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ABSTRACT
The degradation of railway foundations due to the repeated loading of traffic induces mainte-

nance and safety obligations for the track operator. One major contributor to track degradation is
the accelerated settlement rates in soft soils below the track that lead to alignment issues, espe-
cially at stiffness transitions. Furthermore, due to the low stiffness of most soft soils, significant
ground vibrations are emitted and lead to low critical train velocities that avoid track resonance.
In addition, the dynamic properties of the soil, particularly weakly bonded soft natural clays, are
subject to significant alternations over the lifetime of the railway structure due to cyclic traffic
loading. The soil/foundation is thus a major source of degradation issues that, as opposed to track
and subgrade-related causes, are largely controlled by local site conditions.

This thesis aims at identifying a proper sensitivity analysis method in geotechnical Finite
Element Analysis (FEA) for optimal use of advanced constitutive soil models. For this purpose,
first the viscoplastic Creep-SCLAY1S model is evaluated for a boundary value problem. The
objective was ultimately addressed by implementing two Global Sensitivity Analysis (GSA) meth-
ods for quantifying the uncertainties of Creep-SCLAY1S. The common GSA method of Sobol
was benchmarked against Experimental design in a lab-scale numerical model of Constant Rate
of Strain (CRS). The Sobol method has proven to be computationally expensive for sensitivity
analysis of advanced constitutive models using FEA. The spatial sensitivity measures of Sobol
and Experimental design indicate that they are not altogether distinct. Thus, Experimental design
represents a more feasible approach by using less resources, such as computational time and re-
quired storage. Furthermore, temporal Sensitivity Analysis (SA) has demonstrated the importance
of the entire time domain spectrum, particularly for factor fixing purposes.

The second part of the study proposes a revised strain accumulation model that has been
validated using new data on Swedish natural clay for cyclic loads with low amplitude. The model
presented herein offers a strong basis for the accurate prediction of strain accumulation in soft
clays beneath embankments subjected to a significant number of loading cycles. In general,
the knowledge gained in this research contributes to a better understanding of comprehensive
numerical models in Geotechnics and can be a helpful prior to inverse modelling, data assimilation,
and Random Finite Element Method (RFEM).
Keywords: Cyclic degradation, Natural soft clay, Uncertainty analysis, Cyclic accumulation
models, Global Sensitivity Analysis, Experimental design, Sobol method, Rate-dependent models
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NOTATION

Acronyms
CRS: Constant Rate of Strain
CSS: Current Stress Surface
DOE: Design of Experiments
FD: Factorial Design
FE: Finite Element
FEM: Finite Element Method
FF: Factor Fixing
FP: Factor Prioritisation
GDS: Global Digital Systems
GSA: Global Sensitivity Analysis
ICS: Intrinsic Compression Surface
LVDT: Linear Variable Differential Trans-

ducers
NCS: Normal Consolidation Surface
OCR: Over-consolidation ratio
OFAT: One-Factor-At-a-Time
RFEM: Random Finite Element Method
SA: Sensitivity Analysis
Greek letters
𝛼0 initial inclination of NCS
𝜒0 initial amount of bonding
Γ̇ Revised cyclic viscoplastic multiplier
Λ̇ rate-dependent viscoplastic multi-

plier
Ω̇ Creep-SCLAY1Sc cyclic viscoplas-

tic multiplier
𝜖𝑐𝑑 viscoplastic deviatoric strain
𝜖𝑒𝑑 elastic deviatoric strain
𝜖𝑐𝑣 viscoplastic volumetric strain
𝜖𝑒𝑣 elastic volumetric strain
𝜅∗ modified swelling index
𝜆∗𝑖 modified intrinsic compression index
𝜇∗𝑖 intrinsic modified creep index

𝜈 Poisson’s ratio
𝜔 absolute effectiveness of rotational

hardening
𝜔𝑑 relative effectiveness of rotational

hardening
𝜓 Scaling parameter related to ampli-

tude dependency
𝜌𝑏 bulk density
𝜎′𝑝0 initial pre-consolidation pressure
𝜏 reference time
𝜃 modified Lode angel
𝜛 small-strain multiplier
Roman lower case letters
𝑎 absolute rate of destructuration
𝑏 relative rate of destructuration
𝑘 number of input factors
𝑚𝜖 strain resistance number
𝑝′ mean effective stress
𝑝′𝑒𝑞 equivalent mean effective stress
𝑝′𝑝 mean effective preconsolidation pres-

sure
𝑞 deviatoric stress
𝑞cyc cyclic deviatoric stress
𝑞𝑚 superimposed deviatoric stress
𝑞𝑝 pre-shearing deviatoric stress
𝑟𝑠𝑖 intrinsic creep number
𝑠𝑢 undrained shear strength
𝑤𝑁 natural water content
Miscellaneous
⟨∙⟩ Macaulay brackets
Roman capital letters
𝐂 contrast matrix
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𝐄 vector of effects
𝐑 response vector
𝐴 shape factor for small-strain stiffness
𝐵 small-strain parameter related to un-

load/reload
𝐺 shear modulus
𝑀𝑐 slope of critical state line in triaxial

compression
𝑀𝑒 slope of the critical state line in triax-

ial extension
𝑁 Monte Carlo sample size, number of

cycles
𝑅 resistance
𝑅𝜖 strain resistance
𝑆𝑖 Sobol’s first-order index
𝑆𝑇 Sobol’s total-order index
𝑆𝑡 clay’s sensitivity
𝑇 loading period
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Part I
Extended summary

1 Introduction

1.1 Background
Degradation mechanisms in railway structures are a matter of concern to railway infrastructure
administrations in terms of maintenance and safety. This is especially the case for countries with
well-developed, yet ageing, networks where large parts are founded on soft soils. The excessive
maintenance of alignment in the track systems requires large investments by the general public.
Predictive maintenance strategies rely on the ability to foresee the need for maintenance early before
substantial issues arise. Thus, a clear comprehension of the sources of degradation mechanisms
and their associated prediction tools for railway systems are required.

During operation of the railway system, degradation occurs gradually over the long-term in
the foundation system that comprises the ballast, subballast and subgrade. The subgrade includes
the embankment, the sub-soil below and any additional structural foundation elements. Railway
embankments on natural soft clays, which is the focus of this research, were typically built many
decades ago with only limited amount of reinforcements, whereas modern foundations incorporate
piled embankments or other ground improvement methods. Soft clay exhibits several intriguing
features, such as sensitivity, anisotropy, and rate-dependency, underpinning the complexity of
its non-linear and time-dependent response under hydro-mechanical loading (Mitchell and Soga,
2005). Some of this complexity has been generalised in constitutive models for subsequent
numerical analyses to predict the behaviour of soft clays with sufficient accuracy (e.g. Wheeler
et al., 2003; Karstunen et al., 2005; Dafalias et al., 2006; Gras et al., 2018). Cyclic degradation in
soft soils is a complex phenomenon that incorporates many factors to model (e.g. Zuada Coelho
et al., 2021; Staubach et al., 2022). Modelling is highly preferable as a means of assessing and
predicting the behaviour of existing railway structures over the long term, as measurements are
time-consuming, expensive and non-predictive. Thus, it is required to develop models to accurately
capture the behaviour of soft soil beneath railway embankments under typical low-amplitude cyclic
loading.

In order to make reliable predictions using numerical models, they need to be calibrated against
laboratory data and ultimately validated against field data. Due to the uncertainties and increasing
complexity of numerical models, calibration processes may become non-unique (Gras et al., 2017).
The behaviour of such models, nevertheless needs to be evaluated, and the cost of the experimental
design and calibration processes should be optimised before application to real-world engineering.
Hence, a systematic statistical approach for the assessment of numerical models is required,
particularly for predicting the rate-dependent and cyclic response of soft soils. Such approaches
allow scrutinising the impact of different model components and their associated parameters, in
addition to the quantification of uncertainties (Box, Hunter, et al., 2009). Furthermore, there is a
need to understand model uncertainties throughout the spatial and temporal domain of boundary
value problems; hence, a spatial sensitivity analysis that evolves in time is also necessary to capture

, Architecture and Civil Engineering 1



the most reliable information for subsequent model calibration and numerical analyses at field
scale.

1.2 Aims and objectives
The project aims to investigate the feasibility of using advanced sensitivity analysis methods for
the quantification of a permissible pseudo-static and dynamic response of railway systems on soft
clays. In the first part, the aim is to determine a feasible technique for Global Sensitivity Analysis
(GSA) with which the uncertainties of Finite Element-based numerical models in transportation
geotechnics are quantified. In the second part, a revised strain accumulation model for cyclic
loads with low amplitude is proposed and validated against new data on Swedish natural clay.
Considering the overall aim of this research study, the following objectives are defined:

• Implement promising Global Sensitivity Analysis (GSA) methods for boundary value prob-
lems.

• Evaluate the most suitable GSA method for geotechnical analyses.
• Benchmark the GSA methods regarding sensitivity measures, accuracy, computational costs,

and the amount of information they provide.
• Evaluate rate-dependent models for creep and cyclic strain accumulation in soft soils.
• Revise an existing rate-dependent model for creep and cyclic strain accumulation in soft

clays to represent the clay response under low amplitude cyclic loading, as relevant for
railways, based on new data on cyclic degradation on natural Swedish clay.

1.3 Limitations
The limitations of this study are summarised as below:

• Primarily idealised numerical examples are used throughout the sensitivity analysis of the
models.

• Only a limited number of constitutive models, suitable for modelling the rate-dependent
response of soft sensitive clays under quasi-static and cyclic loading, will be considered.

2 , Architecture and Civil Engineering



2 Literature review

2.1 Degradation of railway systems: a brief geotechnical overview
The majority of research on cyclic foundation response has emerged from offshore engineering
problems, where Ultimate Limit State (ULS) governs the design. In such designs, the structure
can tolerate substantial uniform settlements but occasionally, limited differential settlements are
permissible (Randolph and Gourvenec, 2017). As a result, the ULS approach, which focuses on
stability, is more prevalent than the design for Serviceability Limit State (SLS) for dimensioning
offshore and onshore foundations under cyclic loads (e.g. Andersen, 2009).

A commonly used ULS approach involves generalising cyclic data from laboratory tests
performed under undrained conditions with relatively large loading amplitudes into stability
diagrams (Andersen, 1988). These stability design layouts depict the relationship between the
number of cycles required for failure and the average shear stress and cyclic shear stress using
contour diagrams. Such diagrams provide valuable insights into the interplay between these factors
and help to identify the approximate capacity of geostructure under cyclic loading. Based on the
findings of Sangrey et al. (1969) and Ansal and Erken (1989), a threshold stress ratio was established
using laboratory tests in which no failure occurs because of cyclic loading. Furthermore, even for
cyclic loads below the critical stress ratio that do not induce soil failure, ongoing deformations
occur, albeit at a smaller magnitude (e.g. Zhao, J. Liu, et al., 2023). In contrast, a few approaches
have been developed to investigate the long-term Serviceability Limit State (SLS) response, i.e.
differential settlements and vibrations of railway foundations under cyclic loading with moderate
loading amplitude (e.g. Bian et al., 2014; Cui et al., 2015; Zhao, J. Liu, et al., 2023).

