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Abstract 

Offshore foundations sustain cyclic loading that may be induced by the offshore environment, 

installation and/or operational conditions. The geotechnical design of offshore foundations 

under cyclic loading is commonly based on cyclically degraded soil strength estimated from 

an accumulation procedure using contour diagrams, which are produced from laboratory 

testing. This traditional accumulation procedure was developed for the foundations of gravity-

based platforms that are subjected to significant environmental cyclic loading but is currently 

also used for other offshore foundations, including those supporting subsea structures. The 

latter undergo cyclic loading induced by installation and operation (rather than the offshore 

environment) and may have higher tolerance to displacements in comparison to fixed 

platforms.  

The aim of the present research is to investigate whether the traditional accumulation 

procedure is appropriate for the geotechnical design of shallow skirted foundations under 

cyclic load conditions relevant to the new architecture of offshore developments. The response 

of shallow skirted foundations in normally consolidated kaolin clay has been investigated in 

the centrifuge under both vertical and horizontal cyclic loading; vertical cyclic loading 

indicative of loading scenarios applied on foundations used to moor tension-leg platforms, and 

horizontal cyclic loading indicative of that applied on the foundations of zero radius bend 

(ZRB) subsea structures during pipe-laying. The observed response to cyclic loading was 

compared with the predicted response using the traditional accumulation procedure on contour 

diagrams of shear strain. To produce the shear strain contour diagrams, cyclic stress-controlled 

direct simple shear tests were carried out on soft normally consolidated kaolin clay under 

cyclic loading. Staged cyclic tests, as an approximation of irregular cyclic loading, were also 

carried out to compare the observed shear strain response with the predicted response by the 

accumulation procedure at a soil element level.  
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The centrifuge tests on the shallow skirted foundation under vertical cyclic loading showed 

that the instability failure observed in the cyclic tests in average tension can be predicted well 

by a strain contour diagram. It was also shown that low-level cyclic loading followed by 

consolidation causes a gain in the foundation capacity that cannot be predicted by the 

traditional procedure but could be beneficial for informing life extension design or 

decommissioning. It was also found that the average vertical stress defined the foundation 

response under vertical cyclic loading; instability failure occurred in the tests in average 

tension, due to loss of embedment and loss of passive suction, while no instability failure 

occurred in the test in average compression. In the test in average compression, continuous 

accumulation of vertical displacement was observed. 

The shallow skirted foundation under horizonal cyclic load sequences in the centrifuge tests 

showed a stable horizontal displacement response while the accumulation procedure predicted 

failure of the foundation. The findings of the research indicate that the traditional 

accumulation procedure potentially over-predicts soil strength degradation for ZRB 

foundations under horizontal cyclic loading and therefore under-predicts foundation capacity. 

A performance-based foundation design method was suggested based on limiting horizontal 

displacements instead of strength, as a more appropriate and economic alternative for the 

geotechnical design of this type of subsea foundations. 

In summary, the work presented in this thesis has shown that the accumulation procedure, 

based on contours of shear strain, performs well for the conditions for which it was developed, 

but opportunities exist for more efficient design methodologies for foundations of some new 

generation offshore infrastructure.  
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Notations 

a fitting parameter for contour diagram of γmax 

A foundation base area 

As skirt wall surface area 

Asp area of soil plug 

Atip plan area of the skirt tips 

b fitting parameter for contour diagram of γmax 

c fitting parameter for contour diagram of γmax 

ch horizontal coefficient of consolidation 

CSR cyclic stress ratio 

cv vertical coefficient of consolidation 

D diameter 

d skirt depth, embedment depth 

d/D embedment ratio 

DSS direct simple shear 

DT-bar T-bar diameter 

e0 void ratio (as extruded) 

f frequency 

Fbs soil buoyancy 

Fbw water buoyancy 

g standard gravity 

Gcyc cyclic shear modulus 

Gs specific gravity 

h horizontal displacement 

hmax maximum horizontal displacement 

Ip plasticity index 

k undrained shear strength gradient 

LL liquid limit 

M critical state friction constant 

N number of cycles 

Nc0 bearing capacity factor 
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Neq equivalent number of cycles 

Ng centrifuge acceleration 

Np lateral bearing capacity factor 

NT-bar T-bar capacity factor 

PL plastic limit 

qH horizontal stress 

qH,ave average horizontal stress 

qH,cyc cyclic horizontal stress 

qH,max maximum horizontal stress 

qH,ult ultimate horizontal capacity 

qH,ult, theor theoretical ultimate horizontal resistance 

qm measured resistance 

qnet net geotechnical resistance 

qnet,i net geotechnical installation resistance 

qnet,i,theor theoretical prediction of net geotechnical installation resistance  

qnet,theortheoretical net geotechnical resistance 

qV vertical stress 

qV,ave average vertical stress 

qV,cyc cyclic vertical stress 

qV,max  maximum (absolute) vertical stress 

qV,ult  ultimate vertical capacity of foundation 

R2 coefficient of determination 

su (consolidated) consolidated soil strength 

su undrained shear strength/ monotonic DSS strength 

su,ave average undrained shear strength over embedment depth 

su0 undrained shear strength at the skirt tip 

sum undrained shear strength at mudline 

t dissipation time 

T time factor 

tw skirt thickness 

u pore water pressure 

U degree of consolidation 

v  velocity 

w vertical displacement 
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W'sp submerged weight of soil plug 

WΔg increase of self weight of foundation 

z depth 

α interface friction factor 

γ shear strain 

γ΄  effective unit weight 

γave  average shear strain 

γcyc  cyclic shear strain 

γmax maximum shear strain 

γmax maximum shear strain 

Δγ change in shear strain 

Δγmax/ΔΝ  change in maximum shear strain per cycle 

(Δwmax/d) /ΔΝ  change in normalised maximum vertical displacement per cycle 

Δσ′   change in vertical effective stress 

κ slope of swelling line 

λ slope of normal consolidation line 

ν Poisson’s ratio 

σ'v effective vertical stress 

σ'v0 initial effective vertical stress/ effective vertical stress at skirt tip level 

τ shear stress 

τave  average shear stress 

τave average shear stress 

τcyc cyclic shear stress 

τmax maximum shear stress 

τmax,f cyclic shear strength 

ω water content 
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Chapter 1. Introduction 

1.1 Background information 

1.1.1 A change in the location and architecture of offshore developments 

As the global demand for energy rises, the hydrocarbon reserves closer to shore become 

depleted and offshore developments move gradually into deeper water. In the 1970s, offshore 

developments comprised fixed platforms located in water depths between 50 m and 100 m. 

These included both gravity-based and jacket structures. Over the last forty years, offshore 

developments have moved to water depths between 500 m and 1500 m and new architecture 

has been introduced. Floating platforms, such as tension-leg platforms, spars, semi-

submersibles and floating production storage and offloading vessels, with an extensive 

network of subsea structures, flowlines and pipelines are now typical in offshore 

developments. In these, the network of flowlines and pipelines may connect multiple fields or 

transport the hydrocarbon product to the shore. A schematic representation of typical offshore 

developments in the 1970s and in the 2000s is illustrated on Figure 1-1 for comparison.  
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Figure 1-1 Typical offshore developments: (a) in the 1970s: a gravity-based platform and (b) in the 
2000s: a floating tension-leg platform with subsea infrastructure and network of flowlines and pipelines 

 

1.1.2 A change in foundation types 

Historically offshore structures were secured to the seabed by gravity-based foundations (e.g. 

Frigg CDP1 concrete gravity-based platform, Eide et al. 1979) or piled foundation (e.g. North 

Rankin A jacket structure, Hutton tension-leg platform, Randolph & Gourvenec 2011). The 

shift in development to further from shore has been accompanied by a shift in architecture that 

has led to a change in foundation types. For example, the gravity-based foundations 

increasingly feature skirts to accommodate softer seabeds or to mobilise transient tension 

capacity while suction caissons are often favoured over deep pile foundations.  

Shallow skirted foundations are typically cylindrical steel or concrete structures open at the 

base with a sealed top cap, although square or rectangular shallow skirted foundations with 

internal skirts may be also used (e.g. Hang Tuah and Yolla platforms, Tapper et al. 2017, 

Gourvenec et al. 2015). Shallow skirted foundations have typically a diameter, D, larger than 

the embedment depth, d, i.e. an embedment ratio, d/D, less than 1 (API 2011). The embedment 

(a) (b) 
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depth may vary from 0.5 m to more than 30 m depending on the seabed conditions and type 

of offshore structure (Randolph & Gourvenec 2011). A typical shallow skirted foundation is 

illustrated in Figure 1-2(a). The shallow skirted foundations for Draupner E jacket are shown 

on Figure 1-2(b). This foundation type has been used increasingly worldwide as the 

installation procedure can be economic and has a relatively low environmental impact. 

Another significant advantage is the ability to withstand variable loads including tension. 

When a transient tensile load is applied on the foundation, negative excess pore water 

pressures develop within the soil plug confined by the skirts, as long as the foundation remains 

sealed (Watson 1999, Luke et al. 2005, Acosta-Martinez et al. 2008, Mana et al. 2013a).  

Shallow skirted foundations have been used to support fixed platforms, such as gravity-based 

platforms (e.g. Gulfaks C, Tjelta et al. 1990, 1993) and jacket structures (e.g. Sleipner T, Bye 

et al. 1995, and Draupner E, Tjelta et al. 1994 & 1995), and subsea infrastructure such as 

manifolds and pipeline end terminations (e.g. skirted template for the manifold at Snorre, 

Stove 1992, skirted mudmat foundations with pin piles for Surf-2 pipeline end termination 

structures, Wallerand et al. 2017) and more recently for monopod towers of offshore wind 

turbines (e.g. Horns Rev 2 and Dogger Bank, Byrne 2011).  

There is a limited number of floating oil and gas platforms where shallow concrete skirted 

foundations have been used, such as the Snorre tension-leg platform (TLP) (Fines et al. 1991, 

Stove et al. 1992, Christophersen 1993) and Heidrun tension-leg platform (Miller et al. 1996).  

More commonly suction caissons, with higher embedment ratios that typically vary from 1 to 

5 (Iskander et al. 2002, Tjelta 2015), and piles are usually preferred for moorings or anchoring 

of floating oil and gas platforms. Square skirted foundations were also considered to moor a 

TLP offshore Western Australia (Gourvenec et al. 2015). Shallow skirted foundations were 

an attractive foundation solution in that case due to the variable ground conditions and 

therefore the limited required embedment, as well as a significant surface area for ballasting 

should additional tensile capacity be required.  
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Figure 1-2 (a) Shallow skirted foundation and (b) shallow skirted foundations for Draupner E jacket 
(Mana 2013, provided by Norwegian Geotechnical Institute) 

 

 

1.1.3 Is a change in foundation geotechnical design guidance required? 

The geotechnical design of shallow skirted foundations can be performed in agreement with 

available design standards for the geotechnical design of offshore shallow foundations, such 

as DNV (1992), ISO (2016) and API (2011). These design standards provide general 

guidelines regarding key aspects of geotechnical design of shallow foundations focusing on 

the assessment of stability and static deformations. Limited guidance is available on the 

(a) 

(b) 
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assessment of the effect of cyclic loading for offshore foundations with the most detailed 

provided in DNV (1992). DNV (1992) recommends that the stability and bearing capacity of 

gravity-based foundations subjected to cyclic loading is assessed based on limit equilibrium 

methods by ensuring the equilibrium of the stabilising and de-stabilising loads for a number 

of potential failure surfaces until the critical failure surface is defined. The soil shear strength 

used in the limit equilibrium methods can be estimated by using either a total stress analysis 

(discounting the monotonic undrained shear strength depending on the magnitude and 

duration of cyclic loading), or by an effective stress analysis (assessing the excess pore water 

pressure induced by cyclic loading). Alternatively to limit equilibrium methods, DNV (1992) 

suggests that finite element analysis may be undertaken using non-linear constitutive soil 

models. DNV (1992) does not provide specific guidance regarding the assessment of 

foundation settlements induced by cyclic loading but recommends that settlement assessment 

is done by taking into account existing settlement data from projects with similar conditions. 

The approach most commonly used for the geotechnical design of offshore foundations for 

discounting the soil strength to account for the effect of cyclic loading, in agreement with 

DNV recommendations, is based on an accumulation procedure on contour diagrams 

produced by laboratory testing, such as cyclic triaxial compression, triaxial extension and 

direct simple shear tests (e.g. Andersen 1976 & 2015). The contour diagrams comprise 

contours of equal shear strain, γ, or pore water pressure, u, as a function of applied shear stress, 

τ, and number of cycles, N. An example of the accumulation procedure on a contour diagram 

is illustrated on Figure 1-3. The steps of the shear strain accumulation procedure are presented 

in Chapter 4.  

The accumulation procedure has been developed and verified based on large-scale model tests, 

initially for gravity-based structures (Andersen et al. 1989, Dyvik et al. 1989) and 

subsequently for suction caissons of tension-leg platforms (Andersen et al. 1993, Dyvik et al. 

1993). The procedure is currently used for a range of offshore foundations including those of 

subsea infrastructure that have a different basis of design to the foundations of offshore 
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platforms that the procedure was originally developed and verified for. Foundations of 

offshore platforms are subjected to significant monotonic vertical load, due to the weight of 

the structure and live load, and to significant cyclic loading induced by the environment, such 

as waves, wind, current and ice near arctic areas (Eide et al. 1979, Schjetne et al. 1979). In 

contrast, subsea structures are subjected to a cyclic loading regime that is mostly induced by 

installation or operation, rather than environmental loading. The cyclic load regime is specific 

to the type of subsea infrastructure and may vary significantly from environmentally-induced 

cyclic loading. Moreover, subsea structures do not have a crew on-board and may have high 

displacement tolerances compared to the strict tolerances of offshore platforms. The question 

that therefore arises is whether a change in the established design approach is required to 

reflect the change in the type of offshore foundations and the architecture of deepwater 

offshore developments.  

 

  

Figure 1-3 Pore pressure accumulation procedure (from Randolph 2012) 
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1.2 Research aim and objectives 

1.2.1 Research aim 

The working hypothesis of this research is that the traditional accumulation procedure may 

not be appropriate for the geotechnical design of shallow skirted foundations subjected to 

cyclic load conditions relevant to the new architecture of offshore developments. The 

overarching research aim is to investigate whether this hypothesis is correct and if so to 

suggest alternative design criteria. The research aim will be achieved by observing the 

response of a shallow skirted foundation in the centrifuge under horizontal and vertical cyclic 

loading and comparing the observed response with that predicted by the traditional design 

approach. The following three objectives are associated with the overall research aim: 

1) develop contour diagrams of shear strain for normally consolidated kaolin clay to facilitate 

implementation of the accumulation procedure, 

2) explore how, at an element level, the soil response under irregular cyclic loading is 

predicted by the accumulation procedure, and 

3) investigate, at model scale, the response of a shallow skirted foundation to horizontal and 

vertical cyclic loading, and compare the observed response with predictions from the 

traditional accumulation procedure. 

The research objectives are presented in more detail below: 

1.2.2 Objective 1: Develop contour diagrams of shear strain  

To achieve objective 1, cyclic direct simple shear (DSS) tests will be carried out on soft 

normally consolidated kaolin clay to produce contour diagrams of shear strain. These 

diagrams, previously not available in the public domain, will allow the prediction of the cyclic 

response based on the traditional accumulation procedure.  

Direct simple shear tests are chosen in this study as the DSS soil strength is considered almost 

equal to the average soil strength in triaxial compression and extension (Mayne 1985, 
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Randolph 2012). DSS tests can be used to predict the average response of the different stress 

paths relevant to the soil elements below a shallow skirted foundation.  

Contour diagrams will be produced based on both symmetrical tests, and non-symmetrical 

tests with an average shear stress equal to the cyclic shear stress. These two types of contour 

diagrams will be produced as they cover a range of cyclic load conditions relevant to offshore 

foundations.  

1.2.3 Objective 2:  Explore how, at an element level, the soil response under irregular   

cyclic loading is predicted by the accumulation procedure 

To achieve objective 2, staged cyclic DSS symmetrical tests and non-symmetrical tests, 

representing idealised irregular cyclic loading during a storm will be performed. Cyclic non-

symmetrical tests with high average shear stress and low cyclic shear stress relevant to cyclic 

load conditions of ZRB subsea structures will be also performed. The shear strain response 

observed in the tests will be compared with the predicted response from the accumulation 

procedure.  

1.2.4 Objective 3: Investigate, at model scale, the response of a shallow skirted 

foundation under undrained cyclic loading and compare the observed response 

with the predictions of the accumulation procedure 

To achieve objective 3, centrifuge tests will be performed on shallow skirted foundations with 

d/D = 0.2 and 0.5 in normally consolidated kaolin clay, applying sequences of horizontal and 

vertical cyclic loading.  

The higher embedment ratio tests, d/D = 0.5, will be subjected to cyclic vertical load 

sequences. The embedment ratio is chosen to be at the lower bound of the embedment ratios 

of skirted foundations used to anchor TLPs, to explore the foundation response with an 

optimised geometry. The foundation will be subjected to staged cyclic load sequences with 

parcels in average tension and compression, representing idealised cyclic loading applied on 

the foundations during a storm. The foundation response will be also investigated under 
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uniform cyclic loading of low and high amplitude to explore the foundation response under a 

range of loads.  

For the lower embedment ratio tests, cyclic load sequences will be applied relevant to those 

applied on a subsea zero-radius bend (ZRB) trigger, a structure used to control lateral buckling 

of pipelines (Peek & Kristiansen 2009), during pipe-laying. A typical ZRB trigger is shown 

on Figure 1-4 and an example of the cyclic load regime applied on a ZRB trigger during pipe-

laying is shown on Figure 1-5. The cyclic load regime is expressed in terms of horizontal 

stress, qH, as a function of the number of cycles, N. This regime is significantly different to 

that applied on offshore platforms during a storm that generally involves cyclic loading 

ascending until reaching a peak and then descending and may comprise significant amplitudes. 

The observed response will be compared with the predictions from the accumulation 

procedure on the contour diagrams of shear strain in normally consolidated kaolin clay. 

 

 

Figure 1-4 Zero-radius bend trigger (from Peek & Kristiansen 2009) 
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Figure 1-5 Representation of typical cyclic load regime applied on a ZRB foundation during pipe-laying 
(from Zografou et al. 2018a) 

 

1.3 Thesis outline 

The thesis comprises a series of papers that have been published or submitted for publication, 

with each chapter of the thesis comprising a single paper. A map of the thesis that corresponds 

the chapters of the thesis with the research aim and objectives, set-out in Section 1.2, is 

illustrated schematically in Figure 1-6. Each chapter comprises a prologue at the beginning 

that presents context and the contribution of the chapter to the research objectives. The body 

of each chapter comprises all the components of the paper, including the abstract, introduction 

and conclusions. An outline of each chapter is presented below. 

Chapter 1 comprises the introduction to the thesis that presents the background information, 

research aim and objectives, and the thesis outline. 

Chapter 2 presents an overview of the applications of shallow skirted foundations for offshore 

structures and a review of the current literature on the response of shallow skirted foundations 

under cyclic loading. Chapter 2 also provides a historical overview of the accumulation 

procedure and discusses the factors that influence the accumulation procedure. 
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Figure 1-6 Map of the thesis showing the research aim and objectives that correspond to the thesis 
chapters 

 

  

Research Aim: 
Investigate whether 
the traditional 
accumulation 
procedure is 
suitable for the 
geotechnical design 
of shallow skirted 
foundations under 
cyclic loading 
relevant to the new 
architecture of 
offshore 
developments and, 
if so, suggest 
alternative design 
criteria.  

Chapter 4:  

Journal Paper: 
‘Response of normally 
consolidated kaolin clay 
under irregular cyclic 
loading and comparison 
with predictions from the 
accumulation procedure’ 

Objective 2: Explore how, at an element level, 
the soil response under irregular   cyclic loading 
is predicted by the accumulation procedure  

Objective 3: Investigate, at model scale, the 
response of a shallow skirted foundation to 
horizontal and vertical cyclic loading, and 
compare the observed response with predictions 
from the traditional accumulation procedure 

Chapter 6:  

Journal Paper: 
‘Applicability of the 
strain accumulation 
procedure for the 
geotechnical foundation 
design of zero-radius 
bend triggers’ 

Objective 1: Develop contour diagrams of 
shear strain for normally consolidated kaolin 
clay to facilitate implementation of the 
accumulation procedure  

Chapter 3:  

Conference Paper: 
‘Definition of failure in 
cyclic direct simple 
shear tests on normally 
consolidated kaolin clay 
and presentation of 
shear strain contour 
diagrams’ 

Chapter 7: Conclusions 
 

Chapter 1:  
Introduction 

Chapter 2:  
Literature Review 

Chapter 5:  

Journal Paper: ‘Vertical 
cyclic loading response 
of a shallow skirted 
foundation in normally 
consolidated soft clay’ 



Introduction 

1-12 
 

Chapter 3, which has been published as a conference paper, presents a contour diagram of 

maximum shear strain based on symmetrical cyclic DSS tests on stiff normally consolidated 

kaolin and preliminary data from non-symmetrical cyclic DSS tests on soft normally 

consolidated kaolin clay. Chapter 3 also discusses the different failure mechanisms under 

symmetrical and non-symmetrical cyclic loading. Chapter 3 achieves objective 1. 

Zografou D., Boukpeti N., Gourvenec S.M. & O’Loughlin C. D. (2016). Definition of failure 

in cyclic direct simple shear tests on normally consolidated kaolin clay and presentation of 

shear strain contour diagrams. In proceedings of the 5th International Conference on 

Geotechnical and Geophysical Site Characterisation (ISSMGE TC-102 – ISC’5), Gold Coast, 

Queensland, Australia, 5-9 September 2016, 1, 583-588. 

Chapter 4, which has been published as a journal paper, presents the contour diagrams of 

maximum shear strain based on symmetrical and non-symmetrical cyclic direct simple shear 

tests on soft normally consolidated kaolin clay. Chapter 4 also presents the comparison 

between the observed vertical displacements at the end of staged symmetrical and non-

symmetrical cyclic DSS tests and non-symmetrical tests with high average shear stress and 

low cyclic shear stress with the predicted response by the accumulation procedure. The 

accumulation procedure is shown to predict well the soil response under symmetrical irregular 

cyclic loading, but potential over-conservatism is identified in predicting the soil response 

under non-symmetrical cyclic loading. Chapter 4 achieves objectives 1 and 2. 

Zografou, D., Gourvenec, S.M., & O’Loughlin C.D. (2018). Response of normally 

consolidated kaolin clay under irregular cyclic loading and comparison with predictions from 

the accumulation procedure Géotechnique published online– February 2018) 

Chapter 5, which has been submitted for publication as a journal paper, presents the results 

from the centrifuge tests on a shallow skirted foundation with d/D = 0.5 in normally 

consolidated kaolin clay under vertical cyclic loading indicative of loading scenarios relevant 

to vertically tethered platforms during a storm. The response of the foundation is investigated 
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under cyclic load sequences in average compression and tension, and under a different range 

of cyclic magnitudes. Chapter 5 achieves objective 3. 

Zografou D., Gourvenec S.M. & O’Loughlin C.D. (2018). Vertical cyclic loading response of 

a shallow skirted foundation in soft normally consolidated clay (submitted to Canadian 

Geotechnical Journal in March 2018, under review) 

Chapter 6, which has been submitted for publication as a journal paper, presents the results 

from the centrifuge tests on a shallow skirted foundation with d/D = 0.2 in normally 

consolidated kaolin clay. The foundation is subjected to horizontal cyclic loading 

representative of that applied on ZRB foundations during pipe-laying. A comparison of the 

foundation response measured in the centrifuge tests with that predicted by the accumulation 

procedure is provided. Potential conservatisms of the traditional design approach are 

identified, and alternative design criteria are suggested to optimise the size of foundations that 

have high tolerance to displacements similar to ZRB foundations. Chapter 6 achieves 

objective 3. 

Zografou D., Gourvenec S.M., O’Loughlin C.D. & Banimahd M. (2018). Applicability of the 

shear strain accumulation procedure for the foundation design of zero-radius bend triggers 

against cyclic loading (submitted to Ocean Engineering in December 2017, under review) 

Chapter 7 discusses the main contributions of the research and outlines the scope for future 

research. 
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Chapter 2. Literature review 

This chapter provides a review of the literature on shallow skirted foundations and is divided 

into six sections: 

1. The first section presents a brief summary of applications of shallow skirted 

foundations for offshore structures and summarises offshore projects where shallow 

skirted foundations have been used;  

2. The second section presents the existing knowledge on the mobilisation of uplift 

capacity of shallow skirted foundations and the parameters that affect the uplift 

capacity; 

3. The third section focuses on the cyclic response of offshore foundations in fine-

grained soils and the parameters that affect the cyclic response; 

4. The fourth section provides a historic overview of the accumulation procedure for the 

geotechnical design of shallow skirted foundations under cyclic loading; 

5. The fifth section presents soil models that have been developed to predict the effect 

of cyclic loading on clays. 

6. A summary.  

2.1 The use of shallow skirted foundations 

As discussed in Chapter 1, shallow skirted foundations were developed initially to support 

gravity-based platforms. In the 1990s this foundation type started to be used to support jacket 

structures and to anchor tension-leg platforms, and since then it has been used increasingly for 

a range of offshore applications, including wind turbines and subsea structures. Figure 2-1 

shows (schematically) applications of shallow skirted foundations for offshore structures. 

