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Abstract 

This PhD thesis investigated the interaction between normal and reverse dip-slip faults 

and jack-up rigs. Finite-element methodologies (FEM) have been developed and 

validated against geotechnical centrifuge experiments which were specifically conducted 

by the author for this thesis. The PhD investigated the fault rupture–soil–foundation–

structure interaction (FRSFSI) of a complete three-legged jack-up with spudcan 

foundations in sand. 

During an earthquake two events occur, the ground permanently displaces along the fault 

and dynamic oscillations (i.e. seismic shaking) propagate away from the fault slip-line. 

Prior to ISO 19905-1 (ISO, 2012), there was no procedure or requirement for jack-ups to 

be assessed under seismic loading and, the influence of the fault displacement upon the 

structure is not considered at all. Jack-ups are currently operational, with personnel on-

board, in seismically active regions across the world, are we good at avoiding rupturing 

faults, or are we just lucky?  

Several numerical models were developed using the commercially available software 

Abaqus CAE. A global model containing a full three-legged rig with three spudcan 

foundations captured the whole structural response as the fault propagated and ruptured 

at, or near to the spudcans. Further to this, a simplified spring model was developed in 

order to reduce analysis time. After validating both procedures with centrifuge 

experiments, parametric investigations were conducted to investigate the influence of rig-

fault proximity in order to improve understanding of the structural response. When 

considering a known fault rupture outcrop, or with the assumption that the outcrop can 

be predicted (which may be problematic given the uncertainties regarding bedrock 
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location and propagation through soil) non-operation envelopes/zones could be 

developed, within which significant structural distress would be expected. 

Interestingly, the presence of the structure caused significant diversion, bifurcation and 

diffusion of the fault beneath the spudcan footing, but often this was not enough to divert 

the fault away from the bounds of the structure. Depending on how close the structure 

was positioned to the fault, the rig experienced a variable amount of structural distress in 

the form of hull pitching and displacements, whilst the legs underwent significant changes 

in the axial force and bending moments.   

Understanding the fault rupture-soil-foundation-structure interaction (FRSFSI) is critical 

when attempting to develop platform design and risk mitigation strategies. The findings 

may be used alongside other hazard risk mitigation strategies deployed during site 

investigations and assessments of rig operations. The numerical procedures can be 

adapted in order to investigate faulting interactions with other infrastructure such as 

pipelines, cables and wind turbines.  
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Notations & Glossary 

A Cross sectional area (maximum spudcan bearing area) 

c Cohesion intercept, stress-independent shear strength. 

Cu Coefficient of uniformity 

Cz Coefficient of curvature 

d Spudcan embedment depth 

D Spudcan diameter 

D10 Particle diameter at which 10% is smaller 

D30 Particle diameter at which 30% is smaller 

d50 Average particle size 

D60 Particle diameter at which 60% is smaller 

dB Shear band (fault slip line) width 

dFE Element size within FE mesh 

Dr Soil relative density: degree of packing, current void ratio relative to the maximum and 

minimum values 

dZ Shear zone (highly strained region around the shear band) width 

E Young’s modulus (stiffness): elastic material parameter defined as the ratio of normal 

stress to normal strain 

e Void ratio: ratio of the volume of voids to the volume of solids (indicator of particle 

packing) 

Emax Maximum stiffness applied to soil (E at d + 10 metres) 

Emin Minimum stiffness applied to soil (E at σ’v = 2 kpa) 

Eoed Oedometric tangent stiffness: elastic modulus calculated under 1-D loading (i.e. zero 

lateral strain) 

FF Free-field (in the absence of a structure) 

g Acceleration of gravity 

G Shear modulus: elastic material parameter defined as the ratio of shear stress to shear 

strain. 
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Gs Specific gravity: ratio of the density of the solid particles to the density of water 

Gs’ Secant shear modulus 

H Soil height 

h Fault throw (vertical displacement) (positive upwards) 

I Second moment of area 

K0  Lateral earth pressure coefficient at rest: ratio of horizontal effective stress to vertical 

effective stress 

L Soil length (x-axis) 

l Leg length (89 m) 