Alignment issues of linear infrastructure, especially railways, have attracted substantial attention
over the past decades (Indraratna, Ionescu, et al., 1998; Augustin et al., 2003; Guler et al., 2011;
X. Li et al., 2016; Nielsen and X. Li, 2018). The degradation in railways may stem from the
reduction of bearing capacity and accumulated deformations in the track system and subsoil due
to long-term cyclic loading. This mechanism occasionally leads to uneven settlements; thus, the
alignment and longitudinal level of the railway track is affected (Esveld, 2001).

The components of a conventional railway system, in general, consist of a substructure and a
superstructure. The rails, the fastening system, and the sleepers form the superstructure; whereas
the elements of the substructure are ballast, subballast and subgrade (Selig and Waters, 1994).
The vast majority of studies are designed towards the behaviour and deterioration of the ballast or
subballast layers in railway systems (Indraratna and Salim, 2002; Suiker and Borst, 2003; Salim
and Indraratna, 2004; Suiker, Selig, et al., 2005; Indraratna, Thakur, et al., 2012). Thus, the
response of the foundation/soil in the substructure has been ignored to a great extent. For instance,
excessive levels of vibration were observed in a railway embankment located at Ledsgård, Sweden.
These vibrations were primarily attributed to the existence of soft natural clay in the subsoil
foundation (Krylov et al., 2000). Moreover, the investigation findings also revealed substantial
settlements in multiple locations, especially over soft natural soils (Holm et al., 2002).

The combined dynamic response of the subsoil and railway system for a single train passage
has been studied and modelled by several authors (e.g. Madshus and Kaynia, 2000; Hall, 2003;
Alves Costa et al., 2010). Subsequently, more rigorous studies have been conducted using non-
linear soil models, including Woodward et al. (2015) and Shih et al. (2017). In these studies,
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the significance of models that capture non-linear elastic stiffness and irreversible degradation
of the shear modulus in soft soils is highlighted. Nevertheless, few studies have been focusing
on the long-term Serviceability Limit State of railway systems on soft natural clays, including
irreversible deformations. The long-term response of cyclically loaded foundations on soft soils
has been investigated, by means of a viscoplastic cyclic accumulation model by Zuada Coelho
et al. (2021). The response of the proposed model agreed well with laboratory data, with relatively
large loading amplitudes, both at element level and boundary value problems. Furthermore, the
model capability was demonstrated for a hypothetical case of an embankment on soft soil.

2.2 Rate-dependency of natural clays

The long-term behaviour of soft clays has shown that deformation continues after dissipation
of excess porewater pressures, i.e. consolidation in the sample finishes (Buisman, 1936). In
addition to the primary consolidation, a second time-dependent mechanism is identified while
𝜎′ = constant, i.e. secondary consolidation (pure creep). The two phases are in reality overlapping;
however, Janbu (1985) showed that in some engineering cases, the hydrodynamic process vanishes
relatively soon after load application; thus, pure creep behaviour governs the settlement process in
some soft soils.

The time effects of soft clays at low loading rates, in which the time scale of load application
is substantially less than the time scale of flow, have been investigated by several authors (e.g.
Sällfors, 1975; Tavenas, Leroueil, et al., 1978; Graham et al., 1983; Leroueil et al., 1985). Sällfors
(1975) demonstrated the effects of strain rate on the apparent pre-consolidation pressures and
critical shear stress by means of Constant Rate of Strain (CRS) tests. Shrinkage of the size of yield
surfaces have been captured in soft clays under lower rates of loading or longer application of the
permanent load. This contraction of yield locus leads to a reduction of apparent pre-consolidation
pressure and shear strength (Tavenas and Leroueil, 1977; Tavenas, Leroueil, et al., 1978; Graham
et al., 1983).

In addition to evidence of creep in clays, Mitchell (1964) showed the impact of the clay structure
on rate dependency at low loading rates. Thus, the creep rates in remoulded samples of natural
clay are significantly lower than the intact natural samples, as shown for Swedish clays (e.g.
Karlsson et al., 2016; Y. Li et al., 2018). The porewater pressure is another factor that influences
the rate dependency of natural clays, especially in undrained and partially drained loading paths.
Concerning Constant Rate of Strain (CRS) tests, Muir Wood (2016) indicated the importance of
system-level interpretation of laboratory tests due to non-uniformity of excess porewater pressures
at larger strain levels.

The importance of strain rate effects in numerical modelling of embankments on soft natural
soils has been emphasised by many authors (e.g. Rowe and Hinchberger, 1998; Yildiz and Uysal,
2016). A summary of the main points involves risk of creep failure, stability problems both during
and after construction, in addition to prediction accuracy of long term settlements. As a result,
several constitutive models have been developed that include rate dependency, associated with
other features (anisotropy, destructuration) that control the response of soft natural clays (e.g.
Grimstad et al., 2010; Yin et al., 2010; Sivasithamparam, Karstunen, et al., 2015; Gras et al.,
2018).
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2.3 Cyclic response of natural clays

The cyclic response of soft clays is often investigated for undrained loading paths in the laboratory,
as this is the condition that mostly reflects the practical situation (e.g. Janbu, 1985; Lefebvre
and LeBoeuf, 1987). Janbu (1985) remarked on the necessity of interpreting effective stress for a
rational explanation of the cyclic response. This interpretation highlights the role of inter-particle
interactions (soil skeleton) in mobilising shear stresses, not the free water, air voids or both.
Therefore, the stress dependency of the model should be built upon the effective stress concept.

The information regarding both excess porewater pressures and vertical strains can be quantified
as a function of load repetition numbers𝑁 for saturated clay under cyclic loading during undrained
conditions. Janbu (1985) found the uncanny resemblance of cyclic response with creep formulae,
highlighted in his Rankine Lecture, by realising the proportionality of cumulative irreversible
strain with either time 𝑡 or number of cycles 𝑁 †. This idea will be further formalised in terms of
a constitutive model in Section 3.1.3.1.

Systematic cyclic data on natural clays are scarce, in comparison to monotonic testing of soft
sensitive clays. Lefebvre and LeBoeuf (1987) conducted a few cyclic CIUC triaxial tests and
subsequently compared those to monotonic tests. The cyclic tests have been performed either at a
strain-controlled condition with an axial strain rate of 1%h−1 or stress-controlled at a frequency
of 0.1Hz. A small porewater pressure generation was observed for intact samples under cyclic
loading. In contrast, however, large excess porewater pressures were generated for remoulded
samples, i.e. sufficiently large to bring the test to failure for that particular loading path.

A limited amount of experimental data on the behaviour of soft natural clay is available, in
which the impact of loading frequency and loading amplitude are investigated (L.-L. Li et al.,
2011; Wichtmann et al., 2013). A soil specimen subjected to undrained cyclic loading with a
constant cyclic shear stress 𝑞cy is shown in Fig. 2.1, in which 𝑞0 is the initial consolidation shear
stress and 𝑞𝑎 represents the average shear stress.

q

qa

time

q0

qcy

Figure 2.1: Cyclic and average shear stresses (Andersen, 2009)

†𝑡 = 𝑁𝑇 , in which 𝑇 is the period of cycles
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Natural sensitive clays show three main features as observed from cyclic undrained triaxial
tests performed on block samples of soft Norwegian clay (Wichtmann et al., 2013):

(i) Fig. 2.2 indicates the existence of a semi-logarithmic relation between axial strain 𝜀𝑎 and
the number of cycles 𝑁 until the onset of failure.

(ii) At fixed loading amplitudes, the failure has occurred in a smaller number of cycles due to a
lower loading frequency 𝑓 ; see Fig. 2.2a.

(iii) At fixed loading frequencies, failure has occurred in a smaller number of cycles due to the
application of a higher cyclic shear stress amplitude 𝑞cy, i; see Fig. 2.2b.

Two sources of failure have been noticed in the tests: i) the observation that samples with
small average shear stress shows a large shear strain amplitude accumulating during the first few
cycles towards failure when tested under stress control. ii) In contrast, samples with higher average
shear stresses are only brought to failure after an excessive accumulation of permanent irreversible
strains.

q

q

q

q

a) b)

Figure 2.2: a) Effect of loading frequency 𝑓 b) effects of cyclic shear loading amplitude 𝑞cy,i, i.e.
normalised with undrained shear strength 𝑠𝑐𝑢 from monotonic tests (Wichtmann et al., 2013).

2.4 The stiffness at small strains
Natural clays, in particular when overconsolidated, may exhibit high initial stiffness at small strain
when sheared or compressed. There will be a noticeable reduction in stiffness when the yield locus
is reached. Meanwhile, the stiffness will attenuate gradually as the stress path approaches the yield
surface. Burland (1989) reports several examples from London clay that shows the non-linear
elasticity with high stiffness at axial strains of less than about 0.1%. Jardine et al. (1986) have
demonstrated the significance of non-linear elasticity throughout different practical examples, such
as excavation, piling and footing. A family of empirical degradation curves is proposed by several
authors (e.g. Hardin and Drnevich, 1972; Darendeli, 2001).
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The interpretation of laboratory tests in conjunction with field measurements are made easier by
considering the impacts of non-linear elasticity, particularly for soil-structure interaction problems.
In sensitive clays that are slightly overconsolidated (OCR < 2), a similar reduction in stiffness
with increasing strain magnitude is observed, as such Wood (2016) investigated the response of
Swedish soft clays.

2.5 Rate-dependent constitutive models for sensitive clays

A version of a constitutive model for soft clays that originated from the Modified Cam Clay
(MCC) model by Roscoe and Burland (1968) is described briefly in the following. The constitutive
model has been refined in its predictive accuracy by hierarchically introducing additional model
features. Following the anisotropic behaviour observed in natural clays , i.e. captured for drained
stress probing of Otaniemi clay in triaxial tests, the anisotropic elastoplastic model SCLAY1
was first proposed (Wheeler et al., 2003). Since soft natural clay exhibits rate-dependent (creep)
behaviour, Sivasithamparam, Karstunen, et al. (2015) reformulated the SCLAY1 model to include
rate effects. Inspired by the work of Karstunen et al. (2005), the Creep-SCLAY1S model included
the structure-related features of SCLAY1S, in addition to anisotropy and rate-dependency (Gras
et al., 2018). The schematic evolution of the Creep-SCLAY1S is shown in Fig. 2.3.