Figure 2-2 and Figure 2-3 illustrate the foundations for the Snorre TLP and Heidrun TLP, and 
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a subsea structure. Table 2-1 lists offshore projects where shallow skirted foundations have 

been used. 

 

 

Figure 2-1 Applications of shallow skirted foundations for offshore structures: (a, b) Gravity-based 
platforms, c) Jacket platform, (d) tension-leg platform, (e) storage tank (from Acosta-Martinez 2010), 
and f) wind turbine and (g) subsea-structure (from Mana 2013) 

 

 

Figure 2-2 Schematic of shallow skirted foundations used to anchor the (a) Heidrun TLP and the (b) 
Snorre TLP (Andersen 2009) 

 

(a) (b) 
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Figure 2-3 Shallow skirted foundations for a subsea structure (Mana 2013) 
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Table 2-1 Offshore projects with shallow skirted foundations (modified from Randolph & Gourvenec 2011, Mana 2013) 

 

Project 
Year 

Foundation 
type 

Location Water 
depth 
(m) 

Soil conditions Foundation 
plan 

Foundation 
dimensions 
(m2, m) 

Skirt 
depth 
d (m), 
d/D 

Reference 

Ekofisk 
Tank 
1973 

GBS North Sea, 
Norway 

70 Dense sand to 26 m, stiff clay 
layers 16-18 m, > 26 m hard clay 
and sand  

A =7,390 
Dequivalent = 
97 m2 

0.4, 
0.004 

Clausen et al. 
1975, Clausen 
1976, 
O’Reilly & 
Brown 1991 

Beryl A 
1975 

Condeep North Sea, 
Norway 

120 As at Ekofisk but sand layer 
only to 10 m 

 

A = 6,360 
Deqiv = 90 

4, 
0.04 

Clausen 1976 

Brent B 
1975 

Condeep North Sea, 
Norway 

140 Stiff to hard clays with thin 
layers of 
dense sands to 45 m  

A = 6,360 
Dequivalent = 
90 

4, 
0.04 

O'Reilly & 
Brown, 1991 

Gullfaks 
C 
1989 

Deep skirted 
Condeep 

North Sea, 
Norway 

220 Soft NC silty clays 
and silty clayey sands 
with dense sand layers   

A = 16,000 
Dequivalent = 
143 
Dcell = 28 
(tw = 0.4) 

22, 
0.13 

Tjelta et al., 
1990 
Tjelta, 1998 

Snorre A 
1991 

TLP with 
concrete 
buckets 

North Sea, 
Norway 
 

310 
 
 

Very soft to soft NC clays 
 

 

Atotal = 
2,724 
Dequivalent = 
17 
(tw = 0.35) 

12, 
0.7 

Christophersen, 
1993 
Støve et al., 
1992 
 
 

Draupner 
E 
(Europip
e) 
1994 

Jacket with 
steel buckets 

North Sea, 
Norway 

70 22-25 m dense to very dense 
fine sand over 
stiff clay 
 

 

Atotal = 452 
D = 12 

6,  
0.5 
 

Bye et al., 1995 
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Project 
Year 

Foundation 
type 

Location Water 
depth 
(m) 

Soil conditions Foundation 
plan 

Foundation 
dimensions 
(m2, m) 

Skirt 
depth 
d (m), 
d/D 

Reference 

Sleipner 
SLT 
1995 

Jacket with 
steel buckets 

North Sea, 
Norway 

70 
 

As at Draupner E 

 

Atotal = 616 
D = 14 

5, 
0.35 

Bye et al., 1995 
 

 

Troll A 
1995 

Deep skirted 
Condeep 

North Sea, 
Norway 

305 
 

Soft NC clays  

 

A = 16,596 
Dequivalent = 
145 
Dcell = 32 

36, 
0.25 

Andenaes et al., 
1996 
Hansen et al., 
1992 

Heidrun 
1995 

TLP 
 

North Sea, 
Norway 
 

345 
 
 

Soft clay with boulders 
 
 

 

 

 

A = 1504 
D = 9 
 

4.6, 
0.51 
 

Munkejord, 
1996 
Botros et al., 
1996 
Mitcha et al., 
1996 

Wandoo 
1997 

GBS NW Shelf, 
Australia 

54 Thin layer dense calcareous 
sand over thick 
strong calcarenite 
 

 

A = 7,866 
Dequivalent = 
100 

0.3, 
0.003 
 
 
 

Humpheson, 
1998 

Bayu- 
Undan 
2003 

Jacket with 
steel plates 

Timor Sea, 
Australia 

80 
 
 

2 m very soft calcareous 
sandy silt over cemented 
calcarenite and limestone  
 

 

Atotal = 
480 
Aplate = 
120 
6 x 20 

0.5, 
0.04 
 
 

Neubecker & 
Erbrich, 2004 

Yolla 
2004 

Skirted 
GBS/jacket 
hybrid 

Bass Strait, 
Australia 

80 Firm calcareous sandy silt 
with very soft clay and sand 
layers  

 
 

A = 2500 
50 x 50 
Dequivalent = 
56.4 

5.4, 
0.1 

Watson & 
Humpheson, 
2007 

SURF -2 
2017 
 

PLET 
(Hybrid 
subsea 
foundations 
with  a pile on 
each corner) 

Mediterranea
n Sea 

300-
800 

Very soft to soft normally 
consolidated clay  

 

A = 136 = 
17 x 8 
 
Dpile = 1.5 

0.3, 
0.038 

Wallerand et al. 
2017 
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2.2 Undrained uplift of shallow skirted foundations 

2.2.1 Undrained uplift resistance 

As skirted foundations were a new foundation type, for which the experience from onshore 

geotechnical engineering was not directly applicable, extensive research has been performed 

since the 1970s to investigate their response. Several research studies have focused on the 

undrained uplift resistance of shallow skirted foundations, and in particular the mobilisation 

of reverse end bearing. In this section, an overview of the existing literature on the undrained 

uplift resistance is presented. This background information is relevant to the research carried 

out for this thesis as monotonic uplift tests were carried out in the centrifuge tests, presented 

in Chapter 5 and Chapter 6, to define the foundation resistance in uplift so that cyclic loading 

could be applied as a percentage of the monotonic uplift capacity in the cyclic tests. 

It is noted that commonly different terms are used in the literature for shallow skirted 

foundations and suction caissons. In this study, shallow skirted foundations are considered to 

have d/D < 1 and suction caissons are considered to have d/D ≥ 1. For the scope of this study, 

only loading at the top cap is considered, while it is acknowledged for suction caissons used 

for taut line or catenary moorings, loads are more commonly applied at a padeye along the 

shaft. This thesis is focussed on only vertical mooring of floating systems, or lateral cyclic 

loading at the top cap of subsea foundation systems.   

Goodman et al. (1961) was the first study that suggested that an inverted ‘cup’, similar to a 

shallow skirted foundation, may sustain tension based on model tests in three types of soil, 

including a clayey soil. The purpose of the study was to improve the anchoring systems of 

military field equipment, but the idea was adopted for the foundations of offshore 

developments. Wang et al. (1975 & 1977) investigated the response of shallow skirted 

foundations (d/D varying from 0.1 to 0.6) in sand, silt and clay in uplift based on 1g model 

tests. The study showed that suction can be relied upon to resist uplift and that the uplift 

capacity in clay had a linear relation with suction. This study recommended the use of shallow 
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skirted foundations for short-term anchoring of coring platforms, buoys, and submersibles. 

Fuglsang & Steensen-Bach (1991) investigated the uplift response of suction caissons (d/D > 

2) based on 1g model tests. The study identified three potential mechanisms of failure: 1) when 

the top cap is vented, the uplift resistance equals the shaft friction (internal and external) and 

(reverse) end bearing at the skirt tip, 2) when the top cap is sealed but a hydraulic short-circuit 

prevents suction at the base of the foundation, the uplift resistance equals the external shaft 

friction and the weight of the soil plug confined by the skirts and 3) when the top cap is sealed 

full reverse end bearing is mobilised. 

After the mobilisation of reverse end bearing was established, a number of research studies 

focused on the assessment of the undrained uplift resistance and the comparison with the 

resistance in compression. Mana et al. (2012) observed through digital image analysis of 

centrifuge tests that the kinematic soil failure mechanisms in uplift and compression are 

different (Figure 2-4). Some research studies have concluded that the ultimate undrained 

resistance in uplift and compression are equal; such as Watson et al. (1999) and Mana et al. 

(2012) based on centrifuge testing on skirted foundations (d/D varying from 0.1 to 0.5) in 

normally and lightly over consolidated kaolin clay. However, Watson (1999) noted a 

reduction in the uplift resistance at large vertical displacements based on numerical analysis. 

Other studies have reported that the undrained uplift resistance is up to 30% lower than that 

in compression; such as Clukey & Morrison (1993) and Acosta-Martinez et al. (2008) based 

on centrifuge tests of a suction caisson in normally consolidated kaolin clay and a shallow 

skirted foundation (with d/D = 0.3) in lightly over consolidated kaolin clay. The lower uplift 

capacity may be attributed to the top cap not being completely sealed such that full reverse 

end bearing was not mobilised.  
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Figure 2-4 Normalised soil vectors from particle image velocimetry analysis of digital images for 
foundations with d/D of 0.3 and 0.5 subjected to (a) compression and (b) uplift (Mana et al. 2012) 

 

2.2.2 Parameters that affect the uplift resistance 

A number of research studies have focused on the parameters that affect the uplift resistance 

of skirted foundations. The following parameters have been shown to affect the uplift 

resistance: 

 The foundation geometry, load inclination, soil-structure adhesion and soil 

anisotropy; Zdravkovic et al. (2001) showed that the uplift capacity increases 

more significantly with the increase of the foundation diameter rather than with 

the increase of the embedment depth, based on a parametric finite element 

analysis on bucket foundations (d/D varying from 0.5 to 1.4). This study also 

showed that the uplift capacity reduces as the inclination of load rotates from the 

vertical. A 10-15% reduction of the uplift capacity was also noted by reducing 

adhesion by 50%. Soil anisotropy was shown to reduce the uplift capacity, with 

the reduction being dependent on the amount of soil anisotropy. 

(a) (b) 
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 Sustained vertical load; Chen & Randolph (2007) observed that sustained vertical 

loading prior to uplift reduces the reverse end-bearing capacity, due to the 

dissipation of passive suction, and the shaft friction due to radial stress reduction, 

based on centrifuge tests on a suction caisson with d/D = 4 in normally and lightly 

over-consolidated clay. 

 Use of internal skirts; Bransby & Yun (2009) carried out finite element analysis 

on strip skirted foundations (d/B varying from 0.2 to 1.0, where B is the 

foundation breadth) in normally consolidated soil under combined loading and 

showed that the foundation capacity can be diminished significantly if sufficient 

internal skirts are not provided to ensure the foundation is pushed to skirt tip 

level. 

 Presence of a gap; Acosta-Martinez (2010) showed that the presence of a gap 

along the skirt-soil interface reduced the uplift capacity of a foundation with d/D 

= 0.3 in lightly over consolidated kaolin clay by 40%. Mana et al. (2013b) also 

reached similar conclusions, observing that the presence of a gap leads to loss of 

suction after minimal vertical displacement and reduction of the uplift capacity. 

This study suggested the use of a gap arrestor around the foundation periphery to 

assist in maintaining suction over large foundation displacements. A model 

foundation with a gap arrestor is shown on Figure 2-5. 

 Preloading; Li (2015) showed that preloading occurring prior to the uplift in 

centrifuge tests on a foundation with d/D = 0.2 may reduce or increase the uplift 

capacity depending on its magnitude and duration. Gourvenec et al. (2014) 

present a theoretical framework to predict consolidated gains in undrained 

capacity of shallow foundations, extended to skirted foundations by (Vulpe et al. 

2017) that agrees well with the gains reported in the centrifuge tests.  
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Figure 2-5 Flexible mat gap arrestor around the periphery of a model foundation (Mana et al. 2013b) 

 

2.3 Cyclic response of shallow skirted foundations in fine-

grained soils 

2.3.1 Effect of cyclic loading on the response of shallow skirted foundations  

The following studies have investigated the effect of undrained cyclic loading on the response 

of shallow skirted foundations.  

Dyvik et al. (1989) performed model tests on a shallow skirted foundation (d/D = 0.25) in soft 

clay under irregular horizontal cyclic loading relevant to the cyclic load conditions on gravity-

based platforms in the North Sea. The study observed that the cyclic capacity was lower than 

the monotonic capacity and that the cyclic stiffness reduced with increasing cyclic amplitude 

and number of cycles. 

Houlsby et al. (2005) performed field tests on suction-installed suction caissons in Bothkennar 

clay under cyclic inclined vertical, and moment, loading relevant to monopod and tetrapod 

foundations for offshore wind turbines. The study showed a reduction in stiffness as the 

Gap 
arrestor 
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amplitude of inclined cyclic loading increased with negligible stiffness degradation during 

low-amplitude cyclic loading (Figure 2-6). A significant reduction in stiffness occurred after 

the compression to tension boundary was exceeded.  

Different observations have been made by Byrne & Cassidy (2002). This study showed a 

marginal reduction of the uplift capacity after parcels of symmetrical cyclic loading, based on 

centrifuge tests on a shallow skirted foundation (d/D = 0.5). The permanent vertical 

displacement induced by cyclic loading was also minimal. The minor effect of cyclic loading 

on the foundation response can be attributed to the combination of the magnitude of applied 

cyclic loading and number of cycles (50 cycles per parcel). 

 

Figure 2-6 Horizontal displacement response during (a) low amplitude cyclic loading and (b) high 
amplitude cyclic loading (Houlsby et al. 2005) 

 

2.3.2 Parameters that affect the response of skirted foundations under cyclic loading 

The following parameters are known to affect the response (capacity and displacements) of 

skirted foundations under cyclic loading, based on the existing literature: 

 The magnitude and duration of cyclic loading; El-Gharbawy et al. (1998) and Iskander 

et al. (2002) performed model tests on suction caissons (d/D varying from 2 to 12) in 

clay and sand under cyclic loading relevant to tension-leg platform loading conditions. 

The study showed that the number of cycles to failure increased with decreasing 

magnitude of cyclic loading. Similarly, Chen & Randolph (2007) showed through 

centrifuge testing that the post-cyclic uplift capacity of caissons in clay was between 
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72% and 86% of the monotonic capacity. The magnitude and duration of cyclic 

loading also affect the induced displacements. Acosta-Martinez & Gourvenec (2008) 

showed that permanent uplift displacement of a shallow skirted foundation (d/D = 

0.3) in lightly over-consolidated clay increased with increasing magnitude and 

duration of cyclic loading, based on centrifuge tests under one-way and two-way 

cyclic loading.  

 The foundation geometry; Kourkoulis et al. (2013) observed that the foundation 

response improves significantly by increasing the foundation diameter rather than the 

skirt embedment depth. The conclusions were based on a numerical analysis of 

shallow skirted foundations (d/D = 0.2 & 0.5) for offshore wind turbines in stiff clay 

under cyclic control-displacement lateral loading with low and large amplitude 

applied at the nacelle level (80 m above the top of the foundation). 

 Load inclination; Clukey et al. (1995) observed that foundations under inclined cyclic 

loading failed at a lower number of cycles compared to the foundations under vertical 

cyclic loading, (for a similar level of cyclic loading). This study was based on 

centrifuge tests on suction caissons (d/D = 2) under pure vertical, almost horizontal, 

inclined, and inclined with varying angle during cyclic loading. The minimum number 

of cycles at failure was observed in the latter case with varying inclination angle. 

 The method of installation; Villalobos et al. (2010) conducted model tests on suction 

caissons (d/D = 1) in heavily over-consolidated clay under symmetrical and non-

symmetrical vertical cyclic loading with compressive average stress. The caissons 

were installed by two methods; pushed installation and suction-assisted. The 

installation method was observed to affect the cyclic response of the caissons with 

lower uplift displacement to accumulate in the suction installed caissons. This study 

concludes that the amount of excess pore water pressure induced during suction 

installation reduces uplift in the short-term. 
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2.4 Assessing the effect of cyclic loading using the 

accumulation procedure 

As discussed in Chapter 1, the geotechnical design of offshore foundations under cyclic 

loading is commonly based on an accumulation procedure on contour diagrams, illustrated 

schematically on Figure 1-3 and described in detail in Chapter 4. A historical overview of the 

accumulation procedure and the factors that influence the procedure are presented below. 

2.4.1 Historical overview 

Andersen (1976) first introduced the accumulation procedure, by extending Miner’s rule 

(Miner, 1945) in soil, as a tool to predict the response of clay under cyclic loading relevant to 

the foundations of gravity-based platforms during a storm. An example of the accumulation 

procedure was presented based on cyclic simple shear tests on Drammen clay. Since then, the 

principles of the accumulation procedure have been presented in a series of papers (Andersen 

et al. 1988, Andersen 1991, Andersen et al. 1992, Andersen 2004, Andersen 2009, Andersen 

et al. 2013 and Andersen 2015). 

The basis for the development of the accumulation procedure has been an extensive database 

from advanced laboratory testing performed at Norwegian Geotechnical Institute (NGI) 

presented by Andersen et al. (1980). The extensive laboratory test program comprised 129 

triaxial tests and 103 simple shear tests on Drammen clay. The series of laboratory testing 

included monotonic and cyclic tests, stress-controlled and strain-controlled-tests and post-

cyclic monotonic tests on specimens with over-consolidation ratios ranging from 1 to 50.  

The applicability of the accumulation method for assessing the bearing capacity of foundations 

under cyclic loading was discussed by Andersen & Lauritzsen (1988). This study suggested 

to assess the cyclic bearing capacity based on the discounted cyclic shear strength from the 

accumulation procedure and limit equilibrium stability analysis. The approach accounted for 

strain compatibility of the soil elements along potential failure surfaces that experienced 

different stress paths and re-distribution of average shear stresses.  
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The validation of the method for the geotechnical design of offshore foundations has been 

presented in two papers. Andersen et al. (1989) compared the observed response of 

foundations under cyclic loading relevant to that applied on gravity-based platforms in model 

tests in soft clay, reported by Dyvik et al. (1989), with the predicted response by the NGI 

foundation design method. It was concluded that the method gave good predictions of the 

cyclic bearing capacity. A reasonably good prediction of cyclic displacements was also 

observed based on finite element analysis. The second paper by Andersen et al. (1993) 

compared the observed response of a shallow skirted foundation (d/D = 0.9) in soft clay under 

irregular inclined cyclic loading relevant to that applied on tension-leg platforms, reported by 

Dyvik et al. (1993), with the predicted response by the NGI foundation design method. The 

purpose of this study was to validate the design procedures for the geotechnical foundation 

design for the Snorre TLP platform. The soil profile at the test location was similar to that of 

Snorre but the model geometry was different to that used for the TLP platform. It was 

concluded that the NGI foundation design method predicted well the cyclic bearing capacity 

and displacements of the foundations based on a limit equilibrium and finite element analysis 

respectively.  

More recently the assessment of the cyclic bearing capacity has also relied on finite element 

analysis instead of the limit equilibrium method. Andresen et al. (2011) presented a finite 

element procedure where the input comprised contour diagrams of average and cyclic shear 

strain for combinations of average and cyclic shear stress, derived from cyclic triaxial and 

direct simple shear tests. The study presented examples where the finite element analysis was 

used to assess aspects of the geotechnical design of foundations under cyclic loading, 

including bearing capacity, installation, displacement and soil-foundation interaction. Jostad 

et al. (2014) presented a 3D finite element procedure that uses a material model called 

Undrained Cyclic Accumulation Model. The input is an idealised cyclic load composition in 

parcels with constant average and cyclic shear stress in each parcel and 3D contour diagrams. 

An example of a 3D contour diagram is presented in Figure 2-7. The model calculated the 
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cyclic degradation in each integration point by calculating the equivalent number of cycles 

using the accumulation procedure on the 3D contour diagrams.  

 

Figure 2-7 3D contour diagram derived from cyclic direct simple shear tests (Jostad et al. 2014) 

 

2.4.2 Factors that influence the accumulation procedure 

As discussed previously, the accumulation procedure is performed on contour diagrams based 

on laboratory testing, similar to the contour diagram of excess pore water pressure illustrated 

in Figure 2-8. The contour diagrams, and therefore the accumulation procedure, depend on a 

number of factors relevant to the laboratory testing (as discussed by Andersen (2015)), that 

are listed below: 

1) The consolidation stress of the samples; The contours depend on the consolidation stress 

even if the shear stress, on the vertical axis of the diagrams, is normalised by the consolidation 

vertical stress (similar to Figure 2-8). The shear stress on the vertical axis of contour diagrams 

is recommended to be normalised by the monotonic shear strength for clays, and by a reference 

stress calculated based on the effective consolidation vertical stress for sand and silt. 

τcy: cyclic shear stress 

τa: average shear stress 

σvc΄: effective vertical stress 

γcy: cyclic shear strain 

γa: average shear strain 
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Figure 2-8 Contour diagram of excess pore water pressure (Randolph 2012) 

 

2) Strain-controlled or stress-controlled cycling; Contours produced based on strain-controlled 

testing tend to degrade at a lower number of cycles compared to those produced based on 

stress-controlled testing. It is noted that strain-controlled tests are more relevant to earthquake 

loading and stress-controlled tests are more relevant to offshore load conditions applied by 

wind and waves. A comparison of contours based on strain-controlled and stress-controlled 

DSS tests is shown on Figure 2-9. 

3) Sample preparation; Sample disturbance and consolidation procedures have an effect on 

the assessment of shear strength and therefore on the contour diagrams. Sample disturbance 

in clay is shown to affect more the monotonic compression triaxial strength compared to the 

extension triaxial strength and direct simple shear strength. 

4) Consolidation time; The shear strength of the soil samples increases with time due to 

secondary compression occurring in addition to primary consolidation. It is recommended that 

the final consolidation stress increment in laboratory testing is maintained overnight. 

Δu: excess pore 
water pressure 



Literature review 

2-17 
 

5) Load period; The number of cycles to failure reduces by a number of magnitude, or less, 

with increasing the load period by an order of magnitude. For example, the number of cycles 

to failure for a load period of 100 s may be equal to 0.03 to 0.8 times of the number of cycles 

to failure for a load period of 10 s.  

6) Preshearing; i.e. low-amplitude cyclic loading for a number of cycles followed by drainage 

occurring prior to the main cyclic load sequence. Preshearing increases the cyclic shear 

strength of normally consolidated clays but decreases the strength of clays with higher OCRs. 

If preshearing causes large strains, it may cause breakdown of the soil structure. 

8) Drainage; Drainage may reduce the development of negative excess pore pressure in sand. 

The accumulation procedure can be performed on contour diagrams of pore pressure to 

account for drainage with the use of dissipation diagrams. However, this approach has 

limitations, for example in layered soils or when there is significant variation of pore pressure 

within a cycle. An example of the pore pressure accumulation procedure on a contour diagram 

if drainage occurs is illustrated on Figure 2-10. 

9) Over consolidation and plasticity index; As these parameters increase, the monotonic and 

cyclic shear strength also increases. A comparison of the failure envelopes for a range of 

offshore clays with different plasticity index is illustrated on Figure 2-11. 

 

Figure 2-9 Comparison of contours based on stress-controlled and strain-controlled DSS tests on 
Drammen clay (Andersen et al. 1980) 

τcy: cyclic shear stress 

γcy: cyclic shear strain 
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Figure 2-10 Example of pore pressure accumulation if drainage occurs in cyclic tests (Andersen 2015) 

 

 

Figure 2-11 Failure envelopes, for Nf = 10, for normally consolidated clays with different plasticity 
index (Andersen et al. 2009) 

  

τcy,f: cyclic shear stress at failure 

τa,f: average shear stress at failure 

su
DSS: monotonic DSS strength 

Nf: number of cycles at failure 

 

τcy: cyclic shear stress 

σvc΄: effective vertical stress 

up: permanent pore pressure 
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2.5 Constitutive soil models to assess the effect of cyclic 

loading  

Several models have been developed to simulate the cyclic response of clays in numerical 

analysis. A few of these models are listed below:  

 Models developed based on the work-hardening elasto-plastic framework, such 

as those developed by Mróz et al. (1978), Pande et al. (1986) and Prevost (1991); 

 Models that extend the elastoplasticity, using multiple surfaces with kinematic 

hardening (Prevost 1978); using a bounding surface plasticity (Dafalias & 

Herrmann 1982);  

 Models that are based on a hysteretic response and the presence of an anisotropic 

bounding surface (Pestana & Whittle 1999, Whittle & Kavvadas 1994) 

 Non-linear models proposed to express excess pore water pressure as a function 

of a degradation index and the threshold shear strain (Idriss et al. 1978, Matasovic 

& Vucetic 1995).  

 Empirical models based on data from cyclic laboratory tests, such as Procter & 

Khaffaf (1984), Ansal & Erken (1989), Hyde et al. (1993), Hyodo et al. (1994). 

 An effective stress model based on anisotropic hardening and assuming a 

bounding surface (Pestana et al. 2000). This model uses input parameters that can 

be derived from monotonic and cyclic direct simple shear tests to predict the 

accumulation of plastic strain and excess pore pressure during cyclic loading.  

