 50 75 100 125
Mean effective stress, p' (kPa)

(@)

| S,=1.75 V=5x107 kPa-min
n=4

Deviatoric stress, q (kPa)
.

0 T T T T

0 25 50 75 100 125
Mean effective stress, p' (kPa)

(b)

w
S

N
a
|

N
(=)

Average excess pore pressure,Au, (kPa)
= —
o w
|

«
|

S,=1.75 V=5x107 kPa-min

w
S

L L L L L B
4 5 6 7 8 9 10
Number of cycle, Ny, (-)

N
o
|

N
S
|

,_.
o
|

»
|

Average excess pore pressure,Au, q(kPa)
G
|

S,=1.75 V=5x10" kPa-min

7
Number of cycle, N (-)

Figure C.63: Stress path and development of excess pore pressure of stress-controlled cyclic shearing stage for
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C.4.3. ISOTROPIC INITIAL STRESS STATE, ag <0

n the previous sections, the sensitivity analysis was conducted for the positive dam-
I age parameter (ay > 0), the next section will be dedicated to the sensitivity analysis
of the negative damage parameter a; (a; < 0), aiming to elucidate its influence within
the proposed model framework. The impact of the negative damage parameter (a; < 0)
on cyclic response is initially explored using strain-controlled cyclic shearing, with the
cyclic strain amplitude, £cyc, set at 0.01. For this sensitivity analysis, five a; values are
considered. Model parameters that are not detailed in Chapter 4 can be found in Ta-
ble C.4. The simulation process includes two stages: firstly, a consolidation stage, and
secondly, a cyclic shearing stage. The consolidation stage spans 10,800 minutes. Details
regarding the cyclic loading frequency and waveform used in this analysis are provided
in Chapter 4.

Figure C.65 showcases the evolution of bounding surface size during both the con-
solidation and strain-controlled cyclic shearing stages. With the decrease in the a, value,
which leads to a faster rise in the plastic modulus, there is a slower increase in the bound-
ing surface size.

Figure C.66 presents the stress path and average excess pore pressure during cyclic
shearing. It is noted that for all a4 values, the simulations attain the same peak devia-
toric stress in the first loading cycle. In all simulations, the stress paths exhibit a consis-
tent leftward movement during cyclic loading, suggesting contractive behaviour and the
development of positive excess pore pressure. Furthermore, an increase in excess pore
pressure with a higher a; value is observed; this is attributed to the smaller bounding
surface size at the end of the consolidation stage.
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Figure C.65: Evolution of the size of bounding surface during consolidation and strain-controlled cyclic shear-
ing stage for different a; value

Figure C.67 presents the deviatoric stress-strain curve, along with the development
of the secant shear modulus and damping ratio for a range of a; values. In alignment
with the stress path observations, when a; = —25, smaller a,; values are associated with
a faster rise of peak deviatoric stresses during cyclic shearing. When it comes to the se-
cant shear modulus, except for a; = —50, lower a; values lead to higher moduli and a
more gradual increase in modulus as the number of loading cycles increases. As for the
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Figure C.66: Stress path and development of excess pore pressure of strain-controlled cyclic shearing stage for
different a; value

damping ratio, the differences for a,; values larger than -25 are relatively minor. Addi-
tionally, an increasing trend in the damping ratio with a rising number of loading cycles
is noted for a; values below -25. Also indicated in Appendix B, at an a, value of -50, a
rapid increase in plastic modulus occurs, leading to a viscoelastic response. This sug-
gests that a reasonable range for the a; value should be set above -50 to ensure a more
accurate and realistic prediction of soil behaviour.

To further investigate various aspects of the predicted cyclic response, a sensitivity
analysis was also conducted using stress-controlled cyclic shearing. Two different cyclic
stress amplitudes, gcyc (0.15p and 0.30p, with p! = 100 kPa), were chosen to assess the
impact of loading magnitude. Figure C.68 displays the evolution of the bounding surface
size during both the consolidation and stress-controlled cyclic shearing stages. Similar
to the strain-controlled simulations, a lower a; value results in a smaller bounding sur-
face size.

Figure C.69 illustrates the stress path and average excess pore pressure during stress-
controlled cyclic shearing. Consistently, for all a,; values, the stress paths exhibit a left-
ward movement during cyclic loading, indicative of contractive behaviour and the con-
sequent development of positive excess pore pressure. Furthermore, the simulations
reveal that higher cyclic stress amplitudes lead to greater development of excess pore
pressure.