SCLAY1
(Wheeler et al., 2003)

SCLAY1S
(Karstunen et al., 2005)

Creep-SCLAY1
(Sivasithamparam,

Karstunen, et al., 2015)

Creep-SCLAY1S
(Gras et al., 2018)

Figure 2.3: Evolution of SCLAY1 critical state model.

2.5.1 Creep-SCLAY1S
In the Creep-SCLAY1S model, anisotropy is described by rotating all surfaces that respectively
correspond to the intrinsic, current stress and normal compression states. In the following, the
model is described in the simplified case of a triaxial stress state. The shape and orientation of all
surfaces are similar and defined according to Eq. (2.1):
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𝑓surface =
(

𝑞 − 𝛼𝑝′
)2 −

(

𝑀 (𝜃)2 − 𝛼2
) (

𝑝′surface − 𝑝
′) 𝑝′ = 0 (2.1)

The anisotropy scalar 𝛼 defines the orientation of these surfaces. 𝑀 , the stress ratio at a critical
state is consequently a function of the modified Lode angle 𝜃 given by Eq. (2.2):

𝑀(𝜃) =𝑀𝑐

(

2𝑚4

1 + 𝑚4 +
(

1 − 𝑚4
)

sin 3𝜃𝛼

)
1
4

, where 𝑚 =
𝑀𝑒
𝑀𝑐

(2.2)

In Eq. (2.2), 𝑀𝑐 and 𝑀𝑒 are the slopes of the critical state lines in triaxial compression and
extension, respectively.

NCS

ICS

M(�)

1

1
�

q

p'pp'pi p'

CSS

p'eq

δε
vp

Figure 2.4: Creep-SCLAY1S yield surfaces (Gras et al., 2018)

Following Sivasithamparam, Karstunen, et al. (2015) and Gras et al. (2018), each reference
surface captures a specific state shown in Fig. 2.4:

• Normal Consolidation Surface (NCS): A boundary surface between the small and large
creep strains. Thus, there are elastic and viscoplastic strains at all times. The size of this
surface is determined by the vertical pre-consolidation pressure projected on the isotropic
axis 𝑝′𝑝.

• Current Stress Surface (CSS): This surface tracks the current state of effective stress. While
loading, with a stress path moving the CSS towards NCS, the viscoplastic strains gradually
become more significant. When the stress path crosses the NCS perimeter, large creep
strains will develop. The size of CSS is determined by the hydrostatic mean effective stress
𝑝′𝑒𝑞 corresponding to the current effective stress state.

• Intrinsic Compression Surface (ICS): This state represents an (imaginary) soil sample
without bonding, but with a similar void ratio and fabric of the NCS surface. The intrinsic
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isotropic pre-consolidation pressure 𝑝′𝑝𝑖 defines the size of this imaginary surface. The size
of ICS and NCS are linked together by a bonding parameter 𝜒 given in Eq. (2.3).

𝑝′𝑝 = (1 + 𝜒)𝑝′𝑝𝑖 (2.3)
The viscoplastic strains are irreversible similar to the plastic strains in an elasto-plastic model.

Total strain rates are given by the summation of elastic and viscoplastic (creep) strain rates:

̇𝜖𝑣 = ̇𝜖𝑒𝑣 + ̇𝜖𝑐𝑣
̇𝜖𝑑 = ̇𝜖𝑒𝑑 + ̇𝜖𝑐𝑑

(2.4)

In Eq. (2.4), ̇𝜖𝑐 and ̇𝜖𝑒 are the creep and elastic components of the total strain rate, respectively.
̇𝜖𝑣 denotes the volumetric strain, whereas ̇𝜖𝑑 is the deviatoric component. The creep strains in

Eq. (2.4) are defined using the associated flow rule:

̇𝜖𝑐𝑣 = Λ̇
𝜕𝑝′𝑒𝑞
𝜕𝑝′

̇𝜖𝑐𝑑 = Λ̇
𝜕𝑝′𝑒𝑞
𝜕𝑞

(2.5)

In Eq. (2.5), Λ̇ is the constant rate of the visco-plastic multiplier (Sivasithamparam, Karstunen,
et al., 2015):

Λ̇ =
𝜇∗𝑖
𝜏

(

𝑝′𝑒𝑞
𝑝′𝑝

)𝛽
⎛

⎜

⎜

⎝

𝑀(𝜃)2 − 𝛼2𝐾𝑛𝑐
0

𝑀(𝜃)2 − 𝜂2𝐾𝑛𝑐
0

⎞

⎟

⎟

⎠

(2.6)

In Eq. (2.6), 𝜇∗𝑖 is the modified intrinsic creep index taken from the secondary slope of (ln 𝑡 ∶ 𝜖𝑣)for a reconstituted soil in which the entire structure has been remoulded (Gras et al., 2017). 𝜏
denotes the reference time, corresponding to the duration of the load step in the oedometer test
from which the preconsolidation pressure has been derived. For instance, if the pre-consolidation
pressure is derived from a standard oedometer test loaded with 24 hour load steps, the reference
time is set to one day.

𝛽 is the ratio given in Eq. (2.7):

𝛽 =
𝜆∗𝑖 − 𝜅

∗

𝜇∗𝑖
(2.7)

𝛼𝐾𝑛𝑐
0

is the inclination of surfaces in the normally consolidated state, 𝜂𝐾𝑛𝑐
0

is the stress ratio
corresponding to a soil in its normally consolidated state; 𝐾𝑛𝑐

0 .
Creep-SCLAY1S has three hardening laws:
• Volumetric hardening law: The rate of the viscoplastic volumetric strain governs the size

of the ICS; see Eq. (2.8):
𝑝′𝑝 =

𝑝′𝑝𝑖
𝜆∗𝑖 − 𝜅∗

̇𝜖𝑐𝑣 (2.8)
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• Rotational hardening law: Initially proposed by Wheeler et al. (2003), the rotational hard-
ening law captures the evolving anisotropy by incorporating the rate of the volumetric
viscoplastic strain ̇𝜖𝑐𝑣

‡ and the deviatoric viscoplastic strain ̇𝜖𝑐𝑑 according to Eq. (2.9).

𝛼̇ = 𝜔
[(

3𝑞
4𝑝′

− 𝛼
)

⟨ ̇𝜖𝑐𝑣
⟩

+ 𝜔𝑑

(

𝑞
3𝑝′

− 𝛼
)

|

|

|

̇𝜖𝑐𝑑
|

|

|

]

(2.9)

• Destructuration hardening law: Eq. (2.10) incorporates the degradation of the fabric struc-
ture by introducing two additional parameters, i.e. the absolute and relative rate of destruc-
turation (𝑎&𝑏). In this assumption, both the volumetric and deviatoric viscoplastic strains
tend to decrease the bonding parameter 𝜒 until it totally vanishes to zero, i.e. an irreversible
degradation of the initial bonding (Karstunen et al., 2005).

𝜒̇ = −𝑎𝜒
(

|

|

̇𝜖𝑐𝑣|| + 𝑏
|

|

|

̇𝜖𝑐𝑑
|

|

|

)

(2.10)

Succinctly, the Creep-SCLAY1S model has 15 model parameters of which four are used to
initialise the state variables. The input parameters and their description has been tabulated in
Table 2.1.

Table 2.1: Description of Creep-SCLAY1S model parameters
Feature Parameter Unit Description

Isotropic 𝜅∗ − Modified swelling index
𝜈′ − Poisson’s ratio
𝜆∗𝑖 − Modified intrinsic compression index
𝑀𝑐 − Slope of critical state line in triaxial compression
𝑀𝑒 − Slope of the critical state line in triaxial extension

Anisotropic 𝜔 − Absolute effectiveness of rotational hardening
𝜔𝑑 − Relative effectiveness of rotational hardening
𝛼0 † − Initial inclination of the reference surface

Structure 𝑎 − Absolute rate of destructuration
𝑏 − Relative rate of destructuration
𝜒0 † − Initial amount of bonding

Viscous 𝜏 d Creep reference time
𝜇∗𝑖 − Intrinsic modified creep index

Initial conditions OCR † − Over-consolidation ratio
𝑒0 † − Initial void ratio

† Initial state variables
‡The symbols ⟨⟩ are Macaulay brackets which describe a ramp function for the volumetric viscoplastic strain:

⟨
̇𝜖𝑐𝑣⟩ =

{

̇𝜖𝑐𝑣, ̇𝜖𝑐𝑣 ≥ 0
0, ̇𝜖𝑐𝑣 < 0
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2.6 Modelling the cyclic accumulation of soils
The accumulated strain is the irreversible component that emerges during a loading cycle in
which the corresponding stress loop is completed. Thus, some permanent strain remains and the
material does not return to its initial configuration. Following the conventional approach, the
complete loading history is calculated with the help of a stress-strain constitutive model containing
different constitutive relations and hardening laws that capture the evolving incremental stiffness.
Niemunis et al. (2005) and Wichtmann (2005) have classified such an approach as implicit and
have highlighted its inefficiency for modelling a large number of cycles, as the computational
burden increases. Moreover, some numerical errors accumulate during the integration of each
step since no constitutive model is free from systematic error (Niemunis et al., 2005).

An alternative concept, i.e. referred to as the explicit approach, is based on capturing the
long-term deformations due to a large number of cycles. Examples and applications of explicit
models are found in the research of Suiker and Borst (2003), Niemunis et al. (2005), François
et al. (2010), Pasten et al. (2014), Zuada Coelho et al. (2021), and Staubach et al. (2022). With
the exception of Zuada Coelho et al. (2021) and Staubach et al. (2022), in which an accumulation
model is proposed for clays, most studies have been focusing on coarse grained materials.

Suiker and Borst (2003) developed a cyclic accumulation model for granular material subjected
to large amplitudes of cyclic loading. The constitutive relations were developed for coarse grained
materials aimed at capturing the volumetric compaction and frictional sliding mechanisms resulting
from cyclic loading. Their model response has been calibrated against laboratory results on ballast
and subgrade materials and compared to measurements of a railway track. The findings revealed
that the actual response of the course granular substructure is influenced by various factors including
the magnitude of the applied stress level, the stress path and the cyclic loading period. François
et al. (2010) formulated an accumulation model for granular materials subjected to low cyclic
loading amplitudes. Similar to other accumulation models, their methodology splits the modelling
into an implicit part (fully described loading cycle) of which the subsequent stress will be used in
the explicit part to generate accumulated strain. As a result, in the implicit part, the soil-structure
response due to a single load passage is calculated and the long-term behaviour of the soil-structure
is modelled according to the explicit strain-accumulation law.