 A model based on the modified Cam-clay model and a yield surface for elastic 

unloading (Ni et al. 2014). This model uses as input critical state parameters and 

two cyclic degradation parameters that can be derived from cyclic triaxial testing, 

to predict the development of excess pore pressure and axial strains. 

Most of these constitutive soil models require either a significant number of soil parameters 

as an input, and therefore extensive site investigation, or are validated based on a limited 
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amount of soil and test conditions. Therefore, the use of sophisticated soil models to assess 

the effect of cyclic loading in geotechnical design of offshore foundations to date is very 

limited.  

2.6 Summary 

Extensive research has been carried out over the last decades to investigate the response of 

shallow skirted foundations to monotonic tensile and compressive loading. The maturity of 

geotechnical understanding brought about by this work has been an enabler for the use of 

shallow skirted foundations as a foundation solution for offshore structures around the world. 

However, relatively few studies have examined the response of shallow skirted foundations 

to cyclic loading, such that the geotechnical design of shallow skirted foundations under cyclic 

loading is largely based on the accumulation procedure that was established for gravity 

structures. As discussed in this chapter, the accumulation procedure has been validated over 

the years through model and field tests, and also with monitoring from existing offshore 

platforms in a range of soil conditions. However, many subsea structures have load sequences 

that differ significantly from platform foundations. These types of subsea foundations have 

received very limited attention in the literature. There is therefore scope to consider the 

applicability of the accumulation method in those circumstances.  
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Chapter 3. Cyclic direct simple shear tests on 

normally consolidated kaolin clay 

Prologue 

Chapter 3 is the first attempt to present contour diagrams of shear strain from cyclic direct 

simple shear tests on normally consolidated kaolin clay, that comprises research objective 1. 

The contour diagram was produced based on symmetrical cyclic tests on stiff clay while a 

limited number of non-symmetrical cyclic tests on soft kaolin clay was also carried out. The 

contour diagram is compared with published contours of Drammen clay, the clay with the 

most extensive contour diagram database available in the public domain. It is shown that the 

contours of reconstituted kaolin clay plot below those of Drammen clay and therefore that the 

database of Drammen clay cannot be used to predict the cyclic response of kaolin clay. The 

paper also attempts to define failure in the cyclic direct simple shear tests. The different failure 

mechanisms under symmetrical and non-symmetrical cyclic loading are identified. 

This chapter is a stepping stone for Chapter 4, where contour diagrams of shear strain based 

on symmetrical and non-symmetrical cyclic DSS tests are presented.  

The paper that forms this section was published in the proceedings of the 5th International 

Conference on Geotechnical and Geophysical Site Characterisation, Gold Coast, Australia, in 

September 2016, under the title ‘Definition of failure in cyclic direct simple shear tests on 

normally consolidated kaolin clay and presentation of shear strain contour diagrams’. 
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Abstract  

Advanced laboratory testing is the main tool currently used to characterise soil behaviour 

under cyclic loading and inform offshore foundation design. Laboratory tests, such as cyclic 

direct simple shear tests, are used to compile contour diagrams of cyclic shear strain or pore 

pressure from which the effect of cyclic loading is assessed based on an accumulation 

procedure. In this study, a practical reference is presented in the form of a contour diagram of 

maximum shear strain for normally consolidated kaolin clay under symmetrical cyclic 

loading. The paper also attempts to define the mode of failure of normally consolidated kaolin 

under cyclic loading based on a series of symmetrical and non-symmetrical cyclic direct 

simple shear tests and the shear strain failure criterion plotted as a failure envelope on contour 

diagrams. 

3.1 Introduction 

The main soil characterisation technique used in the industry to inform foundation design of 

offshore structures under cyclic loading is advanced laboratory testing. Stress-controlled 

laboratory tests, such as cyclic direct simple shear (DSS) tests, are used to produce contour 

diagrams and predict the capacity of foundations under cyclic loading induced by waves and 

wind (Andersen 2015). There is an extensive database of contour diagrams for offshore clays 

(Andersen 2009, Andersen et al. 2013), with the most notable being the one for Drammen 

clay, but it appears that there are no contour diagrams available in the public domain for kaolin 

clay. Previous studies on the cyclic response of kaolin have employed strain-controlled cyclic 

testing, such as Ohara & Matsuda (1988) and Hsu & Vucetic (2006), but there are only limited 

data from the stress-controlled cyclic tests (Ansal & Erken 1989) that are required to produce 

the contour diagrams. As geotechnical model tests are frequently carried out on kaolin clay, it 

is of interest to provide a means to assess model test performance against conventional 

predictions from a contour diagram derived from cyclic element tests. This paper presents a 

contour diagram for normally consolidated kaolin clay based on a series of stress-controlled 
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symmetrical cyclic DSS tests that can be used as a reference for assessing model test 

performance to inform design approaches. 

In the diagram, contours of maximum shear strain, γmax, are presented as a function of 

maximum applied shear stress, τmax, and number of cycles, N. The shear stress and shear strain 

components during cyclic loading are illustrated in Figure 3-1. The maximum applied shear 

stress within a cycle is the sum of cyclic shear stress, τcyc, and average shear stress, τave. The 

maximum shear strain within a cycle is the sum of the average value of shear strain, γave, and 

the cyclic shear strain, γcyc, which is the amplitude of shear strain within a cycle.  

The contour of shear strain with the maximum value on a contour diagram corresponds to the 

failure envelope. In the literature, there is a great range of shear strain levels used as failure 

criteria, usually ranging from 2% to 15%, without background information provided on why 

failure is defined at that particular strain level. Frequently the same failure criterion is used 

for both symmetrical and non-symmetrical cyclic load tests. In this paper, an attempt is made 

to define failure, at a soil element level, for normally consolidated kaolin under symmetrical 

and non-symmetrical cyclic DSS test conditions, and the associated shear strain at failure. The 

paper also investigates whether the use of a common shear strain failure criterion for both 

symmetrical and non-symmetrical cyclic loading is appropriate. 
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Figure 3-1Shear stress and shear strain components during cyclic loading 

 

3.2 Laboratory testing set up and methodology 

3.2.1 Laboratory equipment 

The laboratory testing programme was conducted at the Geotechnical Testing Laboratory of 

the Centre for Offshore Foundation Systems/University of Western Australia. The Geocomp 

ShearTrac-II DSS apparatus was used to perform the direct simple shear tests. The ShearTrac-

II system comprises the ShearTrac-II load frame and a computer that is used to set up, monitor 

and control a test. In this device, the cylindrical soil specimen is enclosed in a rubber 

membrane and confined by a stack of rings during shearing. Two high speed, precision micro-

stepper motors combined with embedded controllers are used to apply the vertical load and to 

move the carriage box containing the specimen horizontally. 

3.2.2 Kaolin sample 

Kaolin was used in the tests, with liquid limit, LL = 61%, plastic limit, PL = 27%, soil particle 

density, Gs = 2.6, and plasticity index, Ip = 34% (Stewart 1992). The specimens were prepared 
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from kaolin slurry, with water content, ω, equal to twice the liquid limit. The slurry was poured 

into a 72 mm diameter tube and was consolidated under a vertical effective stress of 60 kPa, 

for non-symmetrical tests, and 100 kPa, for symmetrical tests, over a period of seven days. 

The specimens were extruded from the consolidated kaolin samples into a sample ring and 

after the excess material was trimmed, they were pushed gently into the shearing box. After 

placing a rubber membrane and Teflon coated stacked rings around the specimen, it was 

positioned in the carriage box and sub-merged in water.  

3.2.3 Testing procedure 

The test procedure involves initially the phase of consolidation and subsequently the phase of 

shearing under monotonic or cyclic loading conditions. The specimens were consolidated 

incrementally to the required stress, 150 kPa in the symmetrical tests and 70 kPa in the non-

symmetrical tests, and were left to consolidate under the last increment. Shearing was 

performed while maintaining the specimen volume constant; radial deformation was 

prevented by the stacked rings while vertical deformation was prevented by adjusting the 

vertical load through a closed loop computer control (Geocomp Corporation 2012).  

Monotonic tests were performed under strain control to assess the monotonic DSS strength, 

su, of the normally consolidated kaolin, that is equivalent to the undrained shear strength. The 

monotonic tests were performed at a rate of 0.1 mm/min, i.e. at a shear strain rate ≈ 32.8 %/h. 

The DSS strength measured in the monotonic tests was used to normalise the applied stresses 

in the cyclic tests. 

A total of eight cyclic DSS tests were performed under stress control, including five 

symmetrical tests and three non-symmetrical tests. The cyclic DSS tests were performed at a 

frequency, f = 0.1 Hz and were continued for N = 1000 cycles, unless failure was reached 

earlier. In the symmetrical cyclic DSS tests, the average stress τave = 0 and the maximum shear 

stress normalised by the DSS strength, τmax/su = τcyc/su, varied from 0.10 to 0.47. In the non-

symmetrical tests, the average stress was maintained constant at τave/su = 0.20 and τmax/su varied 

from 0.30 to 0.60.  It is noted that the applied stresses were relatively low as this study is part 
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of an ongoing research project on offshore subsea structures subjected to low to moderate 

cyclic loading. 

3.3 Laboratory test results 

3.3.1 Definition of failure for symmetrical cyclic DSS tests 

Typical results from the symmetrical cyclic DSS tests with the two highest applied shear 

stresses, τmax/su= 0.40 and 0.47, that reached failure, are presented in Figure 3-2. At the 

beginning of the tests, the shear strain develops symmetrically and increases at a slow rate, 

while after a number of cycles the rate starts increasing rapidly and shear strain develops non-

symmetrically. The shear strain at this transition point is the onset of failure. Once failure 

begins, the target shear stress cannot be achieved by the actuator and the applied shear stress 

drops. The vertical effective stresses reduce during the tests and reach a plateau after failure 

is reached. Failure is therefore achieved through cyclic degradation that is the loss of strength 

and stiffness as the number of cycles increases (Vucetic 1990). Based on the above, the shear 

strain at failure is defined at the point where the rate of shear strain starts increasing rapidly 

after significant cyclic degradation has taken place, that is at γmax = 4% and 5.3% for the 

particular tests with τmax/su = 0.40 and 0.47 respectively. Failure is denoted with a dashed line 

in Figure 3-2. 
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Figure 3-2 Typical results from symmetrical cyclic DSS tests under shear stress (a) τmax/su = 0.40 and 
(b) τmax/su = 0.47, versus number of cycles: applied shear stress normalised by DSS strength, τ/su, 
measured shear strain, γ, and change in vertical effective stress, Δσ'v, normalised by the initial vertical 
effective stress, σ'v0. 

 

3.3.2 Shear strain contour diagrams based on symmetrical cyclic DSS tests 

The results from all symmetrical cyclic DSS tests were used to construct the shear strain 

contour diagram shown in Figure 3-3. The γmax contours were drawn based on the measured 

data also shown in Figure 3-3. The failure envelope is defined at γmax = 5%, consistent with 

the previous discussion.  

The contour diagram for normally consolidated kaolin clay is compared with published data 

from cyclic simple shear/direct simple shear tests on normally consolidated clays in Figure 

3-4. Ansal & Erken (1989) have presented results of cyclic shear strain from symmetrical 

cyclic simple shear tests, on normally consolidated kaolin (LL = 65%, PL = 27%, ω ≈ LL) 

consolidated to 100 kPa as a function of normalized shear stress. The undrained shear strength 
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used for normalising shear stresses was defined from stress-controlled monotonic tests. The 

cyclic tests were conducted at a frequency of 0.1 Hz, similar to the present study. It is noted 

that the values of cyclic shear strain in symmetrical tests are anticipated to be close to the 

maximum shear strains, and the comparison is therefore valid. The results are in good 

agreement with the contour diagram of the present study. The small differences observed may 

be attributed to differences in the natural properties of kaolin, in the testing method, for 

example the use of a reinforced membrane instead of a stack of rings as a confining method, 

and the consolidation stress level.  

 

Figure 3-3 Maximum shear strain contour diagram as a function of normalised maximum shear stress, 
τmax/su, and number of cycles from symmetrical cyclic DSS tests on normally consolidated kaolin, f = 
0.1Hz. 

 

The contour diagram for normally consolidated kaolin clay is also compared in Figure 3-4 

with the cyclic shear strain contours for normally consolidated Drammen clay (Ip = 27%) from 

symmetrical cyclic DSS tests (Andersen 2009). The Drammen clay samples were consolidated 
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to 400 kPa. The DSS strength used for normalising the applied stress was defined from strain-

controlled monotonic tests conducted at a rate of shear strain of 4.5 %/h. The cyclic tests were 

also conducted at a frequency of 0.1 Hz. Figure 3-4 shows that the same shear strain levels are 

achieved at higher shear stress levels in Drammen clay indicating that the cyclic shear strength 

and stiffness of normally consolidated Drammen clay are higher than those of normally 

consolidated kaolin. Based on Andersen (2015), the cyclic shear strength of natural clays 

increases with increasing plasticity. Although kaolin has a higher plasticity, Ip=34%, it is a 

reconstituted clay and its strength is expected to be lower than the strength of a natural clay 

due to the lack of ageing. The lower cyclic shear strength observed by the present study may 

also be attributed to differences in the testing methods and the different consolidation stress. 

For example, the faster shearing rate used in the monotonic tests on kaolin leads to higher 

values of DSS strength and therefore lower normalised shear stresses. A different confining 

method, a reinforced membrane instead of a stack of rings, was also used in the tests on 

Drammen clay. 
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Figure 3-4 Comparison of maximum shear strain contour diagram for normally consolidated kaolin 
with published data for kaolin clay (Ansal & Erken 1989) and Drammen clay (Andersen 2009). 

 

3.3.3 Definition of failure for non-symmetrical cyclic DSS tests 

Typical results from the non-symmetrical cyclic DSS tests conducted with τave/su = 0.2 and 

with τmax/su = 0.30, 0.50 and 0.60, and τave/τcyc = 2, 0.67 and 0.5 respectively, are presented in 

Figure 3-5. The tests with the highest τmax/su (= 0.50 and 0.60) reached very large shear strains. 

Contrary to the response of the symmetrical cyclic DSS tests, shear strain develops at a 

relatively steady rate throughout the tests without any sudden increase. The vertical effective 

stresses reduce during the tests and reach a plateau at relatively high shear strains. In Figure 

3-6, stress-strain loops are presented for the non-symmetrical tests that reached high shear 

strains at the beginning of each test and at a high shear strain level. No cyclic stiffness 

degradation is observed in the non-symmetrical test with τave/τcyc = 0.67 while some cyclic 

stiffness degradation is observed in the test with τave/τcyc=0.5. These results conform to the 

trend of existing data (Mao & Fahey 2003) that in non-symmetrical tests, failure is achieved 
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through accumulation of shear strains and that the failure mechanism depends on the ratio 

τave/τcyc. Low ratios of τave/ τcyc appear to lead to some cyclic degradation while no degradation 

is caused for high to medium τave/τcyc ratios. Failure in non-symmetrical tests can be therefore 

determined by shear strain reaching a specified value. 

Similarly, the combination of γcyc and γave at failure, and throughout the tests, depends on the 

ratio τave/τcyc. For example, in the test with τmax/su = 0.30 and τave/ τcyc = 2, the average shear 

strain increases and cyclic shear strain remains constant while in the test with τmax/su = 0.60 

and τave/τcyc = 0.5, both average and cyclic shear strain develops rapidly. Significant increase 

in cyclic shear strain is therefore developed for low ratios of τave/τcyc while no increase of cyclic 

shear strain is observed for high τave/τcyc. This is in agreement with Mao & Fahey (2003) and 

Andersen (2015) who observed that the final combination of average and cyclic shear strain 

at failure depends on the ratio of the applied τave/τcyc for calcareous soils and offshore clays 

respectively. 

 

Figure 3-5 Typical results from non-symmetrical cyclic DSS tests under (a) τmax/su = 0.30 and τave/τcyc 
= 2, (b) τmax/su = 0.50 and τave/τcyc = 0.67 and (c) τmax/su = 0.60 and τave/τcyc = 0.5 
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3.3.4 Comparison of failure in symmetrical and non-symmetrical cyclic DSS tests 

The mode of failure in symmetrical and non-symmetrical cyclic loading on normally 

consolidated kaolin is very different. Failure in symmetrical tests is achieved through cyclic 

degradation and failure in non-symmetrical tests is achieved with shear strain accumulation. 

This is also evident in Figure 3-6, where significant stiffness degradation is shown to take 

place in the symmetrical tests after cyclic loading, in contrast with the non-symmetrical tests. 

The response of clay under non-symmetrical cyclic loading should not be predicted by contour 

diagrams from symmetrical cyclic DSS tests. 

The use of a common failure criterion for symmetrical and non-symmetrical tests, frequently 

used in the literature, may need to be revisited. The failure criterion, for both symmetrical and 

non-symmetrical tests, can be defined from element tests in agreement with the foundation 

tolerances to movement. In addition to this, the failure criterion for symmetrical cyclic DSS 

tests can be defined at the point where significant cyclic degradation has taken place. For 

instance, γmax = 5% could be used as a failure criterion for normally consolidated kaolin under 

symmetrical cyclic loading based on the findings of this study, but a higher shear strain failure 

criterion could be used for normally consolidated kaolin under non-symmetrical cyclic 

loading. The use of a γmax higher than 5% for symmetrical tests would be based on shear strain 

measurements after the sample has failed or ruptured internally and may not be reliable. 
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Figure 3-6 Comparison of normalised shear stress, τ/su, versus shear strain, γ, for non-symmetrical 
cyclic DSS tests under (a) τmax/su = 0.50 & τave/τcyc = 0.67 and (b) τmax/su = 0.60 & τave/τcyc = 0.5 and 
with (c) symmetrical cyclic DSS test under τmax/su = 0.40 

 

3.4 Conclusions 

Results from a series of symmetrical and non-symmetrical cyclic DSS tests on normally 

consolidated kaolin clay are presented. The main outcome is the compilation of a shear strain 

contour diagram for symmetrical cyclic loading on normally consolidated kaolin. The contour 

diagram is in good agreement with limited existing published data on normally consolidated 

kaolin. The following conclusions can also be drawn: 

 Failure in the symmetrical cyclic DSS tests on normally consolidated kaolin was 

achieved through cyclic degradation when maximum shear strain γmax was between 4 

and 5%. Based on this, the maximum strain γmax contour plotted on the shear strain 

contour diagram was 5%. 

 Failure in the non-symmetrical cyclic DSS tests was achieved through the 

accumulation of shear strain and can be defined by γmax reaching a specified value, 

much greater than the one achieved in the symmetrical tests. 

 The combination of γcyc and γave during the non-symmetrical tests depends on the ratio 

τave/τcyc, with high ratios leading to increase of γave and with low ratios leading to 

increase of both γcyc and γave. 

(c) 

N=1 

N=506 

(b) 

N=2 N=20 

(a) 

N=2 N=200 
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 The common use of a failure shear strain criterion for normally consolidated clays 

under symmetrical and non-symmetrical cyclic loading may be inappropriate. The 

failure criterion can be defined from element tests in agreement with the foundation 

tolerances to movement. In addition to this, for symmetrical tests, the failure criterion 

can be defined at the point where significant cyclic degradation has taken place. For 

non-symmetrical tests, where no or limited degradation occurs, a higher shear strain 

failure criterion could be used for types of foundations with high tolerances to 

movement. 
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Chapter 4. Shear strain contour diagrams from 

cyclic DSS tests on soft normally consolidated 

kaolin 

Prologue 

Chapter 4 presents contour diagrams of maximum shear strain from symmetrical and non-

symmetrical cyclic direct simple shear tests on soft normally consolidated kaolin clay, that 

comprises research objective 1. This chapter comprises the backbone of the thesis as the 

contour diagrams will be used as a reference for comparison with the centrifuge test data 

presented in Chapter 5 and Chapter 6. 

Chapter 4 also presents results from cyclic staged symmetrical and non-symmetrical tests, 

with parcels of uniform shear stress, and non-symmetrical cyclic tests with high average shear 

stress and low cyclic shear stress. The measured vertical displacement at the end of the tests 

is compared with that predicted by the accumulation procedure to investigate how the soil 

response under irregular cyclic loading is predicted by the accumulation procedure at a soil 

element level, that comprises research objective 2. 

In this chapter, the steps of the accumulation procedure on contour diagrams of shear strain 

are presented in detail. The specimen preparation and testing procedure for this series of direct 

simple shear tests has been enhanced relevant to the requirements of testing in soft clay. 

Failure in symmetrical and non-symmetrical tests is defined based on the change of maximum 

shear strain per cycle. 

Chapter 4 comprises a paper published online in Geotechnique in February 2018 with the title 

‘Response of normally consolidated kaolin clay under irregular cyclic loading and comparison 

with predictions from the accumulation procedure’.  
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Abstract  

The accumulation procedure on contour diagrams of shear strain is used in geotechnical design 

to account for the effect of cyclic loading on offshore foundations. In this paper, contour 

diagrams of maximum shear strain are presented based on a series of stress-controlled, 

symmetrical and non-symmetrical, cyclic direct simple shear tests on normally consolidated 

kaolin clay that can be used to re-examine the extensive database of model testing in kaolin 

clay. It is shown that failure under non-symmetrical cyclic loading can be defined at a higher 

maximum shear strain than under symmetrical loading, offering potential opportunities for 

reducing foundation sizes for structures that are less sensitive to displacement. Staged tests 

with parcels of uniform amplitudes have been also performed to compare the measured shear 

strains with the values predicted by the accumulation procedure. It is shown that the 

accumulation procedure predicts the strain measured in the symmetrical staged tests well but 

overpredicts shear strains measured in the non-symmetrical staged tests.  

4.1 Introduction 

The cyclic response of normally consolidated clay is particularly relevant to foundation design 

of offshore structures, which are subjected to cyclic loading induced by environmental factors 

and potentially interaction with other seabed infrastructure during operation. Geotechnical 

foundation design conventionally discounts the shear strength of the seabed to account for the 

effect of cyclic loading through an accumulation procedure using contour diagrams of shear 

strain or excess pore pressure derived from programs of advanced laboratory testing (e.g. 

Andersen 1976, Andersen 2015). The accumulation procedure has been developed and 

verified for the foundation design of gravity-based fixed platforms that are subjected to waves 

and wind of high amplitude and frequency (Andersen et al. 1989), but is now also used for the 

foundation design of a range of offshore structures (Andersen et al. 1993, Andersen et al. 

2013), including subsea structures that are subjected to different cyclic loading regimes to 

fixed platforms.  
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One of the main motivations of the present study is to present contour diagrams of shear strain, 

based on a series of symmetrical and non-symmetrical stress-controlled cyclic direct simple 

shear (DSS) tests performed on soft normally consolidated kaolin. The dataset of contour 

diagrams developed in this study provides a useful tool for the interpretation of model test 

data, as kaolin is a material used extensively for research and a large existing dataset of 

physical modelling results involving cyclic loading on kaolin is available in the public domain 

(e.g. Clukey et al. 1995, Chen & Randolph 2007, Acosta-Martinez & Gourvenec 2008, 

Zografou et al. 2018a). 

DSS tests were chosen in this study as this type of tests is generally preferred in offshore 

geotechnical site investigation due to the efficiency of sample size and as shear strength from 

monotonic DSS tests, or simple shear tests, is considered approximately equal to the average 

soil strength in triaxial compression and extension (Mayne 1985, Randolph 2012) and 

therefore applicable to a range of stress paths encountered beneath a shallow foundation. It is 

noted that DSS tests (Bjerrum & Landva 1966) and simple shear tests (Joer et al. 2011, Carraro 

2017) are distinguished based on the boundary conditions on the specimen. Stress-controlled 

tests were chosen, rather than strain-controlled tests, as representative for offshore foundations 

subjected to cyclic loading. Several studies have been published on stress-controlled cyclic 

triaxial tests on kaolin (e.g. Meimon & Hicher 1980, Ho 2013) and strain-controlled cyclic 

simple shear tests (e.g. Ohara & Matsuda 1988, Hsu & Vucetic 2006) but only limited data 

are available from stress-controlled cyclic DSS tests on normally consolidated kaolin clay 

(Ansal & Erken 1989, Zografou et al. 2016). It is noted that the most extensive database of 

contour diagrams available in the public domain is developed from cyclic element tests on 

Drammen clay (Andersen 2009). Zografou et al. (2016) observed that contours from cyclic 

DSS tests on normally consolidated Drammen clay plot above those from cyclic DSS tests on 

normally consolidated kaolin clay, such that the Drammen clay contour diagrams cannot be 

used to predict the cyclic response of kaolin clay. 
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Two types of contour diagrams are presented, derived from the series of DSS tests carried out 

for this study; (1) based on symmetrical tests, i.e. with average shear stress, τave, equal to zero, 

and (2) non-symmetrical tests with cyclic shear stress, τcyc, equal to the average shear stress, 

i.e. τave = τcyc. The components of shear stress, τ, in a cyclic DSS test, i.e. τave and τcyc and the 

maximum shear stress in a cycle, τmax, are illustrated in Figure 4-1(a). It is noted that in real 

conditions, τcyc is induced by cyclic loading while τave may be induced by the weight of 

structures and average environmental, installation and operational loads. The two types of 

contour diagrams presented in the paper represent idealised design load cases that can bound 

a range of cyclic load conditions relevant to foundations of gravity-based structures, skirted 

foundations (Watson 1999, Watson & Randolph 2006), suction caissons (Randolph 1998, 

Chen & Randolph 2007), piles and monopiles (Jardine et al. 2012). The components of 

induced shear strain, γ, are also illustrated in Figure 4-1(b), notably the average shear strain, 

γave, cyclic shear strain, γcyc, and maximum shear strain, γmax. 