Figure C.70 depicts the accumulation of permanent deviatoric strain, represented as
€4,per, during cyclic shearing. Despite similar levels of permanent deviatoric strain in the
initial cycle across all simulations, lower a; values are observed to result in smaller ac-
cumulations of €4 per as the shearing progresses. Additionally, a substantial correlation
is evident between the increase in permanent deviatoric strain and higher stress ampli-
tudes.
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Figure C.67: Stress-strain curve, secant shear modulus, and damping ratio of strain-controlled cyclic shearing
stage for different a,; value
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Figure C.68: Evolution of the size of bounding surface during consolidation and stress-controlled cyclic shear-
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Figure C.69: Stress path and development of excess pore pressure of stress-controlled cyclic shearing stage for
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C.4.4. Ky INITIAL STRESS STATE, ay <0

he impact of the negative damage parameter (a4 < 0) on cyclic response is also ex-
T plored for initially Ky consolidation stress state using strain-controlled cyclic shear-
ing. The cyclic strain amplitude, &y, is set at 0.01. Model parameters that are not
detailed in Chapter 4 can be found in Table C.4. The simulation process includes two
stages: firstly, a Ky consolidation stage, and secondly, a cyclic shearing stage. The con-
solidation stage spans 10,800 minutes.

Figure C.71 showcases the evolution of bounding surface size during both the Kj
consolidation and strain-controlled cyclic shearing stages. Similar to the simulation
starting from the isotropic stress state, the reduction in the a; value leads to a slower
increase in the bounding surface size.

Figure C.72 presents the stress path and average excess pore pressure during cyclic
shearing. Itis noted that for all a, values, the simulations attain the same peak deviatoric
stress in the first loading cycle. However, this peak deviatoric stress rises more rapidly
with reducing a, values. In all simulations, the stress paths exhibit a consistent leftward
movement during cyclic loading, suggesting contractive behaviour and the development
of positive excess pore pressure. Furthermore, a reduction in excess pore pressure after
the second loading cycle is also observed.
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Figure C.71: Evolution of the size of bounding surface during consolidation and strain-controlled cyclic shear-
ing stage for different a; value

Figure C.73 presents the deviatoric stress-strain curve, along with the development
of the secant shear modulus and damping ratio for a range of a; values. In alignment
with the simulation of initially isotropic consolidated, smaller a, values are associated
with a more rapid increase in modulus as the number of loading cycles increases. As
for the damping ratio, it tends to decrease as a; values increase when a is higher than
-10, though the differences among various a, values are relatively minor. Additionally,
an increasing trend in the variation of damping ratio with increasing loading cycles is
observed for a,; values of -25 and -50.

To further investigate various aspects of the predicted cyclic response, a sensitivity
analysis was also conducted using stress-controlled cyclic shearing. Two different cyclic
stress amplitudes, geyc (0.15p] and 0.30p, with p = 100 kPa), were chosen to assess the
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Figure C.72: Stress path and development of excess pore pressure of strain-controlled cyclic shearing stage for
different a4 value

impact of loading magnitude. Figure C.74 displays the evolution of the bounding surface
size during both the consolidation and stress-controlled cyclic shearing stages. Same as
the strain-controlled simulations, a higher a,; value results in a larger bounding surface
size.

Figure C.75 illustrates the stress path and average excess pore pressure during stress-
controlled cyclic shearing. Consistently, for all a; values, the stress paths exhibit a left-
ward movement during cyclic loading, indicative of contractive behaviour and the con-
sequent development of positive excess pore pressure. There is a direct correlation be-
tween lower a; values and increased excess pore pressure development. Furthermore,
the simulations reveal that higher cyclic stress amplitudes lead to slightly higher devel-
opment of excess pore pressure.

Figure C.76 illustrates the accumulation of permanent deviatoric strain, denoted as
€g,per,» during cyclic shearing. While similar levels of €, per are observed in the initial
cycle across all simulations, it is noted that higher a; values lead to greater accumula-
tions of €4 per as the shearing continues. Compared to the results obtained under ini-
tially isotropic stress conditions, the accumulation of permanent deviatoric strain is sig-
nificantly higher when the initial stress state is at Ky condition. Furthermore, there is
a marked correlation between the increase in permanent deviatoric strain and higher
stress amplitudes.