In the current study, the concept of strain accumulation is used to explicitly model the defor-
mations resulting from the cyclic loading of soils.

2.6.1 Creep-SCLAY1Sc
The Creep-SCLAY1Sc model is an extension of Creep-SCLAY1S, i.e. developed for cyclic loading
by Zuada Coelho et al. (2021). It incorporates the accumulation of irreversible strain from cyclic
loading as an additional component of viscoplastic strain using a second cumulative viscoplastic
multiplier. Therefore, the proposed model can be considered to be an explicit model for cyclic
loading that captures the long-term response of natural clays.

The constitutive model follows a similar strain decomposition as Eq. (2.4), except for the
inclusion of a cyclic component in the viscoplastic strain tensor, with the following result:

𝝐̇ = 𝝐̇𝑒 + (𝝐̇𝑐 + 𝝐̇𝑐𝑦𝑐)
⏟⏞⏞⏞⏟⏞⏞⏞⏟

𝝐̇𝑣𝑝

(2.11)
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where in Eq. (3.25):
𝝐̇𝑒 = elastic strain rate
𝝐̇𝑣𝑝 = viscoplastic strain rate
𝝐̇𝑐 = creep strain rate
𝝐̇𝑐𝑦𝑐 = cyclic strain rate

The associated flow rule remains the same as in Eq. (2.5), however with an additional viscoplastic
multiplier Ω̇ that captures the cyclic accumulation. Thus, the viscoplastic component of Eq. (3.25)
becomes:

𝝐̇𝑣𝑝 = [Ω̇ + Λ̇]
𝜕𝑝′𝑒𝑞
𝜕𝝈′ (2.12)

The cyclic viscoplastic multiplier is based on the observed behaviour of Onsøy clay under undrained
triaxial loading at different loading amplitudes and periods (Wichtmann et al., 2013). The proposed
Eq. (2.13) contains three normalised terms: term i represents the gradient of the cyclic axial strain
(comparable to the 𝜇∗𝑖 in Eq. (2.6)); term ii controls the frequency dependency of the model; and
term iii captures the loading amplitude dependence.

Ω̇ =
𝜁

𝑡ref|0.1%
⏟⏟⏟

𝑖

(

𝑇
𝑇0

)Ξ

⏟⏟⏟
𝑖𝑖

( 𝑞cyc
𝑝′𝑀(𝜃) − 𝑞

)𝜄

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟
𝑖𝑖𝑖

(2.13)

and 𝑡ref|0.1%, i.e. the cyclic reference time at 0.1% of deviatoric strain, is defined in Eq. (2.14):

𝑡ref|0.1% = Γ𝛼

(

𝑞cyc
𝑝′0

)−Γ𝛽

(2.14)

𝑇0 and 𝑇 in Eq. (2.13) denote the reference and current loading period, respectively. 𝑞cyc is the
cyclic deviatoric stress, 𝑀(𝜃) the critical state stress ratio, 𝑝′ the current mean effective stress,
and 𝑞 the current deviatoric stress. Moreover, 𝑝′0 stated in Eq. (2.14) is the initial mean effective
stress. In conclusion, the cyclic viscoplastic multiplier introduces five more parameters in which:

• 𝜁 : Axial strain accumulation factor in [d]; controls the gradient of the cyclic strain (i.e.
measured at reference time 𝑡ref|0.1%)

• Γ𝛼: scaling factor of cyclic reference time
• Γ𝛽 : exponential scaling factor of cyclic reference time
• Ξ: scaling factor of loading period
• 𝜄: scaling factor for the fraction of cyclic and static loading
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2.7 Statistical approaches
The sources of uncertainty in Geotechnical Engineering stem from the heterogeneity of soils.
Tang et al. (1976) classify the sources of uncertainty into three main categories: inherent vari-
ability, measurement errors, and transformation (model) uncertainty. The variability of soils, in
general, is inherited from the geological, geo-environmental, and anthropogenic processes on both
spatial and temporal scales. The measurement errors are caused by the differences between the
hydro-mechanical properties derived from laboratory tests and in-situ conditions and can have
many sources, including sample disturbance, test procedures and limitations in equipment. The
empirical or mathematical models that are defined based on such data inherit an inevitable source
of uncertainty, i.e. denoted as transformation uncertainty (Phoon and Kulhawy, 1999a). Due to the
existence of such uncertainties, a flexible design approach is required to match actual geotechnical
field conditions.

The Observational Method, as opposed to conventional predefined design processes, is valu-
able for dealing with uncertainties linked to ground conditions found during construction (Peck,
1969). The originality of the Observational Method lies in the additional information gained
from performance monitoring during the construction stage. The knowledge associated with the
actual response under field conditions results in the reduction of uncertainty and risk (Masurier
et al., 2006). The study by Spross and Johansson (2017) provides a probabilistic optimisation
methodology for the Observational Method by defining a reliability constraint. In contrast to
conventional exploration techniques used in Engineering Geology, Einstein and Baecher (1983)
demonstrated the advantages of utilising statistical methods in subsurface exploration. A common
approach to dealing with the sources of uncertainty is to employ probabilistic methods. Several
researchers have quantified geotechnical uncertainties as part of reliability-based methods for
geotechnical designs using probabilistic approaches (e.g. Tang et al., 1976; Phoon and Kulhawy,
1999a,b).

Due to the spatial variability in geomaterials, the associated span in measured properties of the
material is relatively large. The spatial heterogeneities can be rigorously incorporated in numerical
analyses using random fields (Fenton and Vanmarcke, 1990). In this approach, random fields are
used for each model parameter or state variable in the numerical model rather than considering a
mean (constant) value of the full domain. This approach was implemented in the Finite Element
Method, so-called RFEM, to effectively model the impact of spatial heterogeneities on the response
of several geostructures in Geotechnical Engineering (e.g. Fenton and Griffiths, 1993; Griffiths
and Fenton, 1993; Fenton and Griffiths, 2002). Uncertainties from transformation errors in the
numerical model are not explicitly considered in RFEM. Furthermore, for very complex models, it
is not trivial to identify the most important model parameters that need to be considered in RFEM.

Sensitivity Analysis (SA) is highly advantageous for model evaluation and decision-making
purposes (Phoon, 2020). Since the advanced constitutive models used in Geotechnics consist of
many input parameteers, the computational cost of conducting probabilistic analyses involving all
factors increases dramatically. By employing a systematic SA technique, the insignificant factors
to the response changes can be distinguished; therefore, the computational burden decreases by
fixing those in subsequent analyses. Furthermore, it is possible to quantify the dependency of
the factors using a proper SA method (Saltelli, Ratto, et al., 2008; Box, Hunter, et al., 2009). For
relevant literature on using SA methods in Geotechnical Engineering, see such authors as Miro
et al. (2014), Khaledi et al. (2016), W. Liu et al. (2017), Zhao, Lavasan, et al. (2018), Mahmoudi
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et al. (2019), and Fang and Su (2020).
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3 Methodology
In the following, a brief review of the Global Sensitivity Analysis (GSA) methods used in part 1
of this thesis will be elaborated. Part 2 consists of two sections, i.e. the implementation of GSA
methods for two laboratory tests that are evaluated at a boundary value level. In Part 3, a revised
strain accumulation model together with small-strain stiffness formulation is presented. Fig. 3.1
describes an overview of the different parts of the thesis.

Theory of GSA meth-
ods in the thesis

GSA implementation
for an Oedometer nu-
merical model
(Paper A)
Using Experimental
design in numerical
modelling of CRS test
(Paper B)

Strain accumulation
model & small-strain
stiffness formulation
(Paper C)

Part 1 Part 2 Part 3

Figure 3.1: Overview of methodology within three parts.

Since the author has employed statistical methods in Geotechnical Engineering, it is necessary
to define some statistical terms that might otherwise confuse a geotechnical reader. A common ap-
proach to performing Sensitivity Analysis (SA) in Engineering disciplines often involves changing
One Factor At a Time (OFAT) while keeping others fixed. Practising engineers tend to strongly
favour OFAT due to their long-standing familiarity with it, making it challenging to convince them
to adopt other optimal approaches (Czitrom, 1999).

In the event more practical techniques are required, Global Sensitivity Analysis (GSA) methods
offer the best trade-off between efficiency and non-linearity of models. The term Global Sensitivity
Analysis refers to specific SA techniques that explore the entire range of input factors within
a plausible domain. Some examples of GSA methods include the variance-based method of
Sobol, the Elementary Effects method, and Experimental design (Saltelli and Annoni, 2010). An
experiment refers to the operation of a system with 𝑘 input factors adjusted to some definite set
of levels. When investigating a process or system, such as a geotechnical FE model, the special
arrangement of points chosen to study a model response relationship is called an Experimental
design (Box and Draper, 1987). Thus, the reader should be careful not to confuse Experimental
design with geotechnical tests that are carried out either in a laboratory or in the field.

In this thesis, GSA methods are applied to FE analysis of geotechnical problems in order to
gain a comprehensive understanding of model behaviour at a system level. The significance of
GSA application can be recognised either from the inception of geotechnical projects or during
the construction stage as presented in Fig. 3.2.
More specifically, the implementation of the prominent Sobol method is addressed in Paper A.
The implementation is demonstrated in conjunction with Creep-SCLAY1S for an incremental
loading oedometer test case. The results showed the benefits of using GSA methods in assessing
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Figure 3.2: The system for using GSA methods in FE modelling of geotechnical problems.

FE simulations.
Furthermore, the temporal changes of sensitivity measures were revealed which is examined

further in Paper B. Given the existence of several GSA methods, there was a necessity to identify
the most suitable GSA approach for geotechnical FE modelling. By considering the complexity of
existing advanced soft soil models and their high computational burden in numerical analyses,
identifying the most feasible GSA method is an essential first step. Paper B discusses the process
of assessing the Sobol method and factorial design in an FE model of Constant Rate of Strain
(CRS). The problem has ample complexity, while at the same time being sufficiently simple in
terms of geotechnical interpretation. Therefore, it is a suitable test case for benchmarking the two
GSA methods considered. For the geotechnical models considered, the factorial design approach
was proven to be more efficient in terms of computational time, required storage, and the amount
of information obtained. Moreover, the sensitivity measures are corroborated spatially. The spatial
comparison of sensitivities using two methods showed similar patterns.
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Finally, the performance of Creep-SCLAY1Sc model for a Swedish clay has been investigated
under cyclic loading with various amplitudes. As a result, a revised formulation for the strain accu-
mulation of small loading amplitudes was developed. The newly proposed model is subsequently
benchmarked against this new data set.