The predicted response from the accumulation procedure is compared with observations from 

staged symmetrical and non-symmetrical (τave = τcyc) cyclic DSS tests with parcels of uniform 

amplitude in ascending and/or descending order, conducted as an approximation of irregular 

cyclic loading in the field. Comparison of the accumulation procedure against staged 

symmetrical DSS tests (not in kaolin) based on element tests are reported in the literature 

(Dyvik et al. 1981, Boukpeti et al. 2014), but to the authors’ knowledge no comparison has 

been made with non-symmetrical tests. In the present study, the response of non-symmetrical 

DSS tests with τave = τcyc and τave > τcyc, is also compared with the response predicted by the 

accumulation procedure with strain contour diagrams. 
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Figure 4-1 (a) Shear stress and (b) shear strain components in stress-controlled cyclic DSS 

tests 

4.2 Shear strain accumulation procedure 

Offshore foundations experience irregular cyclic loading of varying amplitude and frequency. 

The accumulation procedure requires this irregular cyclic loading sequence to be translated 

into parcels of uniform amplitude shear stresses in ascending order. The process of translating 

the cyclic loads into cyclic shear stresses is based on the assumption that the ratio of the 

applied cyclic load to the maximum cyclic load is proportional to the ratio of the shear stress 

to the monotonic shear strength, su, or the vertical effective stress, σ΄v. An example translation 

of an irregular cyclic load sequence into a regular cyclic shear stress sequence, as a function 

of the number of cycles, N, is provided in Figure 4-2 (a). The cyclic load sequence is typical 
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of that imparted by a storm, with increasing load magnitude as the storm intensifies followed 

by decreasing load magnitude as the storm abates.  

The accumulation procedure can be performed on contour diagrams of excess pore pressure, 

average shear strain or cyclic shear strain against N, to define the equivalent number of cycles 

of the maximum load in the irregular cyclic load sequence, Neq, that causes the same 

degradation as the irregular cyclic load sequence. The shear strain accumulation procedure is 

preferred for clays while the pore pressure accumulation is preferred for sands as more 

accurate measurements of pore pressure can be achieved in sands. Figure 4-2 (b) shows an 

example application of the shear strain accumulation procedure on a contour diagram of 

maximum shear strain, γmax, as a function of τmax/su and N. As this paper considers both 

symmetrical and non-symmetrical cyclic loading, the contour diagrams for both symmetrical 

and non-symmetrical cyclic loading are presented using τmax and γmax, rather than τcyc and γcyc 

as generally used for symmetrical tests. The accumulation procedure starts with the first 

parcel, for which τmax/su = 0.33 and N = 150, such that the starting point on the contour diagram 

(Figure 4-2 (b)) is point A, with τmax/su = 0.33 and N = 1. This stress level is maintained for 

150 cycles, such that the path is horizontal from point A to point B at N = 150, where it 

intersects the contour of γmax = 1%. Based on the assumption that the shear strain at the end of 

a parcel is the same as that at the beginning of the subsequent parcel, this 1% contour is 

followed until reaching the stress level of the subsequent parcel, which is at point C with 

τmax/su = 0.42 and N = 5. The application of the stress increment, from τmax/su = 0.33 to 0.42, 

induces an additional change in shear strain, Δγ, which is approximated from the shear-strain  
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Figure 4-2 (a) Irregular cyclic load history transformed into parcels of cyclic shear stress, (b) the 
accumulation procedure for the cyclic stress history on a contour diagram of γmax and (c) assessment of 
Δγ due to stress increment between parcels from stress-strain response at N = 1 
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response at N = 1. Figure 4-2 (c) shows that the stress increment from τmax/su = 0.33 to 0.42 (τ 

= 4.3 to 5.5 kPa) causes an increase in shear strain, Δγ = 0.3%. Therefore, on the contour 

diagram on Figure 4-2 (b), γmax increases from 1.0% to 1.3% (from point C to point D) at N = 

5. The path is then horizontal to the right for the 35 cycles in the second parcel to reach point 

E, which lies on the γmax = 2% contour at N = 5 + 35 = 40. This process is followed for each 

parcel, reaching the maximum shear stress level, τmax/su = 0.60, which occurs at N = 9 (point 

Z). Hence, the irregular cyclic stress sequence can be represented by a uniform stress sequence 

of τmax/su = 0.60 with Neq = 9.  

The accumulation procedure is repeated for increasing scaling factors that correlate cyclic load 

to cyclic shear stress resulting in different values of Neq until the failure envelope (i.e. the 

contour with the highest γmax value) is reached. The shear stress level where the failure 

envelope is reached is defined as the cyclic shear strength, τmax,f. In the example in Figure 4-2 

(b), the accumulation procedure resulted in the highest γmax (= 5%), such that the cyclic shear 

strength is equal to τmax,f /su = 0.60. 

4.3 Experimental details 

4.3.1 Direct simple shear apparatus 

A total of 22 direct simple shear (DSS) tests were performed at the University of Western 

Australia using the Geocomp ShearTrac-II DSS apparatus (Geocomp Corporation 2012). DSS 

tests comprise an initial stage of one-dimensional consolidation followed by a shearing stage 

during which no volume change is allowed. In the Geocomp apparatus, a zero lateral strain 

boundary condition is imposed using a stack of rings that surround the specimen. The height 

of the specimen is kept constant during the shearing stage by active height control (ASTM 

D6528-07). DSS tests are equivalent to undrained tests as the change in vertical effective 

stress, Δσ'v, required to maintain the specimen height constant is assumed to equal the change 

in pore pressure (Bjerrum & Landva 1966, Dyvik et al. 1987). 
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Figure 4-3 Geocomp DSS apparatus: (a) schematic representation, and (b) polycarbonate top cap and 
rod and Teflon coated stacked rings 

 

The experimental arrangement is shown on Figure 4-3. The arrangement adopted for this 

program of testing was modified from the standard arrangement by replacing the stainless 

steel top cap and the attached rod with polycarbonate replicas, such that the seating pressure  

(b) 
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was reduced from 3.0 kPa to 0.5 kPa. This modification was necessary to minimise disturbance 

of the soft specimens during preparation. Vertical displacements of the specimen due to the 

0.5 kPa seating pressure and assembling the apparatus components above the specimen were 

monitored before the consolidation stage. This displacement was accounted for in the 

calculation of the final specimen height. The apparatus deformation and lateral confinement 

of the system were calibrated. The vertical displacements and shear stresses presented in this 

paper have been corrected based on these calibrations in agreement with ASTM D6528-07. 

4.3.2 Speciment preparation and installation in the apparatus 

Kaolin, with properties as listed in Table 4-1, was prepared as a slurry with a water content 

equal to twice the liquid limit and mixed under vacuum for a period of 24 hours before being 

transferred to a 72 mm diameter tube where it was consolidated in increments to a maximum 

vertical stress of 60 kPa. The increments were applied for 24 hours and the final increment 

was applied for at least 48 hours. Specimens were extruded from the tubes of consolidated 

kaolin into a 71 mm diameter ring and after trimming excess clay from around the ring, the 

specimens were pressed out of the ring and into the shearing box, taking care to minimise 

disturbance. The top cap, rubber membrane and Teflon coated stacked rings were placed 

around the specimen, which was then positioned in the carriage box of the apparatus. A linear 

displacement sensor was placed on top of a platen on the top cap to monitor vertical 

displacements while setting up the apparatus; this sensor was removed after the consolidation 

stage. After assembling the rod, vertical load cell and second linear vertical displacement 

sensor, the specimen was submerged in a water bath. 
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Table 4-1Properties of kaolin clay (Stewart 1992) 

Liquid limit, LL (%) 61 

Plastic limit, PL (%) 27 

Specific gravity, Gs 2.6 

Critical state friction constant, M 0.92 

Slope of normal consolidation line, λ 0.205 

Slope of swelling line, κ 0.044 

 

4.3.3 Testing procedure 

The specimens were consolidated in the DSS apparatus incrementally to the initial vertical 

effective stress, σ'v0, equal to 70 kPa in agreement with the procedure set out in ASTM D6528-

07. This stress level was chosen to target the minimum strength that is practical for specimen 

preparation and is representative of soil strengths relevant to subsea foundation systems in soft 

clay. Each stress increment was maintained for either 1 or 2 hours, with the exception of the 

final stress increment which was maintained for a minimum of 15 hours in agreement with 

ASTM D6528-07. 

Monotonic tests were performed under displacement control at a rate of 0.1 mm/min to assess 

the monotonic DSS strength, su, of the normally consolidated kaolin. The shear stresses in the 

cyclic tests were applied as a percentage of this reference DSS strength. Monotonic tests at 

displacement rates of 1.0 mm/min and 2.5 mm/min were also performed to capture the stress-

strain response at strain rates closer to those in the stress-controlled cyclic tests.  

Cyclic DSS tests were performed under stress control using sinusoidal waves with a 

frequency, f = 0.1 Hz, typical of a wave during a storm (e.g. Andersen et al. 1988, Mohr et al. 

2013), for up to N = 1500 cycles, unless failure was reached earlier. Symmetrical and non-

symmetrical tests were performed. Before applying the cycles in the non-symmetrical tests, 

an average shear stress, τave, was applied at a rate of 10.1 kPa/min. The targeted τave was 

maintained until horizontal displacements stabilised (typically up to 30 minutes) during which 
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time the specimen height was kept constant. The sinusoidal cyclic shear stresses, τcyc, were 

then applied about this same τave; in symmetrical tests the initial stage of loading to τave was 

not required as τave = 0. The cyclic shear stress rate was not controlled directly. Rather this 

was a result of the control system, which utilised a proportional–integral–derivative (PID) 

control loop to vary the displacement rate such that the targeted time history of shear stress 

was achieved. The PID controller requires as input the cyclic frequency and the magnitude of 

the cyclic shear stress, τcyc. Initial trials were conducted to select PID gain parameters that 

optimised the shear stress control quality. 

Non-symmetrical tests were performed at different cyclic stress ratios (CSR), where CSR is 

defined as: 

𝐶𝑆𝑅 =
𝜏

𝜏
 (1) 

Tests of single uniform amplitude sequences and staged tests with parcels of uniform 

amplitudes were performed under symmetrical (CSR = ∞) and non-symmetrical cyclic loading 

conditions with CSR = 1. The cyclic stresses in the uniform cyclic tests – symmetrical and 

non-symmetrical with CSR = 1 – were selected such that there would be sufficient data to fit 

strain contours in the respective contour diagrams. Non-symmetrical tests with uniform 

amplitudes and τave > τcyc were also conducted, and in particular with CSR = 0.26 and 0.42, 

with shear stresses representative of the loading conditions of a subsea zero-radius bend trigger 

during pipe-laying (Peek & Kristiansen 2009, Zografou et al. 2018a). The cyclic shear stresses 

in the staged tests, with the exception of one test [StCs1], were chosen so that failure would 

not occur in any of the parcels, allowing the effect of cyclic stress history to be investigated. 

4.3.4 Testing programme 

An overview of the test programme is provided in Table 4-2. Symmetrical cyclic tests [Cs1 to 

Cs5] and non-symmetrical cyclic tests with CSR = 1 [Cns1 to Cns6] were performed to 

produce contour diagrams for symmetrical and non-symmetrical cyclic loading. Non-

symmetrical tests with CSR < 1 were also performed [Cns7 and Cns8]. Staged symmetrical 
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tests [StCs1 to StCs4] and non-symmetrical tests [StCns1 and StCns2] were performed to 

provide a means of assessing the shear strain predicted by the accumulation procedure. 
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Table 4-2 Overview of direct simple shear tests carried out for this study 

Test 
reference 

Test 
type 

Displaceme
nt rate 

(mm/min) 

Cyclic 
stress ratio, 

CSR 
τcyc/su τave/su 

Number of 
cycles, N 

Pictograph 

M1 

M
on

ot
on

ic
 

0.1 - - - - 

 

M2 1.0 - - - - 

M3 2.5 - - - - 

Cs1 

C
yc

li
c 

sy
m

m
et

ri
ca

l 

- ∞ 0.30 0.00 1500 

 

Cs2 - ∞ 0.35 0.00 1364 

Cs3 - ∞ 0.41 0.00 286 

Cs4 - ∞ 0.50 0.00 50 

Cs5 - ∞ 0.65 0.00 17 

StCs1 

St
ag

ed
 c

yc
li

c 
sy

m
m

et
ri

ca
l - ∞ 

0.22/ 
0.39/ 
0.55 

0.00 
100/ 
50/ 
25 

 

StCs2 - ∞ 
0.25/ 
0.36/ 
0.45 

0.00 
100/ 
50/ 
25 
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Test 
reference 

Test 
type 

Displaceme
nt rate 

(mm/min) 

Cyclic 
stress ratio, 

CSR 
τcyc/su τave/su 

Number of 
cycles, N 

Pictograph 

StCs3 - ∞ 
0.45/ 
0.35/ 
0.25 

0.00 
25/ 
50/ 
100 

 

StCs4 - ∞ 

0.25/ 
0.35/ 
0.45/ 
0.35/ 
0.25 

0.00 

50/ 
25/ 
25/ 
25/ 
50 

 
Cns1 

C
yc

li
c 

no
n-

sy
m

m
et

ri
ca

l 

- 1 0.16 0.15 1500 

 

Cns2 - 1 0.26 0.26 1500 

Cns3 - 1 0.36 0.36 478 

Cns4 - 1 0.41 0.41 74 

Cns5 - 1 0.46 0.46 28 

Cns6 - 1 0.60 0.60 8 

StCns1 

St
ag

ed
 c

yc
li

c 
no

n-
sy

m
m

et
ri

ca
l 

- 1 
0.38/ 
0.43 

0.38/ 
0.43 

50/ 
15 
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Test 
reference 

Test 
type 

Displaceme
nt rate 

(mm/min) 

Cyclic 
stress ratio, 

CSR 
τcyc/su τave/su 

Number of 
cycles, N 

Pictograph 

StCns2 - 1 
0.40/ 
0.35 

0.40/ 
0.35 

15/ 
50 

 

Cns7 

C
yc

li
c 

no
n-

sy
m

m
et

ri
ca

l  

- 0.42 0.15 0.36 1500 
 

Cns8 - 0.26 0.16 0.62 1500 
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4.4 Results 

The results from the cyclic DSS tests are presented in the following sections. It is noted that 

the void ratio, e0, of the specimens, as extruded, was typically in the range 1.28 - 1.35, and it 

is therefore reasonable to make direct comparisons between the test results. 

4.4.1 Symmetrical tests 

Definition of failure in symmetrical cyclic DSS tests 

Five symmetrical cyclic DSS tests were performed with uniform cyclic amplitudes. Typical 

results from a symmetrical cyclic DSS test performed at τmax/su = τcyc/su = 0.41 [Cs3] are 

presented in  Figure 4-4. 

Figure 4-4 (b) and (c) show that for this example test, shear strain initially develops with a 

constant change in maximum shear strain per cycle, Δγmax/ΔΝ, that is approximately equal to 

0.02, and that Δγmax/ΔΝ increases rapidly from N = 229. Figure 4-4 (d) presents the ratio of 

the change in vertical effective stress to the initial vertical effective stress, Δσ'v/σ'v0, and shows 

that σ'v decreases as the test progresses. Figure 4-4 (e) shows the shear stress-shear strain 

response at N = 1, 10, 100 and at failure (N = 229), together with the cyclic shear modulus, 

Gcyc = τcyc/γcyc, as a measure of  shear stiffness.  Gcyc decreases as the test progresses, from Gcyc 

= 696 kPa at N = 1 to Gcyc = 108 kPa at N = 229. Failure is therefore observed in the form of 

cyclic stiffness degradation and is defined here at the point where the change of maximum 

shear strain per cycle, Δγmax/ΔΝ, increases markedly. In this particular test, failure is observed 

at N = 229, at which point γmax ≈ 5% and σ'v and Gcyc have reduced by 69% and 84% 

respectively. Failure in symmetrical cyclic DSS tests [Cs2 to Cs5], as defined above, was 

observed at a similar value of γmax ≈ 5 %. 
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Figure 4-4 (a) Input shear stress, normalised by su, and (b-e) typical results from a symmetrical cyclic 
DSS test under τmax/su =0·41 (Cs3): (b)–(d) measured response during cycling; (e) stress–strain response 
at cycle numbers, N= 1, 10, 100 and 229 
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Shear stress-shear strain response at N = 1 in symmetrical cyclic DSS tests 

Figure 4-5 presents the shear stress-shear strain response measured in monotonic tests 

conducted at displacement rates of 0.1 mm/min, 1 mm/min and 2.5 mm/min [M1, M2 and 

M3]. The shear stress is normalised by su, which was selected from the results from the test 

performed at 0.1 mm/min (the slowest rate considered) at a shear strain γ = 15%; the selected 

shear strain level is in agreement with that of other studies using monotonic strain-controlled 

DSS tests on normally consolidated clay with no clear peak in the shear-strain response (e.g. 

Andersen et al. 2005, Lunne & Andersen 2007). Also shown is the response from the first 

quarter cycle of three cyclic symmetrical tests with τcyc/su = 0.22, 0.41 and 0.65 [StCs1, Cs3 

and Cs5] measured from τ = 0 to τ = τmax, with average displacement rates of 1.0, 1.9 and 6.7 

mm/min for tests StCs1, Cs3 and Cs5 respectively. The cyclic stress-strain responses are in 

good agreement with the response in the monotonic tests performed at similar displacement 

rates, i.e. tests M2 and M3. Therefore the points of the contours on the contour diagrams at N 

= 1 from symmetrical cyclic tests can be derived from the fast monotonic tests at = 15%, 

consistent with observations by Idriss & Dobry (1978).  
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Figure 4-5 Stress-strain response at N=1 of symmetrical cyclic DSS tests and in monotonic DSS tests 
performed at 0.1 mm/min, 1 mm/min and 2.5 mm/min for a) γ : 0 - 5% and b) γ: 0 - 20% 
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The results from the mononotonic tests on Figure 4-5 are consistent with the well-known effect 

of shear strain rate on undrained shear strength. This effect is attributed to the viscosity of the 

clay and typically contributes to a 5 to 20% increase in undrained shear strength for every log 

cycle increase in shear strain rate (e.g. Casagrande & Wilson 1951; Graham et al. 1983, Vaid 

& Campanella 1977, Lefebvre & LeBoeuf 1987, Sheahan et al. 1996, Lunne & Andersen 

2007). The effect of strain rate in the monotonic tests on Figure 4-5 is most readily assessed 

by comparing the tests at 0.1 mm/min [M1] and 1 mm/min [M2]. Shear stresses in test M2 are 

typically 13% higher throughout. The implication of this with respect to the application of the 

accumulation procedure is that the τ/su ratios used as input to the cyclic tests may appear 

slightly higher than relative to the shear strength mobilised at a higher rate during cyclic 

shearing.  

Contour diagrams from symmetrical cyclic DSS tests 

The results of the symmetrical cyclic DSS tests have been used to produce contour diagrams, 

shown as contours of γmax in τmax/su – N space. It is reiterated that the position of the contours 

depends on the value of monotonic strength used for normalising the applied shear stresses 

and therefore on the reference strain rate used in the monotonic tests. The contours have been 

produced based on eight symmetrical cyclic DSS tests (including the first stage of three staged 

tests) by fitting data points with the same level of γmax. Data points at N = 1 and for τmax/su > 

0.65 have been taken from the monotonic test performed at 2.5 mm/min as discussed above.  

Figure 4.6 shows the contour diagram established from the results of the symmetrical cyclic 

DSS tests. For this symmetrical cyclic loading case, τmax  = τcyc (as τave = 0), but to facilitate 

comparison with the contour diagram for the non-symmetrical cyclic tests the normalised 

shear stress ratio on the contour diagram is expressed as τmax/su rather than τcyc/su (equivalent 

for the symmetrical tests). The cyclic tests used to define the contours are denoted with dashed 

lines. The failure envelope on this contour diagram for symmetrical cyclic loading is defined 

by γmax = 5%, which is close to the shear strain level where failure was observed in the 
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symmetrical tests consistent with the discussion above. The γmax contours are produced by 

fitting a simple power law to the data:  

τ

s
= aN + c (2) 

in which ‘a’ is a scaling factor that increases with τmax/su, ‘b’ controls the curvature of the 

contours and ‘c’ is the limiting (minimum) τmax/su at an infinite number of cycles. Curve fitting 

to the data using equation (2) was obtained through regression analyses using a simple least 

squares approach. Each of the optimised parameters vary with γmax as summarised in Table 

4-3, together with the coefficient of determination, R2, which is greater than 0.98 for each 

contour. Various soil element testing studies have identified a threshold shear stress, which is 

the shear stress level below which failure does not occur even at a high number of cycles 

(Larew & Leonards 1962, Sangrey et al. 1969, Lefebvre et al. 1989, Vucetic 1994). This 

threshold shear stress is linked to the magnitude of the parameter ‘c’; examination of Figure 

4.6 and Table 4-3 indicates that on the basis of these test results, the stress threshold for 

normally consolidated kaolin is 0.30 < τmax/su = τcyc/su < 0.35. 

It is noted that each contour is derived from test data with the same γmax and therefore from 

tests at similar displacement rate. Hence, the effect of shear strain rate discussed above, or 

different displacement rate in the cyclic tests, on the contour diagrams is expected to be 

minimal. 

 

Table 4-3 Fitting parameters for contour diagram of γmax based on symmetrical cyclic DSS tests for 
CSR = ∞ (from Eqn.2) 

γmax (%) a b c R2 

0.5 0.00 0.00 0.250 - 

1 0.17 -0.24 0.287 0.983 

2 0.29 -0.25 0.310 0.982 

3 0.40 -0.28 0.315 0.993 

5 0.54 -0.35 0.325 0.991 
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Figure 4-6 Contour diagram of γmax derived from symmetrical cyclic DSS tests with CSR = ∞ 

 

4.4.2 Non-symmetrical cyclic tests 

Definition of failure in non-symmetrical cyclic DSS tests 

Six non-symmetrical cyclic DSS tests were conducted at a cyclic stress ratio, CSR = 1 (i.e. 

τave = τcyc), and two non-symmetrical tests at CSR = 0.26 and 0.42 (i.e. τave > τcyc). Typical 

results from non-symmetrical tests performed at CSR = 1 [Cns4] and CSR = 0.26 [Cns8] are 

presented in Figure 4-7 and Figure 4-8 respectively.  

Figure 4-7 (b) and (c) show that in the test with CSR = 1 ([Cns4]; τave/su = τcyc/su = 0.41), the 

change in maximum shear strain per cycle, Δγmax/ΔΝ, is relatively constant, but increases from 

N = 51. Figure 4-7 (d) and (e) show that σ'v and G both decrease as the test progresses.  
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Figure 4-7 (a) Input shear stress, normalised by su, and (b-e) typical results from a non-symmetrical 
cyclic DSS test under τave/su= 0·41 and CSR = 1 (Cns4): (b)–(d) measured response during cycling; (e) 
stress–strain response at cycle numbers, N= 2, 10 and 51 
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As in the symmetrical test on Figure 4-4, failure can be defined at the point where Δγmax/ΔΝ 

is seen to markedly increase. Failure in test Cns4 is therefore defined at N = 51 and is 

associated with the accumulation of shear strain together with an amount of stiffness 

degradation. At failure (i.e. at N = 51) γmax ≈ 25% and σ'v and Gcyc are reduced by 51% and 

48% respectively. Of the four specimens that failed in the non-symmetrical cyclic DSS tests 

with CSR = 1 [Cns3 to Cns6], failure, as defined above, was observed at γmax in the range of 

23% to 27%. It is noted that failure at this level of γmax is solely defined at a soil element level 

without taking into account the design requirements of a structure for displacement. 

Figure 4-8 (b) and (c) show that in the non-symmetrical test with CSR = 0.26 ([Cns8]; τave/su 

= 0.62 and τcyc/su = 0.16) shear strain develops at the beginning of the test but stabilises after 

approximately N = 500. Figure 4-8 (d) and (e) indicate that essentially there is no stiffness 

degradation over the N = 1500 cycles. Failure therefore did not occur in this test. A stable 

response was also observed in test Cns7 with a lower average shear stress but with 

approximately the same cyclic shear stress (τave = 0.36, τcyc = 0.15, CSR = 0.42). The 

combination of the applied shear stresses in the non-symmetrical tests with τave > τcyc therefore 

leads to a stable soil response and can be considered within the threshold where failure does 

not occur regardless of the number of cycles. 