In summary, the impact of the parameter a; under the elastoplastic-viscoplastic
bounding surface framework is similar to the one under the elastoplastic bounding sur-
face framework, as discussed and summarised in detail in Appendix B.
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Figure C.73: Stress-strain curve, secant shear modulus, and damping ratio of strain-controlled cyclic shearing
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C.5. INFLUENCE OF PARAMETERS w ON THE CYCLIC RESPONSE

C.5.1. ISOTROPIC INITIAL STRESS STATE

n the subsequent section, a thorough sensitivity analysis of the hybrid flow rule pa-
I rameter w is conducted. The upcoming analysis aims to investigate the influence of
the hybrid flow rule parameter within the context of the viscoplastic bounding surface
framework. This analysis is crucial to understanding the parameter’s role in the model’s
predictive capability, particularly in representing complex soil behaviours under differ-
ent loading conditions.

The impact of hybrid flow rule parameter w on cyclic response is explored using
strain-controlled cyclic shearing, with the cyclic strain amplitude, &cyc, set at 0.01. For
this sensitivity analysis, seven w values are considered. Model parameters that are not
detailed in Chapter 4 can be found in Table C.5. The simulation process includes two
stages: firstly, a consolidation stage, and secondly, a cyclic shearing stage. The consoli-
dation stage spans 10,800 minutes.

Table C.5: Model parameters adopted in sensitivity analysis

Sy %4 n ag
1.75 5x10’kPamin 4 0

Figure C.77 illustrates the evolution of bounding surface size during both the consol-
idation and strain-controlled cyclic shearing stages. The results indicate that the value
of w does not affect the bounding surface size during the consolidation stage. However,
during cyclic loading, an increase in the w value leads to an enlargement of the bound-
ing surface.
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Figure C.77: Evolution of the size of bounding surface during consolidation and strain-controlled cyclic shear-
ing stage for different w value

Figure C.78 depicts the stress path and average excess pore pressure observed during
cyclic shearing. Notably, across all w values, the simulations consistently achieve similar
peak deviatoric stress levels during cyclic loading. In each simulation, the stress paths
consistently move leftward during cyclic loading, indicating contractive behaviour and
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the consequent development of positive excess pore pressure. Furthermore, an increase
in the w value leads to a more pronounced leftward shift of the stress path, signifying
greater excess pore pressure development under cyclic loading. As expected, the simu-
lation with a w value of zero shows stabilisation in both the stress path and pore pressure
development.
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Figure C.78: Stress path and development of excess pore pressure of strain-controlled cyclic shearing stage for
different w value

Figure C.79 illustrates the deviatoric stress-strain curve, along with the development
of the secant shear modulus and damping ratio for a range of w values. More pro-
nounced than in the stress path observations, a trend of reduction in peak deviatoric
stress after the first loading cycle as the w value increases. In terms of the secant shear
modulus, lower w values result in higher moduli and a lesser reduction in modulus with
an increasing number of loading cycles. Regarding the damping ratio, it tends to de-
crease as w values increase, and the differences among various w values are more no-
ticeable compared to other model parameters previously investigated. Additionally, for
w values other than zero, there is a discernible decreasing trend in the variation of the
damping ratio with increasing loading cycles.

The sensitivity analysis was extended to include stress-controlled cyclic shearing,
utilising two distinct cyclic stress amplitudes, gcyc (0.15p} and 0.30p, with p’; = 100 kPa),
to determine the impact of loading magnitude. Figure C.80 illustrates the evolution of
bounding surface size during both the consolidation and stress-controlled cyclic shear-
ing stages. Echoing the strain-controlled simulation results, the value of w does not in-
fluence the bounding surface size during the consolidation stage. However, during cyclic
loading, an increase in w leads to an enlargement of the bounding surface.

Figure C.81 illustrates the stress path and average excess pore pressure during stress-
controlled cyclic shearing. Consistently, for all w values, the stress paths exhibit a left-
ward movement during cyclic loading, indicative of contractive behaviour and the con-
sequent development of positive excess pore pressure. Notably, there is a direct corre-
lation between higher w values and increased excess pore pressure development. Fur-
thermore, the simulations reveal that higher cyclic stress amplitudes lead to greater de-
velopment of excess pore pressure.
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Figure C.79: Stress-strain curve, secant shear modulus, and damping ratio of strain-controlled cyclic shearing
stage for different w value