3.1 Global Sensitivity Analysis methods
A physical model is designed upon linear or non-linear relationships by relating the model param-
eters to the state variables of the system. Thus, model features are represented by their associated
factors. Despite being involved in the system response, all factors are nonetheless not significant in
a statistical sense. Sensitivity Analysis (SA) discovers the varying conditions of model behaviour
due to uncertainty of input factors.

In general, SA is either performed locally or globally. The local SA examines the behaviour of
the system due to variation of a single base point. A local SA around base point 𝑧0 is obtained by
taking the derivative of the system output 𝑌 over the input factor 𝑋𝑖. , i.e. Eq. (3.1).

|

|

|

|

|

𝜕𝑌
𝜕𝑋𝑖

|

|

|

|

|𝑧0

(3.1)

The local method does not predict accurate sensitivity measures when the model response is either
nonlinear or uncertain. The global approach overcomes such limitations by exploring the effects
of the entire factor space on the model response simultaneously. Therefore, the analyst is capable
of capturing the possible interaction between model factors (Cacuci, 2003).

There are several techniques comprising Global Sensitivity Analysis: Elementary Effects
(Morris, 1991), Variance-based methods, and Experimental design. Two major settings using
GSA methods are sought (Saltelli, Ratto, et al., 2008):

(a) Factor prioritisation (FP): In this setting, the orders of the most influential factors causing
variability in the model response is quantified.

(b) Factor fixing (FF): Fixing the inconsequential factors for subsequent model simplification
in further analyses.

The typical features of the two GSA methods used in this study, namely the Sobol method and
factorial design (FD), are explained briefly. Subsequently, the performance of the two methods is
assessed in a geotechnical FE model presented in Paper B.

3.1.1 Sobol method
The Sobol method is a variance-based approach that takes into account output variance. It is a
great advantage to use such a method because of its model independency, capability of measuring
interaction effects, and incorporation of the entire range of factors for sensitivity analysis. The
advantages mentioned, however, come with a high computational expense of estimating sensitivity
indices, which is especially true for single runs with a significant amount of computational time.

Considering a deterministic analytical function 𝑓 with 𝑘 number of factors in which 𝑋𝑖 is
defined in a unit hypercube Ω𝑘:
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𝑌 = 𝑓
(

𝑋𝑖
)

Ω𝑘 =
{

𝑋𝑖|0 ≤ 𝑥𝑖 ≤ 1; ∀𝑖 = 1,… , 𝑘
} (3.2)

Sobol’ (1993) decomposed function 𝑓 into different dimensions:

𝑓 = 𝑓0 +
𝑘
∑

𝑖=1
𝑓𝑖 +

∑

𝑖

∑

𝑖<𝑗
𝑓𝑖𝑗 +⋯ + 𝑓12…𝑘 (3.3)

where in Eq. (3.3), 𝑓0 is the average value of the function 𝑓 :

𝑓0 = ∫Ω𝑘
𝑓 (𝑥)𝑑𝑥 (3.4)

Sobol proves that the remaining terms of Eq. (3.3) are orthogonal in pairs. By assuming that 𝑓 is
square-integrable, the variance decomposition 𝑉 (𝑌 ) over the factor space Ω𝑘 is derived (Sobol’,
1993, 2001):

𝑉 (𝑌 ) =
𝑘
∑

𝑖=1
𝑉𝑖 +

∑

𝑖

∑

𝑖<𝑗
𝑉𝑖𝑗 +⋯ + 𝑉12…𝑘 (3.5)

where in Eq. (3.5), 𝑉𝑖 = 𝑉 (𝑓𝑖) is the first-order variance of 𝑖𝑡ℎ parameter, and 𝑉𝑖𝑗 = 𝑉 (𝑓𝑖𝑗) denotes
the second-order variance contribution resulting from the interaction between factors 𝑖 and 𝑗. The
remaining higher-order interactions are considered up to 𝑉1,…,𝑝, i.e. the interactions between all
parameters.

The first-order index of Sobol is computed by normalising 𝑉𝑖 over the total variance; see
Eq. (3.6). A factor {𝑋𝑖; ∀𝑖 = 1,… , 𝑘} is called important if it has a high value of 𝑆𝑖 owing to
a high 𝑉𝑖. In general, the first-order index shows the main contribution of each factor 𝑋𝑖 on the
variance of the model output 𝑉 (𝑌 ) (Saltelli, Tarantola, et al., 2000).

𝑆𝑖 =
𝑉𝑖
𝑉

(3.6)
In linear (additive) models, the summation of first-order indices for all factors equals one (i.e.
∑𝑘
𝑖=1 𝑆𝑖 = 1). In non-linear models, these terms are less than one, i.e.

∑𝑘
𝑖=1 𝑆𝑖 < 1, due to the

existence of interaction effects between parameters. This can be demonstrated by dividing Eq. (3.5)
by 𝑉 (𝑌 ):

𝑘
∑

𝑖=1
𝑆𝑖 +

∑

𝑖

∑

1≤𝑖<𝑗≤𝑝
𝑆𝑖𝑗 +

∑

𝑖

∑

𝑖<𝑗

∑

𝑖<𝑗<𝑚
𝑆𝑖𝑗𝑚 +⋯ + 𝑆12…𝑘 = 1 (3.7)

Eq. (3.7) shows that higher-order interaction effects play an important role as output variance
for non-linear models. Therefore, Homma and Saltelli (1996) introduced a relatively economical
approach for combining interactive effects and main effects. The total order index 𝑆𝑇𝑖 is measured
as Eq. (3.8), in which 𝑉∼𝑖 denotes the resulting variance of 𝑌 taken over all factors except for the
𝑖𝑡ℎ factor.
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𝑆𝑇𝑖 = 1 −
𝑉∼𝑖
𝑉

(3.8)
The total-order index quantifies the additivity of model parameters in the event of a significant
difference between the first- and total-order indices. In general, 𝑆𝑇𝑖 is used for factor fixing
purposes, whereas 𝑆𝑖 is mostly used for factor prioritisation (Saltelli, Ratto, et al., 2008).

3.1.1.1 Monte-Carlo sampling strategy for Sobol method

Saltelli (2002) employed quasi-random Monte-Carlo maps following the framework in Sobol’
(1993) and the principle of parsimony. The sampling technique provides a remarkable reduction
of computational costs, i.e. approximately half of the simulations generated from the traditional
approach. The traditional sampling approach is more expensive but delivers more robust sensitivity
measures (Saltelli, 2002). The numerical quasi-random Monte-Carlo approach consists of three
initial steps in order to calculate sensitivity indices (Saltelli, Ratto, et al., 2008; Saltelli, Annoni,
et al., 2010):

(i) Two random matrices 𝑨 and 𝑩 of dimension (𝑁, 𝑘) are generated according to Eqs. (3.9)
and (3.10).

𝑨 =

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎣

𝑥(1)1 𝑥(1)2 … 𝑥(1)𝑖 … 𝑥(1)𝑘
𝑥(2)1 𝑥(2)2 … 𝑥(2)𝑖 … 𝑥(2)𝑘
⋮ ⋮ ⋱ ⋮ ⋱ ⋮

𝑥(𝑁−1)
1 𝑥(𝑁−1)

2 … 𝑥(𝑁−1)
𝑖 … 𝑥(𝑁−1)

𝑘
𝑥(𝑁)
1 𝑥(𝑁)

2 … 𝑥(𝑁)
𝑖 … 𝑥(𝑁)

𝑘

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎦(𝑁×𝑘)

(3.9)

𝑩 =

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎣

𝑥(1)𝑘+1 𝑥(1)𝑘+2 … 𝑥(1)𝑘+𝑖 … 𝑥(1)2𝑘
𝑥(2)𝑘+1 𝑥(2)𝑘+2 … 𝑥(2)𝑘+𝑖 … 𝑥(2)2𝑘
⋮ ⋮ ⋱ ⋮ ⋱ ⋮

𝑥(𝑁−1)
𝑘+1 𝑥(𝑁−1)

𝑘+2 … 𝑥(𝑁−1)
𝑘+𝑖 … 𝑥(𝑁−1)

2𝑘
𝑥(𝑁)
𝑘+1 𝑥(𝑁)

𝑘+2 … 𝑥(𝑁)
𝑘+𝑖 … 𝑥(𝑁)

2𝑘

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎦(𝑁×𝑘)

(3.10)

(ii) Create matrix 𝑪𝑖 by using a copy of 𝑩 but replacing the i𝑡ℎ column from 𝑨.

𝑪𝑖 =

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎣

𝑥(1)𝑘+1 𝑥(1)𝑘+2 … 𝑥(1)𝑖 … 𝑥(1)2𝑘
𝑥(2)𝑘+1 𝑥(2)𝑘+2 … 𝑥(2)𝑖 … 𝑥(2)2𝑘
⋮ ⋮ ⋱ ⋮ ⋱ ⋮

𝑥(𝑁−1)
𝑘+1 𝑥(𝑁−1)

𝑘+2 … 𝑥(𝑁−1)
𝑖 … 𝑥(𝑁−1)

2𝑘
𝑥(𝑁)
𝑘+1 𝑥(𝑁)

𝑘+2 … 𝑥(𝑁)
𝑖 … 𝑥(𝑁)

2𝑘

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎦(𝑁×𝑘)

(3.11)

(iii) The model outputs of dimension (𝑁 × 1) are calculated using the samples generated by
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matrices 𝑨, 𝑩, and 𝑪𝑖.
𝒚𝐴(𝑁×1)

= 𝑓 (𝑨)

𝒚𝐵(𝑁×1)
= 𝑓 (𝑩)

𝒚𝐶𝑖(𝑁×1)
= 𝑓 (𝑪𝑖)

(3.12)

By recalling Eqs. (3.6) and (3.8) and following the Monte-Carlo procedure above, the first-order
and total-order indices are calculated as Eqs. (3.13) and (3.14):

𝑆𝑖 =
𝑉𝑖
𝑉

=
𝒚⊺𝐴 ⋅ 𝒚𝐶𝑖 − 𝑓

2
0

𝒚⊺𝐴 ⋅ 𝒚𝐴 − 𝑓 2
0

(3.13)

𝑆𝑇𝑖 = 1 −
𝑉∼𝑖
𝑉

= 1 −
𝒚⊺𝐵 ⋅ 𝒚𝐶𝑖 − 𝑓

2
0

𝒚⊺𝐴 ⋅ 𝒚𝐴 − 𝑓 2
0

(3.14)

where 𝑓0 is defined as Eq. (3.15) conforming to Eq. (3.4):

𝑓0 =
1
𝑁

𝑁
∑

𝑗=1
𝑦(𝑗)𝐴 (3.15)

3.1.2 Factorial design
Regardless of the local and global classifications, a common sensitivity approach performed by
scientists and engineers is a series of One-Factor-At-a-Time (OFAT) experiments. In that approach,
the model response is evaluated by changing one factor while keeping others constant. Several
authors have highlighted the inefficiency and disadvantages of the OFAT approach compared to
the designed experiments (e.g. Daniel, 1973; Czitrom, 1999; Saltelli and Annoni, 2010).