Comparing the response in the symmetrical and non-symmetrical tests with CSR = 1 at the 

same τcyc/su = 0.41 (Figure 4-4 and Figure 4-7) reveals that higher shear stiffness degradation 

and reduction of σ'v takes place in the symmetrical test. Minimal cyclic stiffness degradation 

was observed in the non-symmetrical test with CSR = 0.26, as shown by Figure 4-8. The above 

observations are consistent with those made by Mao and Fahey (2003), who, on the basis of 

cyclic simple shear tests on calcareous sediments, observed that non-symmetrical tests lead to 

less stiffness degradation than symmetrical tests and that the amount of cyclic stiffness 

degradation decreases with decreasing CSR. Failure in the non-symmetrical test with CSR = 

1 is observed at higher shear strains than in the symmetrical test, in agreement with 

observations made by Zografou et al. (2016).   
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Figure 4-8 (a) Input shear stress, normalised by su, and (b-e) typical results from a non-symmetrical 
cyclic DSS test under τave/su = 0·62 and CSR = 0·26 (Cns8): (b)–(d) measured response during cycling; 
(e) stress–strain response at cycle numbers, N = 2, 10, 100 and 1500 
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Contour diagrams from non-symmetrical cyclic DSS tests performed at CSR = 1 

Figure 4-9 shows the contour diagram of γmax based on results from non-symmetrical cyclic 

DSS tests with CSR = 1. The contours have been fitted to the measured data from eight non-

symmetrical cyclic DSS tests (including the first stage of two staged tests) with the same level 

of γmax, using equation (2) and the same regressional analysis described above for the 

symmetrical test interpretation. This resulted in the fitting parameters and coefficients of 

determination summarised in Table 4-4. As for the contour diagram from the symmetrical 

tests, the data points at N = 1 have been established from the shear stress-shear strain response 

in the first quarter of the first cycle in the cyclic tests. The failure envelope is defined at γmax 

≈ 25%, which is the approximate shear strain level where failure was observed in the non-

symmetrical tests as established above.  

 

Figure 4-9 Contour diagram of γmax derived from non-symmetrical cyclic DSS tests with CSR=1 
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As discussed above in relation to the symmetrical tests, the threshold shear stress below which 

failure does not occur irrespective of cycle number is reflected in the parameter ‘c’ used in 

equation (2). In the non-symmetrical tests with CSR = 1, the threshold stress for normally 

consolidated kaolin was observed at 0.52 < τmax/su < 0.72, or 0.26 < τcyc/su = τave/su < 0.36.   

Table 4-4 Fitting parameters for contour diagram of γmax based on non-symmetrical cyclic DSS tests for 
CSR=1 (from Eqn. 2) 

γmax (%) a b c R2 

1 0.00 0.00 0.310 - 
2 0.21 -0.18 0.400 0.871 
3 0.30 -0.23 0.445 0.927 
4 0.31 -0.28 0.520 0.953 
5 0.35 -0.32 0.570 0.867 
7 0.44 -0.33 0.590 0.989 
10 0.53 -0.34 0.600 0.996 
15 0.66 -0.35 0.605 0.999 
20 0.77 -0.36 0.608 0.999 
25 0.88 -0.36 0.610 0.999 

 

Selected γmax contours for symmetrical and non-symmetrical cyclic loading are compared on 

Figure 4-10 (a) and (b) as a function of normalised τmax and τcyc respectively. From the figure 

it is evident that for a given level of τmax or τcyc and number of cycles, shear strains are higher 

for non-symmetrical cyclic loading than for symmetrical cyclic loading. For example, at τcyc/su 

= 0.50 the failure envelope of γmax = 5% (symmetrical loading) is reached at N = 25 while the 

failure envelope of γmax = 25% (non-symmetrical loading) is reached at N = 10. Given that the 

cyclic shear strength is defined at the point where the accumulation procedure intersects the 

failure envelope on a contour diagram, Figure 4-10 shows that (for CSR = 1) non-symmetrical 

cyclic loading is a more onerous load case than symmetrical cyclic loading, despite the higher 

γmax failure criterion. However, as failure in the non-symmetrical tests is associated with γmax 

= 25%, the calculated cyclic shear strength or Neq will be higher than adopting the γmax = 5% 

failure criterion used in the symmetrical tests, which may permit for a more economical 

foundation design.  

Also shown on Figure 4-10 (a) and (b) are data from the non-symmetrical tests performed at 

CSR = 0.26 ([Cns8]; τave/su = 0.62 and τcyc/su = 0.16) and CSR = 0.42 ([Cns7]; τave/su = 0.36 
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and τcyc/su = 0.15). Figure 4-10 (a) shows that the selected value of γmax = 3% in the test with 

CSR = 0.42 plots close to the γmax = 3% contour for CSR = 1. However, the selected value of 

γmax = 5% in the test with CSR = 0.26, that reached a stable response, plots on approximately 

the γmax = 25% contour for CSR = 1 (i.e. the failure envelope). The selected data on Figure 

4-10 (b) plot below all contours. Hence the response in non-symmetrical tests appears to 

depend on the CSR, and therefore the behaviour at a CSR less than unity may not be predicted 

accurately by contour diagrams derived from non-symmetrical tests with CSR = 1. 
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Figure 4-10 Comparison of contour diagrams from symmetrical tests and non-symmetrical tests (with 
CSR=1) as a function of a) τmax/su and b) τcyc/su 
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4.4.3 Staged symmetrical cyclic DSS tests 

Results 

As detailed in Table 4-2, the test programme included four staged symmetrical cyclic DSS 

tests. Test StCs1 reached failure in the last parcel while tests StCs2, StCs3 and StCs4 were 

performed at slightly lower amplitudes so that failure is not reached. The latter tests form the 

basis for assessing the effect of stress history and had parcels of the same amplitude (τcyc/su = 

τmax/su = 0.25, 0.35 and 0.45), with the parcels arranged in ascending order in test StCs2, 

descending order in test StCs3, and ascending followed by descending order in test StCs4. 

Each of the three tests involved 175 cycles; 100 at τmax/su = 0.25, 50 at τmax/su ≈ 0.35 and 25 at 

τmax/su = 0.45. The fourth staged symmetrical test [StCs1] also employed parcels of ascending 

order but with τmax/su = 0.22 for N = 100, τmax/su = 0.39 for N = 50 and τmax/su = 0.55 for N = 

25.  

Figure 4-11, Figure 4-12 and Figure 4-13 present the applied shear stresses and induced shear 

strains in the three staged tests with parcels of the same shear stress amplitude [StCs2, StCs3, 

StCs4]. The response of the maximum shear strain in the three tests is compared in Figure 

4-14. It is noted that the variation of shear strain rate between the parcels of the staged tests is 

significantly less than a log cycle and, based on the previous discussion, it is not expected to 

have an effect on the results. From the figures it can be observed that failure, as defined based 

on the uniform symmetrical tests, was not reached in these tests. The maximum shear strain is 

γmax = 3.4%, which was measured in test StCs2 where the parcels were arranged in ascending 

order. The maximum shear strain in the other two tests are similar; γmax = 2.4% and 2.3% in 

tests StCs3 and StCs4 respectively.  

Figure 4-15 (a), (b) and (c) show the shear stress-shear strain loops at the beginning and at the 

end of each parcel in the staged symmetrical tests. Cyclic stiffness reduced by 65% of the 

initial value in test StCs2 (parcels arranged in ascending order), by 55% of the initial value in 

test StCs4 (parcels arranged in ascending order and then descending order) and by 44% of the 

initial value in test StCs3 (parcels arranged in descending order). These observations indicate 
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that arranging parcels in ascending order leads to the highest shear strain and cyclic stiffness 

degradation, consistent with observations made by Andersen (2015). However, as a real storm 

intensifies and then abates, a more realistic idealisation may be ascending and then descending 

parcels of shear stress intensity (i.e. as in test in StCs4). On the basis of the results presented 

in Figure 4-11 to Figure 4-15, such an approach may be less conservative than the 

accumulation procedure approach of arranging parcels in ascending order.  

 

Figure 4-11 (a) Input shear stress, normalised by su, and  (b) measured shear strain in staged symmetrical 
cyclic DSS tests under τmax/su = 0.25, 0.36 and 0.45 [StCs2] 

 

 

Figure 4-12 (a) Input shear stress, normalised by su, and  (b) measured shear strain in staged symmetrical 
cyclic DSS tests under τmax/su = 0.45, 0.35 and 0.25 [StCs3] 
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Figure 4-13 (a) Input shear stress, normalised by su, and  (b) measured shear strain in staged symmetrical 
cyclic DSS tests under τmax/su = 0.25, 0.35, 0.45, 0.35 and 0.25 [StCs4]  

 

 

Figure 4-14 Comparison of γmax from staged symmetrical cyclic DSS tests 
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Figure 4-15 Stress-strain loops at the beginning and at the end of each parcel of staged symmetrical 
cyclic DSS tests under: (a) τmax/su = 0.25, 0.36 and 0.45 [StCs2] (b) τmax/su = 0.45, 0.35 and 0.25 [StCs3] 
and (c) τmax/su = 0.25, 0.35, 0.45, 0.35 and 0.25 [StCs4] 

 

Comparison of γmax in staged symmetrical DSS tests with accumulation procedure predictions 

Table 4-5 compares the maximum values of γmax measured in the staged symmetrical cyclic 

DSS tests with γmax predicted by the accumulation procedure. Implementation of the 

accumulation procedure for the staged tests with τmax/su = 0.22, 0.39 and 0.55 [StCs1] and 

τmax/su ≈ 0.25, 0.35 and 0.45 [StCs2, StCs3 and StCs4] is illustrated on Figure 4-16. As required 

by the accumulation procedure, the staged tests are re-arranged in parcels in ascending order. 

As the first parcel with the lowest amplitude (τmax/su = 0.22 or 0.25) induced only elastic shear 

strains, this parcel was not considered in the accumulation procedure. This is consistent with 

the NGI computer-based method for arranging the cycles of an irregular cyclic load history 
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into parcels, in which the cycles with amplitudes lower than 30% of the maximum cyclic load 

are ignored (Noren-Cosgriff et al. 2015). 

 

Table 4-5 Summary of the maximum values of γmax measured in the staged symmetrical cyclic DSS 
tests and the values predicted by the accumulation procedure 

Test 
reference 

Parcel τmax/su N Maximum 
measured 
γmax (%)  

Maximum 
predicted 
γmax (%)  

Predicted Neq  

 StCs1 
1 0.22 100  

5 12 2 0.39 50  
3 0.55 15 5 (failure) 

StCs2 
1 0.25 100  

2.4 28 2 0.36 50  
3 0.45 25 3.4 

StCs3 
1 0.45 25 2.4 

2.4 28 2 0.35 50  
3 0.25 100  

StCs4 

1 0.25 50  

2.4 28 
2 0.35 25  
3 0.45 25 2.3 
4 0.35 25  
5 0.25 50  

 

Figure 4-16 shows that the accumulation procedure predicts failure for test StCs1 as the 

graphical construction intersects the failure envelope, such that the calculated γmax = 5%. The 

cyclic shear strength is therefore the final shear stress level, i.e. τmax,f/su = 0.55, and the 

equivalent number of cycles is Neq = 12. The measured maximum shear strain at the end of 

the final parcel was γmax = 5% at N = 15 cycles, which is in agreement with the calculated γmax 

= 5% at Neq = 12.  

The maximum shear strain estimated using the accumulation procedure for tests StCs2, StCs3 

and StCs4 is γmax = 2.4%. This is the same as the measured maximum shear strain in test StCs3 

(where the parcels were arranged in descending order), very close to the maximum shear 

strain, γmax = 2.3% in test StCs4 (in which the parcels ascended and then descended), but 

almost 30% lower than γmax = 3.4% measured in test StCs2, where the parcels were arranged 

in ascending order as in the accumulation procedure and with τmax/su = 0.36 instead of 0.35.  
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Figure 4-16 Accumulation procedure for the staged symmetrical cyclic DSS tests 

 

Good agreement appears between the observed response of the normally consolidated kaolin 

tested in this study of the four symmetrical staged cyclic DSS tests and the response predicted 

by the accumulation procedure. Dyvik et al. (1981) reached similar conclusions based on 

results from staged symmetrical cyclic DSS tests on normally consolidated Pacific Illite clay. 

Boukpeti et al. (2014) also found that the accumulation procedure is accurate in calculating 

the magnitude of the maximum shear strains for a carbonate silt under staged symmetrical 

cyclic loading for τcyc/σ'v0 ≤ 0.3 (τcyc/su≤ 0.6), but under predicts the maximum shear strains at 

higher shear stresses.  

4.4.4 Staged non-symmetrical cyclic DSS tests with CSR = 1 

Results 

Two staged non-symmetrical tests with CSR = 1 were performed under parcels of τmax/su = 

0.75 and 0.86 [StCns1], and 0.80 and 0.70 [StCns2]. The applied shear stresses and measured 

shear strains from these tests are shown in Figure 4-17 (a), (b) and (c). Similarly with the 
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staged symmetrical tests, the variation of shear strain rate between the parcels of the staged 

tests is significantly less than a log cycle and is not expected to have an effect on the results. 

The figure shows that failure, as defined based on the uniform non-symmetrical tests, was not 

reached in these tests. The staged test with parcels in ascending order [StCns1] resulted in a 

maximum shear strain γmax = 14.0%, higher than γmax = 9.9% measured at the end of test 

StCns2, in which the parcels were arranged in descending order and the shear stress levels 

were slightly lower. Figure 4-18 (a) and (b) show the shear stress-shear strain loops at the 

beginning and end of each parcel, from which it can be observed that higher stiffness 

degradation occurred in the staged non-symmetrical test with parcels in ascending order. The 

values of Gcyc, reduced by approximately 54% of the initial value in test StCns1 (parcels in 

ascending order), but only by approximately 38% in test StCns2 (parcels in descending order). 

These results are consistent with the staged symmetrical cyclic DSS tests – parcels arranged 

in ascending order lead to higher γmax and cyclic stiffness degradation – albeit that the non-

symmetrical test results also include a contribution due to the slightly different shear stress 

levels.

 

 

Figure 4-17 (a-b) Input shear stress, normalised by su, and (c) measured shear strain in staged non-
symmetrical cyclic DSS tests under: τmax/su= 0·75, 0·86, CSR = 1 (StCns1) (a); and τmax/su =0·80, 0·70, 
CSR= 1 (StCns2) (b) 
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Figure 4-18 Stress-strain loops at the beginning and at the end of each parcel of the staged non-
symmetrical cyclic DSS tests under: (a) τmax/su = 0.75/0.86 [StCns1] and (b) τmax/su = 0.80/0.70 [StCns2] 

 

Comparison of γmax in staged symmetrical DSS tests with accumulation procedure predictions 

Figure 4-19 shows the strain contour diagram derived from the non-symmetrical cyclic DSS 

tests together with the retrospective predicted maximum shear strain for tests StCns1 and 

StCns2. The maximum measured and predicted values of γmax are summarised in Table 4-6. It 

can be seen that the accumulation procedure overpredicts the maximum shear strain for the 

staged non-symmetrical cyclic DSS tests by approximately 20% for test StCns2 (in which the 

parcels where arranged in descending order), and by approximately 50% for test StCns1 (in 

which the parcels where arranged in ascending order and the maximum shear stress level was 

higher). These significant over predictions contrast markedly with the case of the staged 

symmetrical cyclic tests, in which the accumulation procedure either accurately predicted, or 

(for the test where the parcels where arranged in ascending order) under predicted the 

maximum shear strain. This observation warrants further attention, noting that these 

preliminary conclusions are drawn on the basis of the two cyclic sequences considered.  

 



Shear strain contour diagrams from cyclic DSS tests on soft normally consolidated kaolin 

4-39 
 

 

Figure 4-19 Accumulation procedure for the staged non-symmetrical cyclic DSS tests 

 

Table 4-6 Summary of the maximum values of γmax measured in the staged non-symmetrical cyclic DSS 
tests and the values predicted by the accumulation procedure 

Test 
reference 

Parcel τmax/su N 
Maximum 
measured 
γmax (%) 

Maximum 
predicted 
γmax (%) 

Predicted 
Neq 

StCns1 
1 0.75 50  

21 24 
2 0.86 15 14.0 

StCns2 
1 0.80 15 9.9 

12 25 
2 0.70 50  

 

4.5 Conclusions 

A suite of stress-controlled cyclic DSS tests have been performed on normally consolidated 

kaolin cay under symmetrical and non-symmetrical cyclic loading. Contour diagrams of 

maximum shear strain versus number of cycles have been derived for these two cases that can 

be used for the interpretation of model test data on kaolin. Staged cyclic DSS tests with parcels 
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of uniform amplitude in ascending, descending and ascending followed by descending 

magnitude have also been performed to compare the observed soil response with the response 

predicted by the accumulation procedure.  

For the testing conditions considered in this paper, the following conclusions can be made: 

  Reduced stiffness degradation occurs under non-symmetrical cyclic shearing with 

CSR = 1 compared to under symmetrical cyclic shearing, while failure occurs at higher 

values of γmax but at a lower number of cycles - for a similar cyclic shear stress level. 

This conclusion highlights the importance of adopting values of CSR that are relevant 

to the shear stresses applied on the soil elements below offshore foundations during 

cyclic loading. 

 The failure envelope on a contour diagram can be defined at a higher shear strain level 

for non-symmetrical cyclic loading than under symmetrical loading. This conclusion is 

relevant for the geotechnical design of shallow foundations for offshore structures with 

relatively high tolerance to horizontal displacement, such as offshore subsea structures 

that are not connected to a superstructure (such as umbilical termination assemblies or 

zero radius bend triggers), offering potential efficiencies in foundation design. 

 The soil response in the non-symmetrical tests with high τave and low τcyc, CSR = 0.26 

and 0.42, cannot be predicted by the strain contour diagram based on non-symmetrical 

tests with CSR = 1. The shear strain response in these tests was stable indicating that 

the applied combination of τave and τcyc, is within the threshold of shear stresses that do 

not cause failure. The use of the traditional accumulation procedure for the geotechnical 

design of subsea foundations subjected to cyclic loading with high average shear stress 

and low cyclic shear stress (such as zero radius bend triggers) may lead to unnecessarily 

conservative foundation design. 

 The accumulation procedure predicted reasonably well the final, or maximum, shear 

strain at the end of the staged symmetrical cyclic DSS tests but over predicted the shear 

strain at the end of the staged non-symmetrical cyclic DSS tests with CSR = 1 for the 
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non-symmetrical cyclic sequences considered. Greater over prediction by the 

accumulation procedure, by approximately 50%, was noted in the sequence with parcels 

in ascending order. This indicates that the traditional accumulation approach provides 

a conservative, if not the most efficient, design solution.  
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Chapter 5. Vertical cyclic loading response of a 

shallow skirted foundation 

Prologue 

Having established the response of normally consolidated kaolin clay due to cyclic loading at 

a soil element level (Chapter 3 and Chapter 4), the focus now switches to the response at model 

scale, firstly on the response of a shallow skirted foundation to vertical cyclic loading (Chapter 

5) and then the response to horizontal cyclic loading (Chapter 6). In each scenario the 

measured response to cyclic loading in the centrifuge tests is compared with that predicted by 

the accumulation procedure based on the contour diagrams established from symmetrical and 

non-symmetrical cyclic tests on normally consolidated kaolin presented in Chapter 4. 

Chapter 5 presents a programme of centrifuge tests on a shallow skirted foundation with d/D 

= 0.5 in soft normally consolidated kaolin under vertical cyclic loading indicative of cyclic 

load conditions applied during a storm to the foundations used to anchor tension-leg platforms. 

Chapter 5 contributes to research objective 3. 

The paper that forms this chapter was submitted to the Canadian Geotechnical Journal in 

March 2018 under the title ‘Vertical cyclic loading response of a shallow skirted foundation 

in soft normally consolidated clay’ and is currently under review. 
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Abstract  

Skirted foundations are a potential foundation solution for a range of offshore structures 

including hydrocarbon and renewable energy platforms and subsea structures. Offshore 

foundations can be subjected to cyclic loading from environmental, installation and 

operational events affecting the geotechnical response. A series of centrifuge tests have been 

performed on a shallow skirted foundation on normally consolidated kaolin clay under a range 

of vertical cyclic load sequences. Results are presented as vertical foundation displacements 

normalised by the foundation geometry and interpreted within the traditional shear strain 

contour approach. It was shown that failure of the foundation as observed in the centrifuge 

tests can be predicted well by a common level of shear strain on a contour diagram derived 

from non-symmetrical cyclic direct simple shear tests. The findings of this study also indicate 

that the average, rather than maximum, vertical stress defines the foundation vertical 

displacement response and failure mode; that a threshold stress exists below which a steady 

state is maintained even at high number of cycles; and that geotechnical resistance increases 

as a result of low level cyclic loading followed by consolidation. 

5.1 Introduction 

Skirted foundations are an established foundation type for fixed offshore oil and gas platforms 

and subsea infrastructure, and more recently for offshore wind turbines (Bye et al. 1995, 

Watson & Humpheson 2005, Randolph & Gourvenec 2011, Houlsby 2014). The use of 

shallow skirted foundations, i.e. foundations with a diameter larger than the embedment depth 

(API 2011), may also offer advantages over deeper foundation options for anchoring vertically 

tethered platforms (Figure 5-1). A particular attraction is the potential to resist transient 

tension if negative excess pore pressures can be generated and maintained between the 

underside of the foundation base plate and the confined soil plug (House & Randolph 2001, 

Luke et al. 2005, Gourvenec et al. 2009, Mana et al. 2013a), but with lower embedment ratios 

compared to suction caissons (Tjelta 2001, Tjelta 2015). The larger relative diameter of a 

shallow foundation compared to a suction caisson provides a significant surface area for 
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ballasting to improve holding capacity that can offset the reduced embedment ratio compared 

to suction caissons (Gourvenec et al. 2015).  

A limited number of research studies have been performed on shallow skirted foundations 

with low embedment ratios under cyclic loading relevant to floating platforms, although 

several studies have been performed on the response of suction caissons with embedment 

ratios higher or equal to 1, based on field tests (e.g. Andersen et al. 1993), centrifuge tests (e.g. 

Clukey et al. 1995, Chen & Randolph 2007), and 1g model tests (e.g. Villalobos et al. 2010). 

The effect of vertical cyclic loading on the (post-cyclic) monotonic capacity of a skirted 

foundation with embedment ratio of 0.5 on normally consolidated kaolin clay has been 

investigated with centrifuge testing that indicated a marginal reduction of the monotonic 

capacity after symmetrical cyclic loading (Byrne & Cassidy 2002). Results from centrifuge 

tests in carbonate silt of a square shallow skirted foundation, with embedment depth over 

breadth equal to 0.22, under inclined cyclic load sequences relevant to tension-leg platforms 

showed that the reverse end bearing capacity can be relied on as long as the loss of embedment 

is taken into account (Gourvenec et al. 2015). Centrifuge test results of a circular shallow 

skirted foundations with embedment depth over diameter equal to 0.3 in lightly over-

consolidated clay showed an increase in the monotonic undrained uplift capacity after vertical 

cyclic load sequences, relevant to offloading and refilling of liquefied natural gas terminals, 

and short consolidation periods (Acosta-Martinez & Gourvenec 2008). These research studies 

focus on particular aspects of the foundation response but do not provide a basis for 

comparison with geotechnical design approaches. 

The centrifuge experiments that formed the basis of the investigation presented in this paper 

involved vertical cyclic loading with both average compression and average tensile stresses, 

and with both low and high maximum load amplitudes. These data provide insight into the 

stress levels under which a shallow foundation subjected to vertical cyclic loading will respond 

acceptably from a design perspective. The data also provide a basis for defining the failure 



Vertical cyclic loading response of a shallow skirted foundation 

5-4 
 

criterion based on cyclically degraded strength linked to accumulated strain quantified from 

strain contour diagrams. 

 

 

Figure 5-1 (a) A tension-leg platform anchored with skirted foundations and (b) skirted foundation 
geometry (with sign convention for vertical stress, qv, and vertical displacement, w, used in the model 
tests) 
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5.2 Centrifuge experiments 

5.2.1 Experimental arrangement 

The centrifuge tests were performed at the National Geotechnical Centrifuge Facility at the 

Centre for Offshore Foundation Systems in the University of Western Australia using the 1.8 

m radius fixed beam centrifuge (Randolph et al. 1991) at an acceleration level of 200 g. The 

tests involved monotonic and vertical cyclic loading on a circular shallow skirted foundation 

in normally consolidated kaolin clay. The model foundation had a diameter, D = 60 mm, and 

a skirt depth, d = 30 mm, giving an embedment ratio, d/D = 0.5, and with a skirt thickness, tw 

= 0.48 mm, corresponding in prototype scale to a foundation with a diameter of 12 m, a skirt 

depth of 6 m and a skirt thickness of 0.096 m. The notation is shown on Figure 5-1(b). The 

model was controlled by the vertical axis of a two-dimensional electrical actuator (see Figure 

5-2). A vent in the top-cap of the foundation allowed the water between the soil surface and 

the underside of the foundation to be expelled during foundation installation; closing this vent 

created a seal at the interface of the soil and foundation invert during loading. An ‘S-type’ 

load cell with a measurement range of 500 N was located directly above the model foundation 

and allowed the load to be measured in the monotonic tests and controlled during 

consolidation episodes and in the cyclic tests. Foundation displacement was measured using 

the optical encoder on the motor of the actuator’s vertical axis. 
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Figure 5-2 Experimental arrangement: (a) photograph and (b) schematic representation 

 

5.2.2 Sample preparation and strength profile 

The soil sample was prepared by mixing dry kaolin clay with water at twice the liquid limit in 

a vacuum mixer. The clay properties of the kaolin used at UWA are reported widely; e.g. 