Figure C.82 demonstrates the accumulation of permanent deviatoric strain, repre-
sented as €, per, during cyclic shearing. In simulations with a cyclic stress amplitude of
Geyc = 0.15 p;., higher w values lead to greater accumulations of € per up to the 91" Jpad-
ing cycle. Conversely, for geyc = 0.30p!, all w values result in similar accumulations of
€g,per Up to the 374 Joading cycle. Intriguingly, for w values above 2, €4,per begins to de-
crease after the 3"¢ loading cycle, while it continues to increase for w values below 2.
This pattern is attributed to the variation in the deviatoric plastic strain increment, as
explained in Appendix B. When w equals zero, the deviatoric plastic strain increment
reaches its maximum as the image stress reaches and stabilises at the critical state stress
ratio. However, with the adoption of the hybrid flow rule, the image stress can evolve
towards the dry side of the critical state, leading to a reduction in the deviatoric plastic
strain increment.
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C.5.2. Ky INITIAL STRESS STATE

he impact of hybrid flow rule parameter w on initially Ky consolidated cyclic re-
T sponse is explored using strain-controlled cyclic shearing, with the cyclic strain am-
plitude, ecyc, set at 0.01. For this sensitivity analysis, seven w values are considered.
Model parameters that are not detailed in Chapter 4 can be found in Table C.5. The sim-
ulation process includes two stages: firstly, a consolidation stage, and secondly, a cyclic
shearing stage. The Ky consolidation stage spans 10,800 minutes.

Figure C.83 illustrates the evolution of bounding surface size during both the Kj
consolidation and strain-controlled cyclic shearing stages. The results indicate that the
value of w slightly affects the bounding surface size during the Ky consolidation stage.
However, during cyclic loading, an increase in the w value leads to an enlargement of
the bounding surface.
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Figure C.83: Evolution of the size of bounding surface during consolidation and strain-controlled cyclic shear-
ing stage for different w value

Figure C.84 depicts the stress path and average excess pore pressure observed during
cyclic shearing. Notably, the influence of parameter w on peak deviatoric stress levels
during cyclic loading is not obvious. In each simulation, the stress paths consistently
move leftward during cyclic loading, indicating contractive behaviour and the conse-
quent development of positive excess pore pressure. Furthermore, an increase in the
w value leads to a more pronounced leftward shift of the stress path, signifying greater
excess pore pressure development under cyclic loading.

Figure C.85 illustrates the deviatoric stress-strain curve, along with the development
of the secant shear modulus and damping ratio for a range of w values. More pro-
nounced than in the stress path observations, a trend of reduction in peak deviatoric
stress after the first loading cycle as the w value increases. In terms of the secant shear
modulus, lower w values result in higher moduli and a lesser reduction in modulus with
an increasing number of loading cycles. Regarding the damping ratio, it tends to de-
crease as w values increase. Additionally, for w values larger than three, there is a de-
creasing trend in the variation of the damping ratio with increasing loading cycles.

The sensitivity analysis was extended to include stress-controlled cyclic shearing,
utilising two distinct cyclic stress amplitudes, geye (0.15p"; and 0.30p';, with p’; = 100
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Figure C.84: Stress path and development of excess pore pressure of strain-controlled cyclic shearing stage for
different w value

kPa), to determine the impact of loading magnitude. Figure C.86 illustrates the evolu-
tion of bounding surface size during both the consolidation and stress-controlled cyclic
shearing stages. Similar to the strain-controlled simulation results, the value of w only
has a minor impact on the bounding surface size during the consolidation stage. How-
ever, during cyclic loading, an increase in w leads to an enlargement of the bounding
surface.

Figure C.87 illustrates the stress path and average excess pore pressure during stress-
controlled cyclic shearing. Consistently, for all w values, the stress paths exhibit a left-
ward movement during cyclic loading, indicative of contractive behaviour and the con-
sequent development of positive excess pore pressure. Notably, there is a direct correla-
tion between higher w values and increased excess pore pressure development.

Figure C.88 demonstrates the accumulation of permanent deviatoric strain, repre-
sented as €4,per, during cyclic shearing. In all simulations, higher w values and stress
amplitude lead to greater accumulations of & per.

In general, the influence of the hybrid flow rule parameter w under the elastoplastic-
viscoplastic bounding surface framework is similar to the one under the elastoplastic
bounding surface framework, as discussed and summarised in detail in Appendix B.
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EPILOGUE

Science, like any form of exploration, is never complete. Each discovery leads to new
questions, new challenges, and new opportunities for growth. As Albert Einstein wisely
said, "The important thing is not to stop questioning. Curiosity has its own reason for
existing." It is with this spirit of curiosity that I 1lay down the final words of this thesis—not
as a conclusion, but as a trail. One that I hope others will follow, expand upon, and take
further than I ever imagined.
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