Fisher (1942) introduced factorial design in experimentation, i.e. a statistically designed
approach that varies certain factors to study experimental responses simultaneously. The factors
of interest are determined primarily and different levels are associated with each factor. In a full
factorial scheme, all potential combinations of factors are used. The main advantage of a full
design lies in providing adequate information upon the series of responses associated with each
trial, denoted as the main effects of factors. Additionally, the effects of a single variable may
originate in the variation of other factors, i.e. an interaction effect. Factorial design quantifies
possible interaction effects towards a specific model response (Daniel, 1976; Box, Hunter, et al.,
2009).

As an example, a full factorial design considering two factors 𝐴 and 𝐵 are shown in Table 3.1.
Two levels corresponding to the lower and upper bounds are associated with each factor, respec-
tively. Following the factorial sampling scheme, a table including all possible combinations of
the − and + levels can be created as shown in Table 3.2. This is denoted a table of contrast and
consists of a set-up of parameters (columns 𝐴 and 𝐵) corresponding to each realisation (i.e. Run
#). Additionally, the 𝐴𝐵 column that captures interaction between the two parameters is added.
The chosen response of each realisation is shown as a single observation, i.e. denoted by 𝑦.
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Table 3.1: Levels of factors: a 22 example.
Levels

Factors − +
A 𝐴− 𝐴+

B 𝐵− 𝐵+

Table 3.2: Table of contrast for the 22 full factorial design.
Run # A B AB Response, y

1 − − + 𝑦12 + − − 𝑦23 − + − 𝑦34 + + + 𝑦4

Considering the two-level factorial design, the main and interaction effects are obtained using
Eq. (3.16). 𝐂𝑚 is denoted as a contrast matrix, 𝐑 as a response vector, 𝐄 as a vector of effects,
and 𝑛runs the total number of runs in a two-level factorial design. Furthermore, 𝐴main. and 𝐵main.are the calculated main effects of factors 𝐴 and 𝐵. Finally, 𝐴𝐵int. measures the interaction effect
between factors 𝐴 and 𝐵.

𝐄 = 2
𝑛runs

⎡

⎢

⎢

⎢

⎣

−1 −1 +1
+1 −1 −1
−1 +1 −1
+1 +1 +1

⎤

⎥

⎥

⎥

⎦

⊺

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟
𝐂⊺
𝑚

⎡

⎢

⎢

⎢

⎣

𝑦1
𝑦2
𝑦3
𝑦4

⎤

⎥

⎥

⎥

⎦

⏟⏟⏟
𝐑

=
⎡

⎢

⎢

⎣

𝐴main.
𝐵main.
𝐴𝐵int.

⎤

⎥

⎥

⎦

(3.16)

3.1.2.1 Fractional factorial design

Through an initial exploration of a process, a screening approach is often performed to determine a
small number of factors that have significant effects on a response. This is achieved by fractionation
of a full factorial, hence leading to interactive effects that confound main effects. The amount of
confounding in a fractional design is introduced by the term resolution. In a design of resolution IV,
the main effects are not confounded by two-factor interactions; however, one two-factor interaction
is confounded by another two-factor interaction.

The main concept of the fractional factorial approach lies in confounding specific interactions
by main effects; thus, the total number of experiments decreases dramatically. As a result, it is not
possible to measure the interactions between parameters. Therefore, it is often used as a first step
for screening experiments prior to full factorial design. Designing a fractional factorial comes
with choosing a resolution that governs the degree of confounding (see e.g. Box, Hunter, et al.,
2009; Montgomery, 2009).
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3.1.3 Cyclic accumulation model
Full details of the following model development and performance are discussed in Paper C.

3.1.3.1 The concept of strain resistance

Janbu (1969) introduced the resistance concept for deformation of soils. The resistance of a
medium, or any control volume thereof, is defined as:

𝑅 = differential cause
differential effect (3.17)

Later on, Janbu (1976) suggested that the resistance concept is also applicable to effective
stress interpretation of cyclic loads. For a given soil under cyclic loading with a constant amplitude
(deviatoric stress), the tangent to the cause-effect curve is equal to the resistance; see Fig. 3.3.
Hence, the strain resistance 𝑅𝜖 is written as Eq. (3.18), in which 𝑁 is the number of cycles, and 𝜖
is the accumulated strain.

Number of cycles, N
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Figure 3.3: Determination of cyclic strain resistance (Janbu, 1976).

𝑅𝜖 =
𝑑𝑁
𝑑𝜖

(3.18)
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For most experimental data on overconsolidated clays (including naturally sensitive clays
in Sweden that are slightly overconsolidated due to creep processes), the 𝑅𝜖 increases almost
linearly with the number of cycles𝑁 , as sketched in the lower part of Fig. 3.3 (Janbu, 1976). Thus,
Eq. (3.19) is expressed as follows:

𝑅𝜖 = 𝑚𝜖𝑁 (3.19)
In Eq. (3.19), 𝑚𝜖 is a dimensionless resistance number for strain accumulation. The change in

(viscoplastic) volumetric strain is derived as Eq. (3.20).

Δ𝜖𝑣𝑝𝑣 = 1
𝑚𝜖

ln𝑁 (3.20)

Furthermore, the isotropic part of the hardening rule in the base model used, Creep-SCLAY1S,
is given in Eq. (3.21) (Gras et al., 2018):

𝑑𝑝′𝑝
𝑑𝜖𝑣𝑝𝑣

=
𝑝′𝑝
𝜁∗𝑖

where 𝜁∗𝑖 = 𝜆∗𝑖 − 𝜅
∗ (3.21)

in which, 𝜁∗𝑖 is an intrinsic parameter related to the irrecoverable compression, 𝜅∗ is the modified
swelling index, and 𝜆∗𝑖 is the modified intrinsic compression index. Integration of Eq. (3.21), over
equivalent mean effective stress 𝑝′𝑒𝑞 to the projected stress that corresponds to the size of NCS 𝑝′𝑝,results in:

Δ𝜖𝑣𝑝𝑣 = 𝜁∗𝑖 ln

(

𝑝′𝑝
𝑝′𝑒𝑞

)

(3.22)

Equating Eqs. (3.18) and (3.19) provides:
𝑑𝑁
𝑑𝜖

= 𝑚𝜖𝑁 (3.23)
By combining Eqs. (3.20), (3.22) and (3.23), and introducing time by 𝑡 = 𝑁𝑇 , in which 𝑇 is the
loading period for cyclic loading, yields:

𝑑𝜖𝑣𝑝𝑣
𝑑𝑡

=
1

𝑚𝜖𝑇

(

𝑝′𝑒𝑞
𝑝′𝑝

)𝑚𝜖𝜁∗𝑖

(3.24)

3.1.3.2 Revised formulation for cyclic accumulation

The proposed constitutive model follows a similar strain decomposition as the original Creep-
SCLAY1S model, except for the inclusion of a cyclic component in the viscoplastic strain tensor
which follows the Creep-SCLAY1Sc model:

𝝐̇ = 𝝐̇𝑒 + (𝝐̇𝑐 + 𝝐̇𝑐𝑦𝑐)
⏟⏞⏞⏞⏟⏞⏞⏞⏟

𝝐̇𝑣𝑝

(3.25)
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where in Eq. (3.25), 𝝐̇𝑒 is the tensor of elastic strain rate, 𝝐̇𝑣𝑝 viscoplastic strain rate, 𝝐̇𝑐 the
creep strain rate, and 𝝐̇𝑐𝑦𝑐 cyclic strain rate. An additional viscoplastic multiplier Γ̇ that captures
the cyclic accumulation is added to the original creep viscoplastic multiplier; thus, 𝝐̇𝑣𝑝 becomes:

𝝐̇𝑣𝑝 =
[

Λ̇ + Γ̇
]

𝜕𝑝′𝑒𝑞
𝜕𝝈′ (3.26)

Equation (3.26) implies that the viscoplastic strain resulting from the cyclic loading follows the
same direction as the viscoplastic creep strain; therefore, the associated flow rule is maintained.
Referring to Eq. (3.24) and by introducing𝜓 which scales the impact of the ‘overconsolidation ratio’
on the magnitude of cyclic accumulated strain, the viscoplastic multiplier for cyclic accumulation
is defined as:

Γ̇ =
1

|𝑚𝜖|𝑇

(

𝑝′𝑒𝑞
𝑝′𝑝

)𝜓𝜁∗𝑖

(3.27)

The creep viscoplastic multiplier in Eq. (2.5), in terms of Janbu’s resistance concept, can be
rewritten as Eq. (3.28). In the following, 𝑟𝑠𝑖 is denoted as the intrinsic time resistance number
(Grimstad et al., 2010).

Λ̇ =
1
𝑟𝑠𝑖𝜏

(

𝑝′𝑒𝑞
𝑝′𝑝

)𝑟𝑠𝑖𝜁∗𝑖 ⎛
⎜

⎜

⎝

𝑀(𝜃)2 − 𝛼2𝐾𝑛𝑐
0

𝑀(𝜃)2 − 𝜂2𝐾𝑛𝑐
0

⎞

⎟

⎟

⎠

(3.28)

3.1.4 Small-strain stiffness formulation
The small-strain stiffness formulation is implemented as part of the calculation of the elastic
stiffness matrix 𝐷𝑖𝑗ℎ𝑘. A 6 × 6 stiffness matrix following Hooke’s law, where the elastic stiffness
in the overconsolidated region 𝜅∗, the Poisson ratio 𝜈 from Creep-SCLAY1S is used with the
mean effective stress 𝑝′ to first calculate the shear modulus 𝐺 as Eq. (3.29):

𝐺 =
3𝑝′(1 − 2𝜈)
2𝜅∗(1 + 𝜈)

(3.29)
the values of 𝐷𝑖𝑗ℎ𝑘 are determined as shown in equation Eq. (3.30), where the Kronecker delta is
denoted using the index notation of 𝛿.