Stewart (1992), Cocjin et al. (2014), Colreavy et al. (2016), and are summarised in Table 5-1. 

The kaolin slurry was poured into a sample container, with internal dimensions of 390 mm × 

650 mm × 325 mm (width × length × depth), over a 20 mm layer of sand, such that there was 
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two-way drainage of the sample. Geotextile drains were also placed at the corners of the 

sample to provide a hydraulic connection between the base and top of the sample. A 40 mm 

water layer was maintained on the sample surface during consolidation and over the course of 

the testing to ensure sample saturation. The soil sample was consolidated initially in the 

centrifuge at 200 g for 3.5 days. After consolidation, the surface of the sample was scraped 

level at 1g (noting that in-flight consolidation creates a curved sample surface), removing < 1 

mm of clay at the middle of the sample and approximately 10 mm at the sample edges, to 

ensure that the skirts of the foundation ‘touched-down’ on the sample surface at the same time. 

The sample was then spun back to 200 g for a further day before starting the sample 

characterisation tests.  

Table 5-1 Typical properties of kaolin clay (after Stewart, 1992; Cocjin et al. 2014; Colreavy et al. 
2016) 

 

 

 

 

 

 

Three T-bar tests were carried out to determine the undrained shear strength profile, su, of the 

soil sample before testing using a model scale T-bar penetrometer with a diameter, DT-bar = 5 

mm. The T-bar tests employed a penetration velocity, v = 1 mm/s, such that the dimensionless 

ratio, DT-bar .v/cv  > 30 and undrained conditions were achieved (Finnie & Randolph 1994) (cv 

is the vertical coefficient of consolidation, see Table 5-1). Each T-bar test involved an episode 

of cyclic remoulding, in which the T-bar was moved vertically up and down over four T-bar 

diameters at v = 1 mm/s for ten cycles to remould the clay. This allowed the measured T-bar 

penetration resistance to be corrected for soil buoyancy, weight changes of the load-cell and 

T-bar probe (due to the changing centrifuge acceleration with radius) and lateral stresses from 

Property Value 
Liquid limit, LL (%) 61 
Plastic limit, PL (%) 27 
Specific gravity, Gs 2.6 

Plasticity index, Ip (%) 34 
Poisson’s ratio, ν 0.30 

Critical state friction constant, M 0.92 
Slope of normal conslidation line, λ 0.205 

Slope of swelling line, ᴋ 0.044 
Vertical coefficient of consolidation, 

cv (m2/year) 
(𝜎 : 37-73 kPa & z = 6-12m) 

2.3-3.2  
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the soil on the load cell gauges (Sahdi et al. 2014). The cyclic remoulding phase of the T-bar 

tests was carried out between depths of 40 mm and 60 mm, sufficiently deep to avoid 

entrainment of surface water, within the region of interest of the tests but not too close to the 

foundation skirt depth. The undrained shear strength, su, was derived from the corrected 

penetration resistance using the commonly adopted T-bar capacity factor NT-bar = 10.5 (Martin 

& Randolph 2006). The resulting profile of su with penetration depth, z (in prototype scale) is 

provided in Figure 5-3, with the idealised profile, su = sum + kz, where sum is the undrained 

shear strength at the mudline, sum ~ 0 kPa, and k is the undrained shear strength gradient, k ~ 

0.90 kPa/m.  

 

Figure 5-3  Undrained shear strength profile 

 

5.2.3 Foundation Installation Procedure 

The foundation was installed with the drainage vent open at a velocity, v = 0.1 mm/s such that 

the system response is undrained (D.v/cv = 82), although some local consolidation near the 

skirt tips may have occurred (tw.v/cv = 0.7). Installation penetration was halted at touchdown 
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of the underside of the foundation, confirmed by a sharp increase in the installation resistance. 

The centrifuge was then spun down so that the vent could be sealed and spun up again prior 

to the foundation load test. Before the commencement of the monotonic test, a compressive 

vertical stress equal to the installation resistance was applied on the foundation for a period of 

788 s (1 year in prototype scale). The installation resistance was equal to ~16% of the ultimate 

monotonic vertical capacity, defined retrospectively from the monotonic test. In the cyclic 

tests, a vertical stress equal to 20% of the ultimate monotonic vertical capacity was applied 

after the installation resistance to represent the submerged weight of the foundation and was 

held for a period of 788 s (1 year in prototype scale) prior to application of the vertical load 

cycles, to ensure all tests started from a similar effective stress state. The degree of 

consolidation associated with this waiting period is estimated as approximately 10% based on 

the assumption of a smooth skirt (Gourvenec & Randolph 2010). 

5.2.4 Experimental programme 

As part of this study, a vertical monotonic test and five vertical cyclic tests were carried out. 

The monotonic test was carried out under displacement control at v = 0.1 mm/s (such 

that the response was undrained, D.v/cv = 82) to define the ultimate undrained monotonic 

vertical capacity, qV,ult. The cyclic tests were performed under load control and the vertical 

stress, qv, that is the applied vertical load divided by the foundation base area, was applied as 

a percentage of qV,ult. Details of the cyclic tests and their purpose are provided in Table 5-2 

and a schematic representation of the loading sequences is shown on Figure 5-4(a) to (e). It is 

noted that in this study, compressive vertical stress and downward vertical displacement are 

considered positive, as illustrated in Figure 5-1(b), while tensile vertical stress and upwards 

vertical displacement are considered negative. The vertical stress in the cyclic tests comprises 

the average vertical stress, qV,ave, and the cyclic vertical stress, qV,cyc. The components of 

average and cyclic vertical stress along with the maximum (absolute) value of vertical stress, 

qv,max, are illustrated on Figure 5-4(c).  
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The cyclic tests involved vertical non-symmetrical, two-way cyclic loading applied in the 

form of sinusoidal waves at a frequency of 0.25 Hz. The parcels of uniform vertical stress 

applied in the cyclic tests comprised 1080 cycles, corresponding to the number of cycles in a 

typical 3-hour storm, unless failure was reached before the end of the sequence. The loading 

frequency was selected to ensure the response was undrained in each loading cycle, whilst 

ensuring the quality of load control.  

Two cyclic staged tests were carried out with parcels of uniform vertical stress with 

magnitudes in ascending order; the first staged test with parcels in average tension (except for 

the first three parcels) [ASC_TENS] and the second staged test with parcels in average 

compression [ASC_COMP]. The staged tests in average tension and in average compression 

were chosen to represent potential cyclic load conditions on tethered platforms during a storm, 

although both sequences are highly idealised. Three cyclic tests with uniform amplitude in 

average tension were also carried out; a test with a relatively high tensile vertical stress (qVmax 

= -0.8 qV,ult) [HIGH] and two tests with relatively low tensile vertical stress (qV,max ≈ -0.4 qV,ult) 

followed by a consolidation period [LOW-CONS and LOW_CONS_HIGH]. The aim of these 

uniform tests was to investigate the foundation response under a range of applied loads and 

the effect of low-magnitude cyclic loading, relevant to calm weather environmental loading, 

on the soil and foundation response. 
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Table 5-2 Overview of cyclic centrifuge tests 

Test name Parcel 
Normalised vertical 

stress                       
(qV,ave ± qV,cyc)/qV,ult 

𝒒𝑽,𝒄𝒚𝒄

𝒒𝒗,𝒂𝒗𝒆

 

Number of cycles N  
(f indicates  

test terminated at 
failure) 

ASC_TENS 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 

0.09 ± 0.11 
0.04 ± 0.15 
0.00 ± 0.17 
-0.04 ± 0.20 
-0.08 ± 0.25 
-0.10 ± 0.27 
-0.11 ± 0.30 
-0.15 ± 0.36 
-0.19 ± 0.38 
-0.22 ± 0.40 
-0.25 ± 0.42 
-0.28 ± 0.44 
-0.30 ± 0.47 
-0.32 ± 0.51 
-0.36 ± 0.54 
-0.39 ± 0.57 

1.2 
3.8 
∞ 

5.0 
3.1 
2.7 
2.7 
2.4 
2.0 
1.8 
1.8 
1.6 
1.6 
1.6 
1.5 
1.5 

1080 
1080 
1080 
1080 
1080 
1080 
1080 
1080 
1080 
1080 
1080 
1080 
1080 
1080 
1080 

896 (f) 

ASC_COMP 

1 
2 
3 
4 

0.24 ± 0.22 
0.25 ± 0.42 
0.24 ± 0.64 
0.25 ± 0.68 

0.9 
1.7 
2.7 
2.7 

1080 
1080 
1080 
1080 

HIGH 1 -0.30 ± 0.50 0.7 7 (f) 
LOW_CONS_

HIGH 
1 
2 

-0.10 ± 0.30 
-0.37 ± 0.58 

3.0 
1.6 

1080 
41 (f) 

LOW_CONS 1 -0.10 ± 0.30 3.4 1080 



Vertical cyclic loading response of a shallow skirted foundation 

5-12 
 

 

Figure 5-4  Schematic representation of the applied vertical cyclic stress sequences in the cyclic 
centrifuge tests: (a) staged cyclic test in average tension (except in the first two parcels) with parcels of 
uniform cyclic loading increasing in magnitude in ascending order [ASC_TENS], (b) staged cyclic test 
in average compression with parcels of uniform cyclic loading with magnitude increasing in ascending 
order [ASC_COMP], (c) uniform cyclic test in average tension and high magnitude [HIGH], (d) cyclic 
test (in average tension) with a parcel of uniform cyclic loading of relatively low magnitude followed 
by a consolidation period and a parcel of uniform cyclic loading of high magnitude 
[LOW_CONS_HIGH] and (e) cyclic test with a parcel of uniform cyclic loading of relatively low 
magnitude followed by a consolidation period [LOW_CONS]  
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5.3 Centrifuge test results 

5.3.1 Comparison of foundation response under cyclic loading in average 

compression and average tension 

Figure 5-5 shows a comparison of the response of the skirted foundation in the staged cyclic 

tests with parcels in average tension [ASC_TENS] and in average compression 

[ASC_COMP]. The data on Figure 5-5 are presented in terms of the vertical displacement, w, 

normalised by the foundation skirt depth, d, and the change in normalised maximum vertical 

displacement per cycle, (Δwmax/d) /ΔΝ, where wmax is the maximum vertical displacement in 

a cycle. Figure 5-5 shows that under average tension, the foundation displaced upwards 

(noting that the first two parcels of ASC_TENS were in compression). The rate of 

displacement, given by (Δwmax/d)/ΔΝ, was essentially constant until N = 17096 in the last 

parcel when (Δwmax/d)/ΔΝ started to increase suddenly. At this point, suction between the 

underside of the base plate and the confined soil plug was lost, resulting in the foundation 

being pulled out rapidly. Under average compressive load, the foundation displaced 

downwards continously and the rate of displacement (Δwmax/d)/ΔΝ remained constant and 

generally lower than 0.2% throughout the test. These results are consistent with other 

published findings that the direction of vertical displacement of a skirted foundation depends 

on the average vertical stress rather than the maximum vertical stress (Bye et al. 1995, Byrne 

& Houlsby 2002, Kelly et al. 2006, Randolph 2012).  

Based on the above, the average vertical stress appears to define the foundation vertical 

displacement response and failure mode. Catastrophic failure eventually occurred in the test 

with parcels in average tension while no instability failure was observed in the test with parcels 

in average compression. As a result, it was decided that the rest of the cyclic test programme 

would consider only sequences in average tension, while acknowledging the importance of 

failure defined by a prescribed magnitude of displacement, including settlement, for a 

serviceability limit state.  
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Figure 5-5  Vertical displacement history (vertical displacement normalised by embedment depth) 
during cyclic loading for (a) staged cyclic test in average compression [ASC_COMP], (b) in average 
tension [ASC_TENS], and c) change of vertical displacement per cycle in test ASC_COMP and d) near 
failure in test ASC_TENS 

 

5.3.2 Stable and unstable vertical displacement response in cyclic uniform tests in 

average tension 

Figure 5-6(a) presents the vertical displacement in three uniform cyclic load tests in average 

tension with relatively high cyclic stress qV/qV,ult = 0.30 ± 0.50, [HIGH] and relatively low 

stress qV/qV,ult = -0.10 ± 0.30 [LOW_CONS and LOW_CONS_HIGH] in the first 12 cycles. 

Figure 5-6 (b) shows the vertical displacement response over the duration of the first parcel of 

cyclic loading in the two low stress level tests. Figure 5-6 (a) shows that the vertical 

displacement response became unstable early in the test at high stress level, with both the 

average and cyclic components of vertical displacement increasing, while the vertical 
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displacement remained stable in the tests under low stress. Figure 5-6 (b) shows that the 

response under low stress remained stable throughout the entire parcel of cyclic loading, i.e. 

over N = 1080 cycles. It is noted that some background consolidation may be taking place 

during the cyclic loading in these tests, as discussed later in the paper, but it is not considered 

to affect the vertical displacement response as the applied loading and foundation response 

was stable consistently from the onset of cyclic loading. The difference in the response in the 

tests presented in Figure 5-6 (a) – i.e. unstable response with N < 10 under high stress and 

stable response with N > 1000 in the tests under low stress – indicate the existence of a 

threshold stress, below which a stable response can be anticipated irrespective of the duration 

of loading, or number of cycles. This is consistent with observations from field tests on piles 

under axial cyclic loading, that indicate a combination of average and cyclic loads that lead to 

a stable response of axial displacement for a high number of cycles (Jardine et al. 2012, Jardine 

& Standing 2012, Tsuha et al. 2012, Rimoy et al. 2013). A stable vertical displacement 

response has been also observed in model tests on a suction caisson with d/D = 6 in normally 

consolidated clay under low symmetrical tensile cyclic loading for over 10000 cycles 

(Iskander et al. 2002). In the current study, it appears that there may be a threshold value, or a 

combination of values of qV/qV,ult that lead to a stable vertical displacement response for cyclic 

loading with N > 1000. Based on the centrifuge tests under two-way cyclic loading in average 

tension, the threshold between stable and unstable response lies between qV/qV,ult = -0.10 ± 

0.30 and -0.30 ± 0.50 for the conditions considered.  
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Figure 5-6  (a) Vertical displacement history for cyclic test with uniform high tensile vertical stress 
[HIGH] and tests with parcel of low tensile vertical stress [LOW_CONS, LOW_CONS_HIGH] over 
the first 12 cycles and (b) in a parcel of low tensile vertical stress [LOW_CONS, LOW_CONS_HIGH] 
over 1080 cycles.  

 

5.3.3 Effect of low-magnitude cyclic loading and consolidation on foundation 

response 

Figure 5-7 compares the foundation response in the uniform test with qV/qV,ult = -0.30 ± 0.50 

[HIGH] (a and c) with the test with uniform cyclic loading followed by a consolidation period 

and a parcel of cyclic loading of high magnitude [LOW_CONS_HIGH] (b and d). Loss of 

suction, and therefore instability failure, occurred when (Δwmax/d)/ΔN increased rapidly, 

which was after 7 cycles in the test with high average stress (Figure 5-7c) and after 41 cycles 

in the test preceded by low-level cyclic loading (Figure 5-7 d). As loss of suction occurred in 

test LOW_CONS_HIGH at a higher number of cycles than in test HIGH and at a slightly 

higher value of applied vertical stresses, it appears that the geotechnical resistance increased 
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with time due to the parcel of cyclic loading at lower magnitude and consolidation. Loss of 

suction occurred at similar levels of vertical displacement in the tests, with wmax/d equal to 

approximately 5.9% and 5.2% in tests HIGH and LOW_CONS_HIGH respectively.  

Dissipation of excess pore water pressure, inside and around the skirts of the foundation, takes 

place faster in the centrifuge than in the field as consolidation times are scaled by Ng
2, where 

Ng is the centrifuge acceleration (Garnier et al. 2007). Therefore, while cyclic loading can be 

carried out at a frequency to ensure undrained conditions during a single cycle, a greater 

degree of consolidation will occur in the centrifuge during a period of cyclic loading than 

would take place in the equivalent field situation. Dissipation of the excess pore water pressure 

during cyclic loading in these centrifuge tests is referred to here as background consolidation. 

The degree of background consolidation can be quantified by the dimensionless time factor, 

T defined as  

𝑇 = 𝑐 .
𝑡

𝐷
 (3) 

where cv is the vertical coefficient of consolidation quantified in , t is the dissipation time, and 

D is the foundation diameter as defined earlier. Figure 5-8 presents the vertical displacement 

response in cyclic tests LOW_CONS and LOW_CONS_HIGH as a function of both t 

(prototype scale) and T, where the origin of time is taken as the application of the monotonic 

vertical ‘self-weight’ stress at the start of the test. Figure 5-8Figure 6-8 shows that the vertical 

displacement of the foundation under the monotonic vertical stress appears to stabilise by the 

end of the consolidation period, indicating that consolidation is essentially complete during 

the period after the first cyclic parcel. The degree of consolidation, U, can be approximated 

from numerical solutions for vertically loaded circular skirted foundations (Gourvenec & 

Randolph 2010). For test LOW_CONS_HIGH, T = 0.14 for the 1080 cycles in the first cyclic 

parcel corresponds to U ≈ 30%, T = 0.54 at the end of the consolidation period corresponds to 

U ≈ 70%, while T = 0.04 for the 41 cycles in the second cyclic parcel corresponds to U ≈ 5%. 

This indicates that some degree of background consolidation occurred in the first parcel, while 
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almost complete dissipation of the excess pore water pressure occurred during the 

consolidation period after the first cyclic parcel and essentially no background consolidation 

occurred in the second cyclic parcel. The increase in net geotechnical resistance in test 

LOW_CONS_HIGH noted above, can be therefore attributed to the dissipation of excess pore 

water pressure induced by the cyclic load parcel and by the constant vertical stress that was 

maintained before and after the cyclic parcel. 

 

Figure 5-7  Vertical displacement history for (a) cyclic test with uniform high tensile vertical stress 
[HIGH]; N = 0 - 12, and (b) cyclic test with uniform cyclic loading in average tension followed by a 
consolidation period and a parcel of cyclic loading of high magnitude, in the second parcel 
[LOW_CON_HIGH]; N = 0 - 50, and (c, d) change in wmax per cycle 
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Figure 5-8  Vertical displacement response under a monotonic vertical stress of 0.2qV,ult before and after 
cyclic loading [LOW_CONS] as a function of time, t, and as a function of dimensionless time factor, 
T.  

 

To assess the effect of the low-magnitude cyclic loading and consolidation on the undrained 

shear strength, su, T-bar tests were performed through the test footprint of test LOW_CONS 

(that comprised a parcel of low amplitude loading and a consolidation period similar to 

LOW_CONS_HIGH), and at an undisturbed location in the sample both before testing and 

after the completion of testing (four days after completion of the cyclic test). The su profiles 

are provided in Figure 5-9, which shows that marginal change in undrained shear strength 

occurred in the undisturbed sample during the testing period, reinforcing the previous 

observation that consolidation of the soil sample had been achieved prior to testing. However, 

Figure 5-9 does show that su is higher at the test location than at undisturbed locations after 

completion of testing, both over the depth of the skirts and below skirt tip level. The increase 

is almost 70% at the edge of the foundation footprint at skirt tip level, but a more moderate 

20% in the centre of the foundation footprint.  

Based on the above, a gain in su, and therefore in the net geotechnical resistance, is achieved 

if full consolidation occurs after low-magnitude cyclic loading. Similar to observations from 

this study, previous experimental studies have shown that cyclic displacements or cyclic 

loading on model riser pipes on soft normally or lightly overconsolidated clay may lead to an 
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increase of the undrained shear strength of the underlying soil, if adequate dissipation of the 

excess pore water pressure is allowed after the remoulding of the soil (Hodder et al. 2013, 

Yuan et al. 2016, Clukey et al. 2017, Cocjin et al. 2017) and that the undrained sliding of a 

shallow foundation followed by adequate consolidation may cause enhancement of the 

foundation monotonic vertical capacity and sliding resistance respectively (Cocjin et al. 2014). 

In these examples the cyclically induced gains are greater than under equivalent monotonic 

loading. While it is impractical to rely on these strength gains in initial design – since the 

timing of the design event is unknown – insight into consolidation gains from a lifetime of 

calm weather cyclic loading can inform on foundation stability for life extension design or 

decommissioning.   

 

Figure 5-9  Profiles of undrained shear strength before and after testing 

5.4 Failure criteria on a shear strain contour diagram 

Strain accumulation on contour diagrams is a well-established approach for geotechnical 

design of foundations under cyclic loading by assessing soil strength degradation due to cyclic 

loading. The approach converts real irregular cyclic load sequences to an idealised regular 



Vertical cyclic loading response of a shallow skirted foundation 

5-21 
 

cyclic load sequence through an accumulation procedure on contour diagrams of shear strain 

or excess pore water pressure based on results from laboratory element tests (Andersen 2015). 

The contour with the highest value is considered the failure envelope and the stress level where 

the accumulation procedure intersects the failure envelope is defined as the cyclic shear 

strength that determines the foundation cyclic capacity. 

This section attempts to define appropriate failure criteria for vertical cyclic loading of a 

shallow foundation by associating the failure envelope on a contour diagram, derived from 

element tests, with the instability failure observed in the centrifuge tests. A shear strain contour 

diagram derived from stress-controlled cyclic non-symmetrical direct simple shear (DSS) tests 

(with τave = τcyc, where τave is the average shear stress and τcyc is the cyclic shear stress) on 

normally consolidated kaolin clay, the same material used in the centrifuge tests, is adopted. 

The test details are presented by Zografou et al. (2018b) and the contour diagram with cyclic 

stress ratio, CSR, (=  ) of 1 is shown on Figure 5-10. The contours of maximum shear 

strain, γmax, are presented as a function of maximum shear stress, τmax, normalised by the 

monotonic DSS strength, su. The DSS tests used to develop the contour diagram is considered 

relevant here as DSS strength can be considered as an average strength between triaxial 

compression and triaxial extension and is therefore representative of the soil strength 

mobilised by a foundation at failure (Mayne 1985, Randolph 2012). The comparison of the 

foundation response in the centrifuge with the soil response under DSS is made based on the 

assumption that the ratio of normalised vertical stress, qV,max/qV,ult is equal to the ratio of 

normalised shear stress, τmax/su applied on a soil element. It is noted that the ratio qV,cyc/qV,ave 

in the centrifuge tests considered below (HIGH and last parcel of LOW_CONS_HIGH) varies 

from 0.7 to 1.6 (), and is therefore close to the value of CSR = 1 in the cyclic DSS tests. 
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Figure 5-10  Final points of accumulation procedure for centrifuge test with high tensile vertical stress 
[HIGH] and with low-level cyclic loading followed by consolidation and then parcel with high tensile 
vertical stress [LOW_CONS_HIGH] on a contour diagram of maximum shear strain based on cyclic 
DSS tests (CSR = 1) on normally consolidated kaolin clay by Zografou et al. (2018b) 

 

The failure envelope on the contour diagram can be defined as the contour that is closest to 

the final point of the accumulation procedure for the centrifuge tests that reached failure. As 

discussed previously, instability failure occurred in the cyclic tests under average tension 

when suction was lost. In the centrifuge test with a single parcel of high cyclic loading, the 

‘instability failure’ envelope on the contour diagram of shear strain can be defined as the 

contour that corresponds to the normalised shear stress and number of cycles where loss of 

suction was observed. Loss of suction in the test with high average vertical stress was observed 

at qV,max/qV,ult = -0.8 and N = 7. Figure 5-10 shows that the contour that corresponds to loss of 

suction in this test is the contour of γmax = 5%, at τmax/su (consolidated) = -0.76 and N = 7. 

Consolidated soil strength, su (consolidated) is considered here to account for the increase in su 

during the waiting period under the monotonic vertical stress. The value of su (consolidated) is 

estimated based on a theoretical framework, verified by back-calculating su values from uplift 
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resistance in centrifuge uplift tests of a shallow skirted foundation (d/D = 0.2) in lightly over-

consolidated kaolin clay following preloading and consolidation (Li et al. 2015), and 

numerical results reported by Vulpe et al. (2017) for a monotonic vertical stress qV/qV,ult = 0.2 

and T = 0.04 (Figure 5-8). 

The normalised shear stress and number of cycles at failure are also plotted on the contour 

diagram on Figure 5-10 for the centrifuge test with low-level cyclic loading followed by a 

consolidation period and a parcel of cyclic loading of high magnitude [LOW_CONS_HIGH] 

(qV,max/qV,ult = -0.95 and N = 41). It is noted that the first parcel with qV,max/qV,ult = -0.36 (-0.10 

± 0.30) and N = 1080 plots near the horizontal contour of 1% and is not considered in the 

accumulation procedure (Zografou 2018a, Zografou 2018b). As shown in Figure 5-9 and 

discussed above, T-bar tests through the foundation footprint in the cyclic test with the same 

sequence until the end of consolidation period [LOW_CONS indicated that the increase in su 

is between 20%, close to the centre of the foundation and up to 70% close to the edges of the 

foundation. Assuming an increase in operative su of 45%, Figure 5-10 shows that loss of 

suction in the test LOW_CONS_HIGH plots at the contour of γmax = 5%, at τmax/su (consolidated) = 

-0.66 and N = 41. 

Based on the above, a common level of shear strain, γmax = 5%, on the contour diagram may 

predict instability failure of the shallow skirted foundation in normally consolidated kaolin 

clay under the cyclic sequences tested in the centrifuge. This value of γmax is below the contour 

where failure at a soil element level was defined, i.e. γmax = 25% - also shown on Figure 5-10 

and defined in the same way as failure for the model tests reported here, i.e. at the point where 

the change in γmax per cycle increases rapidly (Zografou et al. 2018b). The findings indicate 

that instability failure of the foundation under tension occurred at a common strain level 

irrespective of loading history, although the strain level is not immediately comparable to that 

defining failure at the element level in the DSS tests.  
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5.5 Conclusions 

This paper presents results from centrifuge tests on a shallow skirted foundation with d/D = 

0.5 in normally consolidated kaolin clay under two-way non-symmetrical vertical cyclic 

loading. It was shown that the observed foundation response in the cyclic centrifuge tests in 

average tension where instability failure occurred can be predicted well by a common level of 

shear strain (γmax = 5%) on a shear strain contour diagram derived from cyclic direct simple 

shear test data. The level of shear strain at failure is notably lower than the maximum shear 

strain where failure was observed in the element tests on the same soil. 

Based on the observations from the centrifuge tests, the following conclusions can be made 

regarding the foundation response under vertical cyclic loading: 

1. Two-way cyclic loading in average compression leads to continuous accumulation of 

the vertical settlement of the foundation while two-way cyclic loading in average 

tension may lead to a loss of embedment, leading to loss of passive suction and an 

instability failure. The mode of failure for a skirted foundation under two-way vertical 

cyclic loading therefore appears to depend on the average vertical stress, rather than 

the maximum. Based on the present study, suction was lost when upward vertical 

displacement was approximately 5% of the embedment depth. In addition, it was 

observed that cyclic loading in average compression led to higher magnitude of 

vertical displacement than cyclic loading in average tension of similar magnitude.  

2. A threshold value of applied vertical stress was observed below which the vertical 

displacement remained stable for a high number of cycles.Vertical displacement was 

stable under cyclic loading in average tension for > 1000 cycles with a relatively low 

amplitude cyclic stress qVmax/qVult = -0.40 (-0.10 ± 0.30) while an unstable response 

was observed at N < 10 with a higher amplitude cyclic stress  qVmax/qVult = -0.80 (-0.30 

± 0.50).  
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3. Two-way cyclic loading in average tension of low magnitude stresses followed by a 

consolidation period has been shown to increase soil strength, evidenced by the higher 

maximum stress and relatively high number of cycles at which failure occurred. This 

observation may be particularly useful in informing geotechnical design for life 

extension of existing foundations or decommissioning. 
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Chapter 6. Skirted foundations of zero-radius bend 

triggers under horizontal cyclic loading 

Prologue 

Chapter 6 presents a series of centrifuge tests on a shallow skirted foundation with d/D = 0.2 

in soft normally consolidated kaolin clay under horizontal cyclic loading. The applied cyclic 

load sequences are relevant to those applied on subsea zero-radius bend triggers during pipe-

laying. The horizontal displacement response of the shallow foundation is investigated and 

compared with the predicted response from the accumulation procedure on the contour 

diagrams presented in Chapter 4. Chapter 6 contributes to research objective 3. 

Chapter 6 also presents a comparison of the observed response in the centrifuge tests with the 

soil response in the cyclic DSS tests, presented in Chapter 4, performed at similar normalised 

shear stresses with the applied horizontal stresses in the centrifuge tests. Alternative design 

criteria are suggested for the geotechnical design of this type of subsea foundations. 

Chapter 6 comprises a paper submitted to Ocean Engineering in December 2017 with the title 

‘Applicability of the strain accumulation procedure for the geotechnical foundation design of 

zero-radius bend triggers’ that is currently under review.  
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Abstract  

Geotechnical design of offshore shallow foundations is generally based on a cyclically 

degraded shear strength, typically determined from a shear strain or pore pressure 

accumulation procedure based on contour diagrams derived from laboratory tests. The 

procedure was initially developed for gravity-based structures and is now used for a wider 

range of offshore applications including shallow foundations for subsea structures that are 

subjected to different cyclic loading regimes. The applicability of the traditional equivalent 

cyclic shear strength approach based on the accumulation procedure is investigated for a 

specific type of subsea structure, the Zero-Radius Bend (ZRB) trigger. A series of centrifuge 

tests have been performed on a shallow skirted foundation on normally consolidated kaolin 

clay under a range of horizontal cyclic load sequences typical of those applied to foundations 

of ZRB triggers during pipe-laying. The observed performance from the centrifuge tests is 

compared with predictions of foundation performance using the traditional strain 

accumulation procedure. It is shown that the traditional procedure over predicts strength 

degradation at the end of the particular cyclic load sequences. The findings indicate that a 

performance-based approach may be more appropriate for the geotechnical design of these 

foundations and other foundations with a high tolerance to displacement. 
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6.1 Introduction 

Shallow foundations for offshore applications are typically sized by considering an ultimate 

limit state based on a cyclically degraded undrained shear strength, su,cyc. The cyclic shear 

strength is determined for an appropriate - ‘equivalent’ - number of cycles, Neq, determined 

from an accumulation procedure based on shear strain (or excess pore pressure ratio) contours 

derived from laboratory element test data (Andersen 2015). The method was originally 

developed for gravity-based fixed platforms under environmental loading but is increasingly 

applied to design of shallow foundation systems for subsea structures that are subjected to 

different cyclic loading regimes, often dominated by installation and operational loads. 

Shallow foundations for some types of subsea structures may also have a higher tolerance to 

displacement than a foundation for a fixed platform enabling redefinition of the traditional 

basis of design. This paper presents the results of an investigation into the applicability of the 

traditional strain accumulation procedure for the assessment of the effect of cyclic loading on 

a particular type of subsea structure, a Zero-Radius Bend (ZRB) trigger (Figure 6-1).  

 

Figure 6-1 A Zero-Radius Bend (ZRB) trigger prior to installation (from Peek & Kristiansen 2009) 
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ZRB triggers are one approach to manage controlled buckling of subsea pipelines (Bruton et 

al. 2006, 2008). The ZRB method is increasingly adopted globally as it has advantages over 

the snake-lay method of buckle control that may result in undesirable pipe embedment and 

over vertical upsets as it does not lead to asymmetric buckles and induces lower compressive 

forces (Peek & Kristiansen 2009). 

A ZRB trigger comprises a shallow foundation with vertical post, as seen in Figure 6-2, and 

facilitates the pipeline being laid with an infinitesimal pipeline curvature. The ZRB pipe laying 

procedure comprises three key stages, which are shown schematically on Figure 6-3 and 

Figure 6-4 and described below. 

Stage 1: The pipe-laying vessel lays the pipeline across the ZRB trigger at a distance from the 

vertical post. 

Stage 2: The vessel moves laterally so that a small pipeline curvature is created and the 

pipeline is eventually pulled towards the vertical post of the ZRB trigger.  

Stage 3: The vessel moves forward and the pipe-laying procedure continues. 

 

Figure 6-2 Schematic representation of a ZRB trigger with potential positions of the pipeline on the 
trigger during the pipe-laying procedure and sign convention for loads and displacements used in the 
model tests 
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A ZRB trigger foundation is subjected to horizontal cyclic loading during pipe-laying caused 

by intermittent contact between the pipeline and the vertical post. Figure 6-4 shows typical 

horizontal stress, qH, with the number of cycles, N, during the three pipe-laying stages, 

together with the average horizontal stress, qH,ave, cyclic horizontal stress qH,cyc and maximum 

horizontal stress qH,max within a cycle. Figure 6-4 shows that qH,ave is lowest during Stage 1 and 

increases linearly with cycles during Stage 2 to a maximum value that is maintained during 

Stage 3. The cyclic component of horizontal stress is approximately constant during the three 

stages, with the exception of the start of Stage 2, when the horizontal stresses reach their 

maximum values over a short time interval as the pipeline is pulled abruptly towards the 

vertical post. The frequency of the cyclic loading is generally dictated by dominant wave 

periods between 8 s and 14 s and is expected to result in an undrained soil response for 

typically dimensioned ZRB triggers in soft seabed sediments. ZRB foundations have a high 

tolerance to horizontal displacement, h, able to displace in the order of several metres and still 

perform their intended function.  

The scope of the present study was to investigate the applicability of the traditional cyclically 

degraded strength approach, based on the shear strain accumulation procedure, for the 

geotechnical design of ZRB foundations. Results of a series of centrifuge tests on a shallow 

skirted foundation in normally consolidated kaolin clay involving cyclic loading typical of 

ZRB foundations during pipe-laying are presented. Observations are compared with 

predictions of foundation performance using the accumulation procedure and strain contour 

diagrams developed from a suite of cyclic direct simple shear tests on kaolin clay.  
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Figure 6-3 Schematic representation of pipe-laying procedure leading to loading on ZRB trigger: (a) 
Stage 1, pipeline is laid on the ZRB trigger, (b) Stage 2, pipe-laying vessel moves laterally towards the 
vertical post to create a small curvature on the pipeline and (c) Stage 3, the vessel moves forward and 
pipe-laying continues 

 

 

 

Figure 6-4 Representation of typical loading imposed on a ZRB trigger foundation during pipe laying  

 



Skirted foundations of zero-radius bend triggers under horizontal cyclic loading 

6-7 
 

6.2 Centrifuge Experiments 

6.2.1 Experimental arrangement 

The experiments were performed in a 1.8 m radius fixed beam centrifuge at National 

Geotechnical Centrifuge Centre at the University of Western Australia (Randolph et al. 1991).  

The model foundation was connected to the vertical axis of a two-dimensional electrical 

actuator (see Figure 6-5), with the cyclic loading achieved using the horizontal axis of the 

actuator under load control. The foundation was fabricated as circular in cross section with a 

diameter, D = 60 mm, a skirt depth, d = 12 mm, and therefore an embedment ratio, d/D = 0.2 

and with a skirt thickness, tw = 0.48 mm such that the equivalent prototype foundation at 200g 

has D = 12 m, d = 2.4 m and tw = 0.096 m. The foundation was equipped with a vent in the 

top cap to allow drainage of the water from inside the skirt during installation. As the 

foundation was fabricated from aluminium rather than steel, a realistic foundation self-weight 

was replicated by controlling the vertical load on the foundation using the vertical axis of the 

actuator. 
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Figure 6-5 Experimental arrangement – model foundation connected to the actuator mounted over a 
sample of normally consolidated kaolin clay: (a) photograph and (b) schematic representation 
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6.2.2 Sample preparation and strength profile 

The tests were carried out in a well-characterised normally consolidated kaolin clay with 

properties as shown in  Table 6-1 (Stewart 1992). The sample was prepared from a kaolin 

slurry prepared at twice the liquid limit in a strong box with internal dimensions 390 × 650 × 

325 mm (width × length × depth). A 20 mm layer of sand was placed at the bottom of the 

sample container before pouring the slurry to allow two-way drainage during consolidation. 

Geotextile drains were also located at each corner of the sample to provide a hydraulic 

connection between the bottom drainage layer and the free water at the sample surface. The 

sample was consolidated in the centrifuge at 200 g for 3.5 days. A 40 mm water layer was 

maintained at the sample surface during consolidation and over the course of testing to ensure 

sample saturation. After consolidation, a thin layer was scraped from the sample surface, 

ranging from 0 mm at the middle to 10 mm at the edges, to ensure a level testing surface and 

to create a final sample height of approximately 170 mm. The sample was then re-spun for a 

period of 3 hours before the sample characterisation tests commenced. 

Table 6-1 Typical properties of kaolin clay 

 

  

 

 

 

 

 

 

 

Property Value Source 

Liquid limit, LL (%) 61 Stewart 1992 

Plastic limit, PL (%) 27 

Specific gravity, Gs 2.6 

Poisson’s ratio, ν 0.30 

Critical state friction constant, M 0.92 

Slope of normal consolidation 
line, λ 

0.205 

Slope of swelling line, κ  0.044 

cv (𝜎 = 13 kPa) 

ch (𝜎 = 13 kPa) 

 

1.5 m2/ year 

6.6 m2/ year 

 

Cocjin et al. 2014, 
Colreavy et al. 2016 
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The sample was characterised through T-bar penetrometer tests (Stewart & Randolph 1991) 

using a model T-bar with a diameter, DT-bar = 5 mm. The T-bar was inserted and extracted at a 

velocity, v = 1 mm/s, satisfying the undrained criterion, DT-barv/cv > 30 (Finnie & Randolph 

1994). The undrained shear strength, su, was calculated from the measured penetration 

resistance using the commonly adopted T-bar bearing factor, NT-bar = 10.5 (e.g. Colreavy et al. 

2016). A cyclic T-bar test was performed at a depth of 50 mm, by vertically cycling the T-bar 

through ± 10 mm (2DT-bar). This provided a basis for correcting the measured T-bar resistance 

for soil buoyancy, the changing self-weight (with radius) of the load cell and T-bar probe (as 

described in Sahdi et al. 2014), and for estimating the fully remoulded undrained shear 

strength. 

Profiles of su with prototype depth, z, derived from the T-bar tests are provided in , both before 

and after the foundation tests. Over the entire penetration depth, su can be idealised as su = sum 

+ kz, where the undrained shear strength at the mudline, sum = 0 kPa, and the gradient of 

undrained shear strength with depth, k = 0.75 kPa/m before testing and k = 0.91 kPa/m after 

testing.  also includes su profiles from T-bar tests conducted in a foundation footprint to 

quantify strength changes due to consolidation from the vertical load maintained on the 

foundation during the cyclic tests, as discussed later.  
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Figure 6-6 Profiles of undrained shear strength as assessed from T-bar tests 

 

6.2.3 Experimental programme and load application 

The experimental programme included two monotonic tests and five cyclic tests under one-

way horizontal cyclic loading. Monotonic tests were performed to define the ultimate vertical 

capacity, qV,ult, and the ultimate horizontal capacity, qH,ult, of the foundation. The vertical stress, 

qV, and horizontal stress, qH, equal to the applied vertical load and horizontal load respectively 

divided by the foundation base area, were applied in the cyclic tests as a percentage of the 

monotonic qV,ult and qH,ult respectively. Details of the tests are provided in  and a schematic 

representation of the cyclic horizontal stress sequences is presented in Figure 6-7. The sign 

convention used in the model tests for stress and displacement, including vertical 

displacement, w, is illustrated in Figure 6-2. 
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The monotonic tests were performed under displacement control and the cyclic tests were 

performed under load control. Horizontal and vertical loading was applied to the model 

foundation via a rigid loading arm, strain-gauged, such that the horizontal loading could be 

derived from the measured bending moments.  

The monotonic vertical test involved vertical extraction of the foundation until the skirt was 

free of the mudline, while the horizontal test involved lateral displacement of the foundation 

for a distance of approximately 0.1 D, sufficient to mobilise a steady state. These tests were 

performed at a velocity, v = 0.1 mm/s ensuring that the dimensionless ratios, D.v/cv and 

D.v/ch, were both greater than 30 and undrained conditions were achieved (Finnie & Randolph 

1994) (cv and ch are the vertical and horizontal coefficients of consolidation respectively as 

quantified in Table 6-1).  

Cyclic horizontal loading was applied under a constant vertical load, using sinusoidal cycles 

of horizontal load with an amplitude as detailed in  and at a frequency of 0.25 Hz. This 

frequency was selected to ensure the response was undrained, whilst maintaining high quality 

load control (noting that this is limited by the mechanical speed of the actuator and the update 

frequency of the feedback loop, and also governed by the proportional–integral–derivative 

controller settings). The dissipation of excess pore pressure in a given cycle was less than 

20%, which is sufficiently low to achieve undrained conditions (Osman & Randolph 2012). 
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Table 6-2 Summary of centrifuge test sequences 

Brief description  
Test 
label 

Normalised horizontal stress 

(qH,ave +/- qHcyc) /qH,ult 

No. of 
cycles N 

Monotonic vertical  V - - 

Monotonic horizontal H - - 

Representing conditions applied on ZRB 
foundation: Non-uniform horizontal cyclic 
load sequence with 3 stages of cyclic 
loading during pipe-laying with 3 high 
instant loads applied at beginning of 
stage 2 

ZRBp 

0.15 ± 0.15 (S1u equivalent) 

0.60 ± 0.40 (Peaks) 

0.40 ± 0.25 (Peaks) 

0.15 to 0.60 ± 0.15 (S2u 
equivalent) 

0.60 ± 0.15 (S3u equivalent) 

360 

1 

2 

357 

1080 

Representing conditions applied on ZRB 
foundation: Non-uniform horizontal cyclic 
load sequence with 3 stages of cyclic 
loading during pipe-laying with 3 high 
instant loads applied at beginning of 
stage 2 

ZRB 

0.15 ± 0.15 (S1u equivalent) 

0.15 to 0. 60 ± 0.15 (S2u 
equivalent) 

0.60 ± 0.15 (S3u equivalent) 

360 

360 

1080 

Uniform horizontal cyclic load sequence 
of same magnitude as Stage 1 in ZRB 
sequence 

S1u             0.15 ± 0.15 1800 

Uniform horizontal cyclic load sequence 
of same magnitude as average of Stage 2 
in test ZRB 

S2u             0.35 ± 0.15 1800 

Uniform horizontal cyclic load sequence 
of same magnitude as Stage 3 in ZRB 
sequence 

S3u            0.60 ± 0.15 1800 
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Figure 6-7 Schematic representation of the applied horizontal cyclic load sequences applied in 
centrifuge tests (a) ZRB sequence with peaks [ZRBp], (b) ZRB sequence [ZRB], (c) uniform load 
sequence of magnitude equivalent to Stage 1 in ZRB sequence [S1u] (d) uniform load sequence of 
magnitude equivalent to average magnitude of loading in Stage 2 in ZRB sequence [S2u] (e) uniform 
load sequence of magnitude equivalent to Stage 3 in ZRB sequence [S3u] 

 

Each of the five cyclic tests involved 1800 cycles, which is representative of the typical 

loading experienced by a ZRB foundation during pipe-laying. Three of the cyclic tests 

involved uniform cyclic loading, with average and cyclic load amplitudes that simulate those 

in each stage of a ZRB loading sequences, albeit that the ramp in the average cyclic load in 

Stage 2 was simplified as an average cyclic load for the uniform amplitude test. The remaining 

two cyclic tests involved load sequences that were idealised forms of the non-uniform 

sequences experienced by the foundation of a ZRB trigger during pipe-laying, with and 
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without the three cycles of high lateral load at the beginning of Stage 2 (see Figure 6-4). 

Collectively the five cyclic tests allow the effects of stress history to be examined. 

6.2.4 Foundation Installation Procedure 

The foundation was installed with the drainage vent open at a velocity of 0.1 mm/s to target 

undrained conditions (Dv/cv > 30). Installation was continued until the underside of the 

foundation top plate made contact with the mudline, as indicated by a sharp increase in the 

vertical load. The actuator was then set to maintain the foundation at the final installation 

depth, and the centrifuge was stopped for approximately 5 minutes to seal the vent. After 

restarting the centrifuge and spinning at the 200 g target acceleration, the actuator was 

switched to load control to target a vertical load of 13 N (qv = 4.6 kPa), except for the 

monotonic pullout test (V) where a vertical load of 9 N (qv = 3.2 kPa) was applied. The vertical 

load was held for a period of approximately 13 minutes (1 year in prototype scale) before 

commencing the horizontal cyclic loading part of the test.  

6.3 Centrifuge Test Results 

6.3.1 Foundation Installation Resistance 

The measured resistance, qm, equal to the measured load divided by the foundation base area, 

during foundation installation is presented in Figure 6-8 (a). As expected from the linear 

profile of su with depth, qm, increases approximately with depth until z/d ≈ 1 when the 

foundation top plate makes contact with the mudline. The net geotechnical installation 

resistance, qnet,i, can be determined as: 

𝑞 ,  
= 𝑞 − ( 

𝐹 + 𝐹 − 𝑊

𝐴
 ) (4) 

where Fbs is the soil buoyancy due to the soil displaced by the penetrating skirts (equal to the 

product of the embedded skirt volume and the effective unit weight, γ', which over the skirt 

length averages γ' = 5.9 kN/m3 as established from post-test measurements of moisture 

content), Fbw is the water buoyancy due to the increasing length of the rod submerged in the 
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free water above the soil sample (equal to the product of the volume of the submerged rod and 

the unit weight of water), WΔg is the increase in foundation self weight due to the slight 

variation in centrifuge acceleration with embedment, and A is the foundation base area. 

Profiles of measured and net geotechnical resistance during foundation installation for a 

typical test [ZRBp] are presented on Figure 6-8 (b) together with the theoretical prediction of 

geotechnical resistance, 𝑞 , , , estimated based on equation (5): 

𝑞 , , = [𝐴 . 𝑎. 𝑠 , + 𝐴 . (𝑁 . 𝑠 + 𝛾 𝑁 𝑧)]/𝐴 (5) 

, where As is the skirt wall surface area (internal and external), α is the interface friction ratio 

(taken as α = 0.4, as quantified from the ratio of the final remoulded penetration resistance to 

the intact penetration resistance in the cyclic T-bar test), su,ave is the average value of undrained 

shear strength over the current embedment depth, su0 is the undrained shear strength at the 

skirt tip, Atip is the plan area of the skirt tips, Nc0 is a bearing capacity factor taken as Nc0 = 7.5 

for a buried strip foundation in uniform clay (Skempton 1951) and Ng is the centrifuge 

acceleration at the current skirt tip level. 

Figure 6-8 (b) shows that the net resistance is slightly lower than the theoretically predicted 

resistance, which can suggest that the soil strength mobilised along the skirts is lower than the 

remoulded strength value predicted by the cyclic T-bar test. This is consistent with water 

entrainment at the skirt-soil interface, as observed in other experimental studies (e.g. Tika & 

Hutchinson 1999, Gaudin et al. 2014, O’Beirne et al. 2017, Yuan et al. 2016). A best fit is 

achieved if a value of α = 0.2 is assumed. 
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Figure 6-8 Installation resistance (a) measured in all tests and (b) compared with net and theoretical 
resistance (for example case, ZRBp) 
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6.3.2 Undrained vertical resistance 

The resistance in undrained uplift and compression is expected to be similar if reverse end 

bearing is mobilised (Mana et al. 2012, Mana et al. 2013a) and a pullout test was selected to 

minimise disturbance to the sample. Figure 6-9 shows the measured uplift resistance of the 

foundation, qm, along with the net geotechnical resistance, qnet (Equation 3), i.e. adjusted to 

account for soil and water buoyancy, the changing weight of the foundation with depth, and 

the difference between the overburden pressure and the submerged weight of the soil plug 

(Tani & Craig 1995). 

𝑞 = 𝑞 − (
𝐹 + 𝐹 − 𝑊 − 𝑊 + 𝐴  𝜎′

𝑣0

𝐴
) 

 

(6) 

where σ'v0 is the effective vertical stress at the skirt tip level (equal to 𝛾′𝑁𝑔𝑧), 𝑊  is the 

submerged weight of the soil plug that is confined by the skirts, 𝐴  is the area of the soil plug, 

and the remaining components are as defined previously. 

Also shown on Figure 6-9 is the theoretically predicted resistance,  

𝑞 , = 𝑁 . 𝑠  (7) 

where the capacity factor was taken as Nc0 = 10.9 as appropriate for kD/sum = 200 and an 

embedment ratio, d/D = 0.2 (Gourvenec & Mana 2011). Predictions of the vertical capacity 

are shown based on both initial and final undrained shear strengths, derived from T-bar tests 

conducted before and after the foundation uplift tests, see ). Good agreement with the 

measured uplift resistance is obtained when using the final undrained shear strength at the 

skirt tip, su0 = 2.1 kPa, as discussed in more detail later. The ultimate undrained vertical 

resistance of the foundation is taken as qV,ult = 24 kPa  and the targeted vertical (compressive) 

load applied to the foundation in the horizontal monotonic and cyclic tests was 0.2qV,ult. 
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Figure 6-9 Measured vertical stress-embedment depth response and predicted vertical capacity based 
on initial and final (consolidated) undrained shear strength 

 

6.3.3 Ultimate horizontal resistance 

Figure 6-10 shows the mobilisation of horizontal resistance through horizontal translation 

under a constant vertical stress of 0.2 qV,ult. The horizontal resistance reached a maximum, and 

steady state, at qH,ult = 4.2 kPa at a normalised horizontal displacement, h/D ~ 2%.  Real time 

video footage confirmed that a gap did not form at the trailing edge of the foundation during 

the test, as expected for the given undrained shear strength ratio of the material (Britto & 

Kusakabe, 1982, Mana et al. 2013a). 

Also shown on Figure 6-10, is the theoretical ultimate horizontal resistance given by equation 

(8). 

𝑞 , , =    𝑠 +
𝑑. 𝐷. 𝑁 . 𝑠 , .

𝐴
 (8) 
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where the first term represents the contribution of base shear and the second term represents 

the active and passive resistance, in which the lateral bearing capacity factor is taken as Np = 

5.66 for a two-sided mechanism consistent with no gap developing (Caquot & Kerisel, 1948). 