𝐷𝑖𝑗ℎ𝑘 =
2𝐺𝜈
1 − 2𝜈

𝛿𝑖𝑗𝛿ℎ𝑘 + 𝐺(𝛿𝑖𝑘𝛿𝑗ℎ + 𝛿𝑖ℎ𝛿𝑗𝑘) (3.30)
The small-strain extension, proposed herein, replaces 𝐺 with an expression that depends on the
strain history, and the highest attainable stiffness at small strain 𝐺𝑚𝑎𝑥. There are many options
(e.g. Hardin and Drnevich, 1972; Darendeli, 2001), however, in this thesis a suggestion by
Sivasithamparam, D’Ignazio, et al. (2021) is followed, i.e.:

𝐺 = 𝐺𝑚𝑎𝑥

[

1 −
⟨𝜀𝑞 − 𝜀𝑠⟩

𝐴 + 𝐵⟨𝜀𝑞 − 𝜀𝑠⟩

]

(3.31)
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where 𝐺𝑚𝑎𝑥 is the reference stiffness at small strain and will be reduced towards a limiting value
that is controlled by parameters 𝐴 and 𝐵 and the shear strain history. The initial reference stiffness
at small strain is derived by inserting Eq. (3.32) into Eq. (3.29). The deviatoric component of the
total shear strain 𝜀𝑞 is compared to a threshold value 𝜀𝑠, which is an internal variable fixed at 10−5.
The symbols ⟨∙⟩ are Macaulay brackets that return (𝜀𝑞 − 𝜀𝑠) for (𝜀𝑞 − 𝜀𝑠) > 0 and 0 otherwise.

𝜅∗0 = 𝜅∗

𝜛
(3.32)

𝐴 and 𝐵 are chosen such that 𝐺 ranges between 𝐺𝑚𝑎𝑥 and 𝐺 at engineering strain levels. By
rearranging Eq. (3.31), the true limit when ⟨𝜀𝑞 − 𝜀𝑠⟩ → ∞ is:

lim
⟨𝜀𝑞−𝜀𝑠⟩→∞

[

1 −
⟨𝜀𝑞 − 𝜀𝑠⟩

𝐴 + 𝐵⟨𝜀𝑞 − 𝜀𝑠⟩

]

= 1 − 1
𝐵

(3.33)
Thus, the model parameter 𝐵 is related to the unload/reload shear modulus (the stiffness in the
overconsolidated regime) 𝐺ur as a transition towards the larger strains, see Eq. (3.34).

𝐵 =
1

1 − 𝐺ur
𝐺max

(3.34)
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4 Experimental data
As part of the project, laboratory tests were conducted to study the cyclic degradation response of
a Swedish clay (Dijkstra et al., 2022), and some of the results and the text in the following are
further detailed in Paper C.

The tests were performed on intact samples of Swedish clay collected from the Kärra test site
in northern Gothenburg. The samples were extracted from a depth of 9m using a Swedish STII
sampler (SGF, 2009). The clay is classified as CH (fat clays) under the unified Soil Classification
System and is positioned above the A-line in the Casagrande plasticity chart. The properties
displayed in Table 4.1 were obtained from the classification tests.
Table 4.1: Index properties of Kärra clay. 𝜌𝑏 bulk density; 𝑤𝑁 natural water content; 𝑆𝑡 sensitivity
(fall cone).

Depth 𝜌𝑏 Liquid
Limit

Plastic
Limit

Plastic
Index

𝑤𝑁 𝑆𝑡

m gm−3 % % % % -
9 1.58 75.2 27.6 47.6 71.6 6.4

As shown in Fig. 4.1 the composition of the clay was determined to be 71% clay with illite
as the main clay mineral, 28% silt. The groundwater table at the site is located near the surface,
leading to an in-situ stress state with a mean effective stress 𝑝′0 of 52 kPa and a deviatoric stress 𝑞0of 28 kPa. The average shear modulus, which was determined at comparable depths and similar
geological deposition in nearby sites with a seismic dilatometer, was found to be 𝐺𝑚𝑎𝑥 = 17.5 ±
2.5MPa (Wood, 2016).

Figure 4.1: Composition of Kärra clay from 9m depth.
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4.1 Test setup
A computer-controlled hydraulic stress path apparatus of Bishop and Wesley (1975) was modified
for performing cyclic loading tests on 50mm diameter and 100mm tall specimens. To measure
the axial strains, external Linear Variable Differential Transducers (LVDTs) were utilised in
all experiments. Due to the low stiffness of the samples tested, the use of external LVDT was
considered sufficient for accurate measurements, as confirmed through a comparison to tests that
had additional local instrumentation of two submersible LVDTs attached to the middle section
of the sample (Dijkstra et al., 2022). As a result, all experimental data used in this thesis are
considered to have a similar level of accuracy.

The porewater pressures were measured at the bottom of the specimen. To accurately track the
changes in porewater pressures during undrained cyclic loading, the cyclic load was applied at a
slow rate (a sinusoidal load with period of 𝑇 =180 s). A suction cap was used in order to perform
cyclic loading in the extension regime and to balance the load between the load cell and top plate.
Paper side drains were utilised to speed up the consolidation stage. Paraffin oil was used for the
fluid in the triaxial cell, whereas the back pressure lines were filled with tap water. During the
consolidation, undrained pre-shearing and cyclic loading stages, Global Digital Systems (GDS)
controllers were used to regulate cell, back, and ram pressures with a precision exceeding 0.5 kPa.

4.2 Experimental procedure
Eight undrained cyclic triaxial tests were performed on high-quality cylindrical undisturbed samples
extracted from 9m depth. After assessing the monotonic results of the undrained anisotropically
consolidated compression (CAUC) tests, only samples from 9m depth were used for the cyclic tests.
The systematic testing of samples from a single depth enables isolating the impact of pre-shearing
and loading amplitude; thus, simplifies the calibration procedure. As such, the complete test was
stress controlled, whereas the emerging (accumulated) strains and (excess) porewater pressures
were measured during the test. The stages of the tests, along with their specifications, are presented
in Table 4.2.

The testing procedure consisted of multiple stages, which are outlined as follows:
1. The specimens were subjected to an anisotropic consolidation stage through the application

of the deviatoric stress 𝑞0, which was representative of the in-situ conditions. An average of
one day was required to complete the anisotropic consolidation of the sample, as indicated
in Table 4.2.

2. A stage dedicated to equalising the porewater pressures was conducted after the consolidation
stage had been completed.

3. An undrained pre-shearing stage, with the extent of 𝑞𝑝, was incorporated in some of the
tests, such as Test 04, Test 08, Test 10, and Test 11. These tests included a subsequent creep
stage following loading/unloading as detailed in Table 4.2.

4. In the undrained cyclic loading stage, the superimposed deviatoric stress 𝑞𝑚 was subjected
to an undrained cyclic loading with amplitude 𝑞cyc. To ensure that the maximum stress
level remained below the critical limit, 𝑞cyc was selected such that the combined deviatoric
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stress, 𝑞𝑚 + 𝑞cyc, was less than twice the undrained shear strength, represented by 𝑞max. The
undrained shear strength was determined through monotonic CAUC test, resulting in a value
of 𝑠𝑢 = 33 kPa.

The purpose of the laboratory tests was to understand the impact of pre-loading, such as from
embankment construction or excavation, on the soil response to cyclic loading. Two data series
were designed to accomplish this objective. In the first series, the superimposed deviatoric stress
𝑞𝑚 was kept constant while the cyclic loading amplitude 𝑞cyc was varied. In the second series, the
samples underwent an undrained pre-shearing stage, which resulted in a variation of 𝑞𝑚 while
keeping 𝑞cyc constant.

Tests 05, 06, 07, and 09 were anisotropically consolidated and subjected to a first creep stage
prior to cyclic loading. In contrast, Tests 04, 08, 10 and 11 included a pre-shearing stage followed
by a second creep stage before cyclic loading. The long duration of creep stages, lasting for several
days, provided the opportunity to distinguish the deviatoric creep under a constant load from the
impact of cyclic loading. This also contributed to the slight variation in the values of 𝑝′0 and
𝑞0 obtained after the consolidation stage, as presented in Table 4.2. The creep stages were also
performed to balance the porewater pressures after both the consolidation and pre-shearing stages.

Following the completion of the experiments, some fluctuations were noted in the axial strain
readings, particularly in Test 10 and the latter part of Test 07. The data from tests that include pre-
shearing, with the exception of Test 10, will be employed to verify the accuracy of the constitutive
model when dealing with loading scenarios that are more intricate. Meanwhile, the data obtained
from the first series of tests will be employed to refine the hardening law in the model.
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5 Summary of Appended Papers
The process and main findings are briefly summarised below.

Paper A: "Towards rigorous boundary value level sensitivity analyses using
FEM"
The GSA methodology is implemented for the purpose of evaluating the example of coupled hydro-
mechanical response of Creep-SCLAY1S in oedometric conditions. In particular, the linkage
of the Sobol method to the numerical Finite Element framework was assembled using Tochnog
Professional and SALib (Herman and Usher, 2017). As such, the incremental loading oedometer
test is modelled at the boundary value level, where an increment in load leads to the generation
and subsequent dissipation of excess porewater pressures. The SA results indicate that the priority
of certain model parameters is dependent on the magnitude of the load step relative to the apparent
pre-consolidation pressure. Concerning the model investigated, 𝜅∗ governed the initial response
of the compression curve, the OCR dominated the step close to pre-consolidation pressure, and
𝜆∗𝑖 was the most significant parameter representing the largest stress levels. The Sobol results
from three different load steps in coupled analyses at a boundary value level of the 1D incremental
loading oedometer test is shown in Fig. 5.1.
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Figure 5.1: Creep-SCLAY1S sensitivity analysis using Sobol method. The total-order index of
three load steps are presented.
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Paper B: "Using experimental design to assess rate-dependent numerical
models"
The Experimental Design was benchmarked against the Sobol method. The assessment was
performed using Creep-SCLAY1S in a numerical analysis of a well-defined case; a constant rate
of strain (CRS) test. Based on the different response of the (slightly) overconsolidated clays over
time, the effective stress-strain behaviour of the CRS simulation is separated into three Zones
shown in Fig. 5.2.
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Figure 5.2: Definition of zones in effective stress-strain consolidation curve of an overconsolidated
sample (Adapted from Peck et al., 1974).

Following a temporal Sensitivity Analysis (SA), the parameters that exhibit a significant
impact were determined to be the active parameters for each designated Zone; see Eq. (5.1). The
parameters underlined in Eq. (5.1) were found to be the most influential parameters for calibrating
the CRS boundary value problem through the utilisation of Creep-SCLAY1S.