As with the uplift tests, predictions of horizontal capacity are based on both the initial and 

final undrained shear strengths, with the best agreement obtained using the final undrained 

shear strength consistent with the uplift tests. The observed ultimate horizontal resistance, 

qH,ult = 4.2 kPa, provided the basis for selecting the average and cyclic horizontal stress in the 

cyclic tests.  

 

Figure 6-10 Measured horizontal stress-displacement response and predicted horizontal load capacity 
based on in situ and consolidated shear strength  

 

6.3.4 Response of foundation under cyclic load sequences 

Figure 6-11 presents the measured normalised horizontal displacements due to uniform cyclic 

stress sequences of magnitude similar to each of the stages of the ZRB sequence [S1u, S2u 
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and S3u] and the ZRB cyclic stress sequence without the instantaneous peak loads at the 

transition of Stages 1 and 2 [ZRB]. Displacements are shown at the start of Stage 1 ((a) N = 

0-50); across the transition between Stage 1 and 2 ((b) N = 355-405); across the transition 

between Stage 2 and 3 ((c) N = 715-765); and within Stage 3 towards the end of the test ((d) 

N = 1700-1750). The applied normalised horizontal stresses, qH/qH,ult¸ are as presented in 

Figure 6-7.  

 

Figure 6-11 Normalised horizontal displacements in tests with ZRB loading sequence [ZRB], uniform 
Stage 1 loading [S1u], uniform Stage 2 loading [S2u], and uniform Stage 3 loading [S3u] at (a) 
beginning of Stage 1; N=0-50, (b) transition from Stage 1 to Stage 2; N=355-405, (c) transition from 
Stage 2 to Stage 3;  N=715-765 and (d) end of Stage 3; N=1700-1750 

 

The horizontal displacements at each stage in the ZRB test are similar to those observed in the 

uniform test of equivalent magnitude. This observation also applies when comparing the test 

with uniform amplitude equivalent to the mean of Stage 2 [S2u] with the increasing qH,ave in 

Stage 2 of the ZRB sequence where the horizontal displacements appear indistinguishable at 

the transition from Stage 2 to 3. However, an exception is the comparison between the test 
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with a uniform load equivalent to Stage 1 [S1u], in which the displacements are higher than 

the equivalent displacements in the ZRB test, due to an applied qH,ave that was unintentionally 

higher than the target value. As a result, the final horizontal displacement at the end of the 

ZRB test is similar to that at the end of the test with uniform horizontal stress equal to the 

Stage 3 amplitude. The magnitude of the final horizontal displacement appears therefore to be 

governed by the magnitude of qH,ave and not by stress history. 

 

Figure 6-12 Normalised horizontal displacements in tests with uniform Stage 3 loading [S3u], ZRB 
loading sequence [ZRB] and ZRB loading sequence with peaks [ZRBp] at (a) transition from Stage 1 
to Stage 2; N=355-405, (b) transition from Stage 2 to Stage 3; N=745-765 and (c) end of Stage 3; 
N=1730-1750 

 

Figure 6-12 examines the effect of the high instantaneous stresses at the beginning of Stage 2 

in test ZRBp by comparing the horizontal displacements observed in the ZRB sequence 

without the high instantaneous stresses with those in the test with a uniform sequence 

equivalent to Stage 3 [S3u]. The response of the foundation is stable in the three tests and does 

not show any signs of failure. The final horizontal displacements are similar for the three tests 
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despite differences in the stress history. Application of the instantaneous high stresses resulted 

in a corresponding instantaneous increase in hmax/d of 3.7% and a permanent increase of 0.9%, 

although the final horizontal displacement at the end of the final load sequence was unaffected. 

This may be attributed to hmax induced by the high instantaneous stresses being lower than hmax 

induced by qH,ave in the final stage of the ZRB sequence. It appears therefore, that the final 

horizontal displacement is dictated by the maximum qH,ave applied in Stage 3, irrespective of 

the presence of the high instantaneous stresses at the transition between Stages 1 and 2. 

6.3.5 Assessment of centrifuge background consolidation   

Background consolidation of the clay sample takes place during centrifuge testing more 

rapidly than in the field as the drainage path lengths in the centrifuge sample are Ng
2 lower 

than in the field. This is the basis for the Ng
2 scaling applied to consolidation times when 

scaling from the centrifuge to prototype conditions (Garnier et al. 2007). This is generally 

beneficial in centrifuge modelling as modelling processes involving dissipation of excess pore 

water pressures are relatively fast. However, in the modelling considered here, the (relatively) 

quicker consolidation leads to soil strength gains that are more rapid than would occur in the 

field. The overall time period for the lay process in the centrifuge was two hours, 

corresponding to approximately nine years at prototype scale, compared with a typical pipe 

laying over a ZRB duration in the field of a few hours. To assess if the effect of background 

consolidation that occurred over this prolonged testing duration had a significant effect on the 

increase of undrained shear strength su of the sample during a cyclic foundation test, and 

therefore on the magnitude of the normalised applied loads, T-bar tests were performed before 

and after the foundation tests. As shown by , the final T-bar tests were conducted both at 

untested sites and through the foundation footprints to permit temporal changes in sample 

strength to be distinguished from strength changes due to consolidation from the vertical load 

applied to the foundation.  shows that the undrained shear strength at skirt tip level su0 

increases from 1.7 kPa to 2.1 kPa over the course of the test campaign (comparing su profiles 

before and after testing), but that the horizontal cyclic shear stresses caused negligible 
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additional increases above or around the skirt tip level (comparing su profiles in tested and 

undisturbed sites). However, there is an additional increase in su in the test footprint below 

skirt tip level, which is attributed to consolidation from the vertical load applied to the 

foundation over each two hour cyclic test. The magnitude of the measured su increase is 

approximately 20%, which is consistent with the prediction from a theoretical critical state 

framework for consolidated gains of shallow foundation capacity proposed by Gourvenec et 

al. (2014) and extended to embedded circular foundations by Vulpe et al. (2017). 

The su increase is expected to have taken place towards the beginning of the test campaign as 

evidenced by the monotonic test (conducted early in the test programme) in which the 

horizontal resistance was in good agreement with the theoretical resistance based on the final 

undrained strength. As qH,ult is not considered to increase significantly after the monotonic test 

and given that there is negligible increase in su after testing through the foundation footprint 

as discussed above, the effect of background consolidation in the cyclic tests is not considered 

to be significant and the applied ratios qH/qH,ult can be considered equal to the target values 

during the cyclic tests. 

6.4 Prediction of foundation response from accumulation 

procedure 

The observed response of the foundation in the centrifuge tests is compared with predictions 

based on the strain accumulation procedure.  The strain contour diagrams were derived from 

stress-controlled cyclic direct simple shear (DSS) tests under two-way symmetrical (with τave= 

0, where τave is the average shear stress) and one-way non-symmetrical cyclic loading (with 

τave = τcyc, where τcyc is the cyclic shear stress) on normally consolidated kaolin (i.e. the same 

material as used in the centrifuge tests) as described fully in Zografou et al. (2018b). Although 

soil elements below a shallow skirted foundation under horizontal translation are expected to 

experience various stress conditions, DSS tests were chosen as the representative of the 

average response. 
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For the accumulation procedure, the ZRB sequences must be transformed into parcels of 

uniform cyclic stress in ascending order. This can be approximated as either (a) symmetrical 

cyclic loading of parcels with τmax equal to 0.5 qH,max/qH,ult of the ZRB sequences, where τmax 

is the maximum shear stress, or (b) non-symmetrical cyclic loading with parcels of τmax/su 

equal to qH,max/qH,ult of the ZRB sequences. The idealised cyclic load sequences to represent 

tests ZRB and ZRBp are illustrated schematically in Figure 6-13. It is noted that to account 

for the increasing qH/qHult in Stage 2, the average value of qH/qHult is considered in the second 

parcel. Neither idealisation is ideal since in the symmetrical case the average stress ratios 

cannot be captured, maximum stress ratios are lower and the cyclic stress ratios are higher 

than in the actual ZRB sequences; while in the non-symmetrical case the maximum stress 

ratios are captured but the average stress ratios are lower and the cyclic stress ratios are higher 

than in the actual ZRB sequences in Stages 2 and 3. 

 

Figure 6-13 Schematic representation of alternatives for idealisation of ZRB loading sequence test as 
parcels of uniform amplitude for the purpose of the strain accumulation procedure in test ZRB as (a) 
two-way symmetrical cyclic loading, i.e. τave = 0 and (b) one-way non-symmetrical cyclic loading with 
τave = τcyc, and in test ZRBp as (c) two-way symmetrical cyclic loading, i.e. τave = 0 and (d) one-way 
non-symmetrical cyclic loading with τave = τcyc  

The strain accumulation for the idealised sequences for tests ZRB and ZRBp are presented on 

contour diagrams of maximum shear strain, γmax, for both symmetrical and non-symmetrical 
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cyclic loading in Figure 6-14 and Figure 6-15 respectively. The accumulation procedure for 

the ZRB sequence with and without the high instantaneous peak loads intersects the failure 

envelope during the penultimate or final package with the final stress state lying beyond the 

failure envelope. The non-symmetrical cyclic load idealisation leads to the final position of 

both the ZRB and ZRBp tests falling further beyond the failure envelope compared to the 

symmetrical loading idealisation. Cyclic strength reduction factors, su,cyc/su, of approximately 

0.6 and 0.25 are inferred from Figure 6-14 and Figure 6-15 for the symmetrical and non-

symmetrical cyclic stress sequence idealisations respectively, and notably achieved before 

completion of the cyclic stress sequences. The failure envelopes for the two cyclic stress 

conditions considered are defined by the 5% and 25% shear strain contours under symmetrical 

and non-symmetrical cyclic loading respectively, based on observations from the cyclic DSS 

tests, discussed in detail in Zografou et al. (2018b).  

The implications from the strain accumulation procedure are contrary to those from the 

centrifuge tests in which all the tests showed a stable response, i.e. no further displacement 

with increasing number of cycles at constant stress level, and with final horizontal 

displacements less than 2% of the foundation diameter at the end of the pipe laying installation 

sequence. 

Results from this analysis indicate that cyclically reduced shear strength at a prescribed value 

of shear strain based on data from soil element tests, may not be a representative criterion to 

define the ‘failure’ of a ZRB foundation. The critical design criterion for ZRB foundations 

may be better defined in terms of horizontal displacement and not soil strength reduction. 
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Figure 6-14 Accumulation procedure for symmetrical cyclic stress sequence idealisation representing 
ZRB loading sequence test [ZRB] and ZRB loading sequence with peaks test [ZRBp] on strain contour 
diagram from symmetrical cyclic DSS tests 
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Figure 6-15 Accumulation procedure for non-symmetrical cyclic stress sequence idealisation 
representing ZRB loading sequence test [ZRB] and ZRB loading sequence with peaks test [ZRBp] on 
strain contour diagram from non-symmetrical cyclic DSS tests  

 

6.5 Comparison with response of equivalent DSS tests 

In this section the observed displacements of the foundation centrifuge model are compared 

with shear strains developed during cyclic DSS tests with normalised shear stresses, τ/su, 

similar to the normalised horizontal stresses, qH/qH,ult, applied in the centrifuge tests. The 

shear-strain response in the cyclic DSS tests is illustrated in Figure 6-16.  

From Figure 6-11 and Figure 6-16, a comparison can be made between the response in the 

centrifuge tests with uniform horizontal cyclic stress sequences representing the three stages 

of the ZRB loading sequence (S1u, S2u and S3u) and in the equivalent cyclic DSS tests (Cns1, 

Cns7 and Cns8). The form  
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Figure 6-16 Cyclic DSS test results in normally consolidated kaolin (a) applied shear stress and (b) 
measured shear strains under τave/su = 0.15 and τcyc/su = 0.16 (equivalent to S1u & Stage 1 in ZRB tests), 
τave/su = 0.36 and τcyc/su = 0.15 (equivalent to S2u & Stage 2 in ZRB tests) and τave/su = 0.62 and τcyc/su 
= 0.16 (equivalent to S3u & Stage 3 in ZRB tests) 

 

of the normalised displacement response in the foundation centrifuge test is similar with the 

strain response in the DSS tests, in that the horizontal displacements and strains stabilise after 

the application of the average horizontal or shear stress or after a few hundreds of cycles of 

loading. Several studies based on cyclic simple shear and triaxial tests have shown a threshold 

of cyclic shear stress below which failure does not occur even at a high number of cycles (e.g. 

Vucetic 1994, Larew & Leonards 1962). Similarly, it has been shown for offshore piles, based 

on field tests in a range of clays and sands, that there is an envelope or combinations of average 

and cyclic axial loads, identified as a stable zone, for which axial displacements stabilise or 

develop very slowly for over 1000 cycles (Jardine et al. 2012, Jardine & Standing 2012, Tsuha 
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et al. 2012, Rimoy et al. 2013). The stable zone, referred to as the threshold stress or 

‘shakedown’, has also been identified by numerical and analytical solutions (Levy et al. 2009, 

Krabbenhoft et al. 2007). The findings of the present study indicate that there is a threshold 

stress for shallow skirted foundations under horizontal cyclic loading and that DSS tests may 

be appropriate to identify the threshold by equating /su in the element test with qH/qH,ult in the 

foundation test. 

6.6 Concluding remarks  

A suite of centrifuge tests was performed on a shallow skirted foundation in normally 

consolidated kaolin clay under a range of horizontal cyclic stress sequences typical of 

foundations of ZRB triggers during pipe-laying. The observed performance from the 

centrifuge tests was compared with theoretical predictions using the traditional strain 

accumulation procedure on contour diagrams from cyclic DSS tests. The strain accumulation 

procedure indicated that the modelled foundation load sequence would lead to failure but this 

was not evidenced from the observed foundation response in the centrifuge tests suggesting 

that the shear strain accumulation procedure may not be suitable to assess the foundation 

response of ZRB triggers. This is partly attributed to the difficulty in idealising the ZRB 

sequences into parcels of uniform amplitude in ascending order to suit the strain accumulation 

procedure; and partly due to the failure criterion based on soil element tests not being 

representative for the failure of a structure such as a ZRB trigger that has a high tolerance to 

horizontal displacement.  

The foundation response in the centrifuge and the soil response in cyclic DSS tests performed 

at τ/su similar to the ratios of qH /qH,ult in the stages of ZRB sequences showed a stable response. 

The foundation response in the centrifuge appeared to depend on the last stage of ZRB 

sequence, with the highest ratio of qH /qH,ult, rather than the previous stages or stress history. 

Cyclic DSS tests appear potentially suitable to define a threshold stress, or combination of 

average and cyclic stress, below which the foundation maintains a stable response.  
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Results from this study indicate that a performance-based foundation design method, based 

on limiting horizontal displacements rather than soil strength, may be more appropriate for 

ZRB triggers for the load combinations considered.  

Horizontal displacements of a skirted foundation under horizontal cyclic loading could be 

estimated as a function of shear strain based on element tests or numerical analysis or 

analytical solutions, similar to solutions developed to derive undrained settlement of circular 

foundations under vertical load (Osman & Bolton 2005). Further research is required to 

develop robust but simple solutions to derive horizontal displacement of skirted foundations 

from shear strain measurements. 
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Chapter 7. Conclusions 

7.1 Summary 

The research undertaken has advanced the understanding of the response of shallow skirted 

foundations under undrained cyclic loading and has fulfilled the research aim and objectives, 

shown on Figure 7-1. 

 

 

 

 

 

 

 

 

Figure 7-1 Research aim and objectives 

 

The main contributions of this research are summarised below: 

 A set of contour diagrams of shear strain based on cyclic direct simple shear (DSS) 

tests on normally consolidated kaolin has been produced (Chapter 3, Chapter 4); 

 An improved understanding of the response of a shallow skirted foundation under 

undrained vertical and horizontal cyclic loading (Chapter 5 and Chapter 6); 

 Alternative design criteria for the geotechnical design of shallow skirted foundations 

of ZRB subsea foundations under cyclic loading are proposed (Chapter 6). 

Research Aim:  

 Investigate whether 
the traditional 
accumulation 
procedure is 
suitable for the 
geotechnical design 
of shallow skirted 
foundations under 
cyclic loading 
relevant to the new 
architecture of 
offshore 
developments and 
suggest alternative 
design criteria.   

Objective 3:  Investigate, at model scale, the 
response of a shallow skirted foundation to 
horizontal and vertical cyclic loading, and 
compare the observed response with predictions 
from the traditional accumulation 

Objective 1: Develop contour diagrams of 
shear strain for normally consolidated kaolin 
clay to facilitate implementation of the 
accumulation procedure  

Objective 2: Explore how, at an element level, 
the soil response under irregular   cyclic loading 
is predicted by the accumulation procedure  
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7.2 Main contributions 

7.2.1 A set of shear strain contour diagrams based on cyclic DSS tests on soft 

normally consolidated clay  

Two types of contour diagrams were presented in Chapter 4 of this thesis based on 

symmetrical cyclic DSS tests (with CSR =   = ∞) and non-symmetrical cyclic DSS tests 

(with CSR = 1) on soft normally consolidated kaolin clay, achieving research objective 1. This 

set of contour diagrams can be used for the interpretation of model test data on kaolin clay. 

This contribution is particularly useful given the extensive use of kaolin clay in research and 

the large existing database based on model testing in kaolin clay. The two types of contour 

diagrams can be used for a range of loading conditions relevant to those applied on offshore 

foundations including gravity-based foundations, shallow skirted foundations, suction 

caissons and piles. A contour diagram based on symmetrical cyclic DSS tests on stiff normally 

consolidated kaolin clay was also presented in Chapter 3. 

7.2.2 An improved understanding of the response of a shallow skirted foundation 

under undrained vertical and horizontal cyclic loading and alternative design 

criteria for the geotechnical design of shallow skirted foundations of ZRB 

subsea foundations under cyclic loading 

This research has advanced the understanding of the response of shallow skirted foundations 

under cyclic loading and suggested an alternative design approach relevant to ZRB subsea 

foundations, achieving research objective 3. 

The research comprised the investigation of the response of a shallow skirted foundation under 

vertical cyclic loading with an embedment ratio of 0.5, at the lower bound of foundation ratios 

used to anchor tension-leg platforms, and provided a basis for comparison with the traditional 

design approach. This contribution of the research is presented in Chapter 5. Based on the 

observations from the centrifuge tests in average tension, it was shown that failure of the 

foundation can be predicted well by a common level of maximum shear strain on a contour 

diagram. However, this level of shear strain was well below the level where failure was 
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observed in the non-symmetrical cyclic DSS test series. This observation confirmed that strict 

limits for upward vertical displacement need to be applied in the geotechnical design of 

shallow skirted foundation under vertical cyclic loading in average tension to avoid loss of 

passive suction and instability failure.  

The effect of low-level vertical cyclic loading in average tension followed by consolidation 

was shown to increase the soil strength over the depth and below the skirted foundation. This 

observation may be useful in informing geotechnical design for life extension of existing 

foundations or decommissioning. 

This thesis comprises the first study, to our knowledge, that investigates the response of 

shallow skirted foundations of ZRB triggers under cyclic loading and the applicability of the 

accumulation procedure for the geotechnical design of ZRB foundations. This type of subsea 

foundation is notably different to the foundations of gravity-based structures (for which the 

accumulation procedure has been initially developed) in two ways: 1) it is subjected during 

pipe-laying to horizontal cyclic loading with increasing average component while the cyclic 

component remains almost constant and 2) it has a high tolerance to horizontal displacement 

in the order of several metres.  

From observations in the centrifuge tests, as presented in Chapter 6, it was shown that the 

ZRB foundation had a stable horizontal displacement response during the applied sequences. 

The final horizontal displacement at the end of the sequences was shown to depend on the 

maximum value of average horizontal stress, applied at the third stage of loading, and not to 

be affected by the application of high instantaneous stresses. However, the observed response 

in the centrifuge was not in agreement with the predictions from the accumulation procedure 

that showed that failure would occur as a result of the sequences considered. The difference 

between the observed and predicted response was attributed to: 1) the difficulty in idealising 

ZRB cyclic loading in agreement with the requirement of the accumulation procedure in 

parcels of uniform load in ascending order and 2) the failure criterion based on element tests, 

used by the accumulation procedure, not being appropriate for the definition of failure of the 
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ZRB foundation that has high tolerance to displacement. In agreement with this observation, 

it was shown in Chapter 4, that the accumulation procedure at a soil element level may over-

predict the shear strain response at the end of irregular non-symmetrical cyclic DSS tests, 

achieving research objective 2. 

Alternative design criteria were suggested for ZRB subsea foundations. A performance-based 

foundation design based on limiting the horizontal displacement rather than discounting the 

soil strength was suggested as a more appropriate approach for subsea foundations with high 

tolerance to displacement. The horizontal displacement at the end of the ZRB sequences can 

be assessed from the shear strain measured in element testing performed at normalised shear 

stresses similar to the actual normalised horizontal stresses. This is based on the observation 

that both the response in the centrifuge tests and in cyclic DSS tests performed with normalised 

shear stresses, τ/su, similar to the normalised horizontal stresses, qH/qH,ult, applied in the 

centrifuge tests was stable.  

7.3 Other findings 

7.3.1 Definition of failure in cyclic DSS tests 

The thesis adopted a definition of failure in the cyclic DSS tests on kaolin clay that was 

particular to the soil element and not arbitrarily defined at a level of shear strain, as commonly 

encountered in the litetature. As presented in Chapter 4, failure in the cyclic DSS tests was 

defined at the point where the change of maximum shear strain per cycle, Δγmax/ΔΝ, starts 

increasing markedly. Failure in the symmetrical cyclic DSS tests was associated with stiffness 

degradation. Failure in the  non-symmetrical tests was associated with accumulation of shear 

strain and an amount of stiffness degradation that is dependent on the CSR. Based on this 

definition of failure, failure was observed around 5% and 25% in the symmetrical and non-

symmetrical tests respectively on kaolin clay. The use of different failure criteria for 

symmetrical and non-symmetrical tests was also suggested as different failure mechanisms 

were observed in the two types of tests. The criteria have also to be in agreement with the 

foundation tolerances to displacement.  
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7.3.2 Presence of threshold 

It was shown in this thesis, that there was a threshold value, or a combination of average and 

cyclic load, below which the soil element in the cyclic DSS tests and the foundation in the 

cyclic centrifuge tests had a stable response for a high number of cycles. The presence of a 

threshold has been confirmed in several research studies, mostly based on element tests or 

field tests. However, in the present research stydy the presence of the threshold has been 

confirmed both at a soil element level and at a foundation system level in the same material. 

At a soil element level, the stress threshold for normally consolidated kaolin up to 1500 cycles 

was identified at 0.30 < τmax/su = τcyc/su < 0.35 in the symmetrical tests, and at 0.52 < τmax/su < 

0.72, or 0.26 < τcyc/su = τave/su < 0.36, in the non-symmetrical tests with CSR = 1, as presented 

in Chapter 4. The tests with τave/su = 0.36 and τcyc/su = 0.15 (CSR = 0.42) and τave/su = 0.62 and 

τcyc/su = 0.16 (CSR = 0.26) were within the stable area. 

At a foundation system level, the foundation with d/D = 0.5 had a stable response over 1080 

cycles under vertical cyclic loading with (qV,ave +/- qV,cyc) /qV,ult : -0.10 ± 0.30, as presented in 

Chapter 5. The foundation with d/D = 0.2 in normally consolidated kaolin had a stable 

response over 1800 cycles under horizontal (uniform) cyclic loading with (qH,ave +/- qHcyc) 

/qH,ult: 0.15 ± 0.15, 0.35 ± 0.15 and 0.60 ± 0.15, as presented in Chapter 5. 

7.3.3 Effect of average vertical stress 

Based on the observations from the centrifuge tests on the shallow skirted foundation under 

two-way vertical cyclic loading it was shown that the average vertical stress defines the 

foundation response. Catastrophic failure occurred in the tests under vertical cyclic loading 

with parcels in average tension, due to the loss of embedment and sudden loss of passive 

suction in the embedded area. To the contrary, no instability failure was observed in the test 

with parcels in average compression. In this test, continuous accumulation of the foundation 

settlement was observed. 
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7.4 Recommendations for future work 

This thesis showed that an alternative performance-based approach is more efficient for the 

geotechnical design of shallow skirted foundations that support ZRB subsea structures 

compared to the traditional accumulation procedure. Future research may be required to 

establish the alternative design approach for the geotechnical design of ZRB triggers and 

explore the potential to extend the alternative approach to other subsea structures with high 

tolerance to displacement. In particular, future research would be recommended to extend the 

contributions of the present study in the following areas:  

 Centrifuge testing on a shallow skirted foundation in natural soils, including carbonate 

sediments relevant to the seabed conditions to the northwest of Australia, such that 

the validity of the findings presented in this thesis can be assessed for a wider range 

of seabed conditions, considering also different soil strength profiles and over 

consolidation ratios. 

 Centrifuge testing of a shallow skirted foundation under different loading conditions 

relevant to other subsea foundations with high tolerances to displacement, such as 

umbilical termination assemblies and pipeline initiation structures.  

 Element and centrifuge testing to define the envelope of average and cyclic load below 

which response remains stable in natural sediments at a soil element level and at a 

foundation system level.
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