Zone I = {

𝜅∗, 𝑢, 𝜈′, 𝛼0
} (5.1a)

Zone II =
{

𝜎′𝑝0 ,𝑀𝑐 , 𝜆
∗
𝑖 , 𝑎, 𝜅

∗, 𝑢
}

(5.1b)

Zone III =
{

𝜆∗𝑖 , 𝑎, 𝜒0, 𝑢, 𝑏, 𝜎𝑝0 ,𝑀𝑐 , 𝛼0
}

(5.1c)
By investigating the temporal sensitivities in detail, it was acknowledged that the ranking of

the important parameters evolves over time. The methodology presented in Paper B systematically
identifies the active parameters that result in unique solutions. Fig. 5.3(a) demonstrates the issue of
non-uniqueness that arises from variation of parameter 𝜔, while other parameters are held constant.
This results in similar stress-strain behaviour being obtained by merely altering the non-influential
parameter 𝜔. In contrast, Fig. 5.3(b) showcases that the governing parameters determined through
the temporal SA, such as 𝜆∗𝑖 , results in unique solutions within their respective influential Zones.

The spatial sensitivity measures based on both GSA methods are not that distinct, meaning
that Experimental Design is also capable of distinguishing spatial sensitivity as the Sobol method;
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Figure 5.3: Non-uniqueness of parameter sets in CRS loading path using Creep-SCLAY1S. (a)
Non-uniqueness observed for parameter 𝜔. (b) Unique curves obtained after changing parameter
𝜆∗𝑖 , shown after preconsolidation pressure.

see Fig. 5.4. Furthermore, the spatial figures demonstrate different sensitivity measures in very
different areas of the numerical model. For example, the impact of the displacement rate was most
pronounced near the top boundary for both techniques. Thus, the application of GSA methods for
numerical modelling of geotechnical problems opens up a rigorous design for monitoring schemes,
as the importance of factors towards a model outcome can be quantified in numerical mesh.

Paper C: "Low amplitude strain accumulation model for natural soft clays
below railways"

In this paper, a low amplitude cyclic accumulation model was developed, after establishing that
Creep-SCLAY1Sc was not adequately capturing low-amplitude results from a new series of
undrained cyclic triaxial tests on anisotropically consolidated Kärra clay. The cyclic accumulation
formulation was based on Janbu’s resistance concept and employed as part of the Creep-SCLAY1Sc
model. Furthermore, a small-strain stiffness formulation was implemented.

The response of the undrained cyclic triaxial experiments have been analysed. Based on the
current experiments, a critical stress threshold was identified for cyclic failure of the test specimens.
Experiments with pre-shearing stages exhibit lower resistance number 𝑚𝜖 than those without pre-
shearing, as depicted in Fig. 5.5. In addition, an exponential relation was approximated between
the resistance number and stress ratio 𝑞cyc∕𝑝′0 .

, Architecture and Civil Engineering 31



λ*
i a χ0 Displacement rate

F
ac

to
ri

al
 d

es
ig

n
S

ob
ol

Figure 5.4: Comparison of sensitivity measures for two Global Sensitivity Analysis (GSA) methods.
The Sobol and Experimental design were used to perform the SA with respect to 𝜎′𝑦𝑦 at 30% vertical
strain.
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Figure 5.5: Relationship between the degree of shear mobilisation (𝑞cyc∕𝑝′0 ) and the resistance
number (𝑚𝜖) for Kärra samples obtained from undrained cyclic triaxial tests.

Simulations were carried out on both low- and high-amplitude tests performed on Kärra tests
specimens. Fig. 5.6 shows the results from Test 09, i.e. a test with high loading amplitude. A good
agreement between simulation and experimental behaviour was observed for the measured axial
strain. However, the excess porewater pressure was overestimated by a sudden jump in the initial
phase of the simulation which probably was due to the stiffness response of the model, although
further investigations will address this issue. Fig. 5.7 demonstrates the behaviour of the model
versus a test with relatively low loading amplitude. It is concluded that the model is able to capture
the behaviour of the clay under low loading amplitudes, i.e. crucial for SLS modelling of railway
embankments over a long period of time.
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Figure 5.6: Example of a high amplitude test with 𝑞cyc = 28 kPa
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Figure 5.7: Example of a low amplitude test with 𝑞cyc = 5 kPa
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6 Conclusions and outlook
This thesis is divided into two parts. The aim of the first part has been to implement Global
Sensitivity Analysis (GSA) methods for geotechnical problems using Finite Element (FE) analysis.
The study focused on advanced constitutive models developed for soft natural clays, incorporating
rate-dependency, anisotropy, and bond degradation. The models in the first part included the
viscoplastic Creep-SCLAY1S model. In the second part, a revised cyclic model for low loading
amplitudes was developed (Paper C).

Two GSA methods, i.e. Experimental design and Sobol method, were successfully imple-
mented for evaluating the behaviour of Creep-SCLAY1S in a boundary value problem. The
application of GSA methods to geotechnical Finite Element Analyses (FEA) enables a rigorous
assessment of the model output, both along temporal and spatial scales. By analysing the signifi-
cant geotechnical parameters of the model response in time and space, the costs associated with
using advanced models that require a comprehensive site investigation are potentially reduced.
Furthermore, GSA opens up the rigorous design of monitoring schemes, as the importance of
model parameters towards a model outcome (e.g. settlements or horizontal displacements at the
toe of an embankment) can be quantified.

The main conclusion of the first part is that the Sobol method is overly computationally
expensive for geotechnical FEA due to its Monte-Carlo sampling strategy. It was shown that
Experimental design was a viable alternative to the Sobol method at a boundary value level (Paper
B). The spatial sensitivity analysis using the two GSA methods demonstrated similar patterns
linked to the evolution of effective stress. The temporal analyses of the sensitivity measures
using Experimental design have illustrated factor prioritisation changes at different stages of the
CRS test. Therefore, the entire time domain spectrum should be investigated for factor fixing of
rate-dependent problems. The methodology proposed in this study has high potential for assessing
comprehensive models (e.g. Creep-SCLAY1S) that capture complex soil features. Therefore, the
methodology can be employed as an essential step prior to inverse modelling, data assimilation,
and Random Finite Element Method (RFEM). There is also an opportunity to conduct optimal
experimental design to enhance the reliability of predictions based on model updating and data
monitoring in real scale infrastructure projects.

In the second part of the study, the cyclic response of a soft natural clay from Sweden has been
studied by means of a series of undrained cyclic triaxial tests at different loading amplitudes. The
testing of smaller load amplitudes, which are more commonly observed in soft soils below railway
infrastructure, distinguishes the current thesis from previous studies such as that of Zuada Coelho
et al. (2021). Some tests included a pre-shearing stage to isolate the impact of loading amplitude
from the effect of pre-loading, such as embankment construction or an excavation. It appears that
below a critical stress ratio (i.e. 𝑞cyc∕𝑝′0 <≈ 0.35 in this study), failure was not reached due to
undrained cyclic loading. This is in line with prior findings where the mean effective stress level
is an important factor for cyclic failure of clays. Furthermore, undrained pre-shearing prior to
cyclic loading had a considerable effect on the magnitude of cyclic resistance, as samples with
pre-shearing exhibited a lower resistance number. In addition, the relationship between the cyclic
resistance and number of cycles was found to be almost linear, supporting the findings of Janbu
(1976). An exponential relation between the resistance number and degree of shear mobilisation
was established.
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The cyclic behaviour of the clay tested at lower loading amplitudes is primarily manifested
as a creep phenomenon, exhibiting higher creep rates than those resulting from deviatoric creep
alone. However, the accuracy of the Creep-SCLAY1Sc model, which was developed for large
amplitudes, when calibrated with a new data set, was found to be lacking at stress ratios below
the critical value. Consequently, a revised strain accumulation model that incorporates Janbu’s
resistance concept and an additional feature for small-strain stiffness was derived to simulate the
cyclic loading of soft natural clays at low stress amplitudes.

The revised strain accumulation model, which retains the advanced features of Creep-SCLAY1S,
incorporates a modified viscoplastic multiplier and a strain dependent stiffness formulation for
a smooth transition between the stiffness at small strain and engineering levels. Based on the
calibration carried out using the data set presented in this thesis, the predictions of the revised
model proved to be accurate for both low and high amplitude tests, as well as independent tests
that underwent pre-shearing. Ultimately, this model serves as a basis for modelling the strain
accumulation under railway embankments constructed on soft natural clays over a large number
of loading cycles. However, further investigation is required to evaluate the stable phases of low
amplitude tests at high cycle numbers, where strain accumulation reaches stability.

Given the limited information available on the degradation of railway foundations, especially
with regard to the foundation, conducting field experiments to observe degradation effects under
natural conditions is crucial. Besides, more laboratory data on the cyclic response of Swedish
natural clays at different stress-ratios and with different loading periods are required to broaden the
understanding of resistance numbers for natural clays. Additional data could lead to the improve-
ment of predictive models and enhance the ability to estimate the lifespan of railway structures
with greater precision. The current test programme and test stage design for the experimental
campaign incorporated long duration creep stages, resulting in a change of state in the sample,
which needs to be incorporated in the numerical analyses. Some of the experimental choices,
however, complicated the model development process. A future test test programme should adopt
the best practices of Experimental design to overcome this limitation. Finally, when developing
rate-dependent models, all aspects of the experiment that are time-dependent (consolidation, pore-
water pressure equalisation, creep, cyclic strain accumulation) should be considered during the
model development process and accounted when performing model simulations.
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Table4.2:GeneraloverviewoftriaxialtestsforKärraclay.
Test#

AC i
C1 ii

PS iii
C2 iv

CL v
testdu-
ration

𝑝 ′0
𝑞0

𝑞𝑝
𝑞𝑚

𝑞cyc
𝑞cyc ∕𝑝 ′0

Cyclic
failure

-
day,d

day,d
day,d

day,d
day,d

day,d
kPa

kPa
kPa

kPa
kPa

-
-

Test04
1.00

5.10
0.01

13.73
31.25

16.98
53.83

28.00
19.00

47.00
5

0.09
No

Test05
1.00

5.10
0.00

0.00
30.74

36.84
49.53

28.00
0.00

28.00
5

0.10
No

Test06
1.00

0.72
0.00

0.00
57.09

58.81
51.03

29.80
0.00

29.80
10

0.20
No

Test07
0.83

7.10
0.00

0.00
100.97

108.90
55.70

29.10
0.00

29.10
20

0.36
Yes

Test08
1.00

2.93
0.01

13.90
1.26

19.10
53.10

28.50
9.00

37.70
20

0.38
Yes

Test09
1.00

0.89
0.00

0.00
12.18

14.07
52.63

28.30
0.00

28.30
28

0.53
Yes

Test10
1.00

2.70
0.04

7.00
20.90

31.64
52.30

28.60
-18.00

10.30
29

0.53
Yes

Test11
1.00

5.10
0.01

13.78
0.19

20.08
49.60

27.90
-8.00

20.30
38

0.77
Yes

iAC=AnisotropicConsolidation
iiC1=Creep1

iiiPS=Pre-shearing
ivC2=Creep2

vCL=CyclicLoading
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