Nγ Bearing capacity factor for soil self-weight 

pref Reference stress = 100 kPa 

q Structural surcharge load 

Q Bearing pressure (V/A) 

q Foundation self-weight  

Qa Allowable bearing pressure (ultimate bearing capacity / safety factor) 

Qult Ultimate bearing capacity: pressure which would cause shear failure of the supporting 

soil immediately below and adjacent to the foundation 

S Spacing between the structure (measured from the left edge of the forward spudcan) 

and the free-field rupture location 

s’ Horizontal distance, measured from the location of bedrock displacement 

u Pore pressure: pressure of the water filling the void space between solid particles 

V Total vertical force (PΔP + q) (positive downwards) 

Va Allowable axial capacity 

Vpl Leg cross-section plastic axial stress 

α Bedrock dip angle 

β Spudcan apex angle 

γ Unit weight: ratio of the total weight to the total volume of soil 

γ𝑃
𝑓
 Plastic octahedral shear strain at which softening has been completed 
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γ 𝑃
𝑜𝑐𝑡

 Octahedral plastic shear strain 

γ𝑃
𝑝
 Peak plastic shear strain  

γ’  Effective unit weight of soil  

γmax Maximum unit weight of dry soil 

γmin Minimum unit weight of dry soil 

γp Shear strain at peak conditions 

γres Shear strain at residual conditions 

γy Shear strain at yield 

γPΔP Plastic shear strain 

δcrit Coefficient of friction at critical state 

ΔP Change in force (fault induced change) (positive downwards) 

δp Coefficient of friction at peak 

δxf Horizontal shear strain 

δxp Horizontal shear strain at maximum stress ratio (τ/σv = max) 

δxy Horizontal shear strain at yield  

εx Horizontal strain along ground surface (positive values for tension)  

η, ηg, ηu, ηε, ηρ Scaling factor (virtual model to centrifuge model) for: length, gravity or centrifugal 

acceleration, displacement, strain, density 

θav Average fault dip angle through soil 

θini Initial fault dip angle at bedrock-soil interface 

λ, λg, λu, λε, λρ Scaling factor (prototype to centrifuge model) for: length, gravity or centrifugal 

acceleration, displacement, strain, density 

μ, μg, μu, με, μρ Scaling factor (prototype to virtual model) for: length, gravity or centrifugal 

acceleration, displacement, strain, density 

ν Poisson’s ratio 

ρ Bulk density 

ρd Dry density 

σ Total stress 
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σ’ Effective normal stress 

σv Vertical stress 

σy Yield stress 

τ Shear stress 

τf Shear strength 

τp Shear stress at peak conditions 

τres Shear stress at residual conditions 

τy Shear stress at yield 

ϕcrit Critical state friction angle 

ϕmob Mobilised friction angle 

ϕp Peak friction angle 

ϕres Residual friction angle 

ψ Dilation angle 

ψmob Mobilised dilation angle 
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1 Introduction 

This thesis investigates the interaction between an earthquake fault and a jack-up rig. 

Jack-up rigs are offshore platforms used for exploratory drilling and as a maintenance 

platform when servicing infrastructure such as wind turbines. They are the most common 

type of mobile platform utilised in the offshore industry due to the availability of rigs, 

their stability and the relatively quick, easy and inexpensive mobilisation rates (Table 

1.1).  

Table 1.1 Worldwide Fleet of Mobile Units, February 2022 (Infield Rigs, 2022) 

Rig Type Total Rigs Contracted Available Utilisation 

Drillship 68 61 7 89% 

Jack-up 359 231 128 64% 

Semi-sub 75 38 37 50% 

Tenders 21 8 13 38% 

Total 523 338 185 64% 

 

They operate in a range of shallow water depths, along the continental shelf, typically up 

to depths of around 200 m. Depending on the drilling or maintenance requirements, the 

geotechnical ground conditions, the equipment and the crew, the rig may spend a few 

days to several months at one site. 

 

Figure 1:1 Typical 3-legged jack-up in operation (Bai and Bai, 2018) 
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This thesis focuses on jack-ups categorised as Independent Leg Jack-Ups (ILJU), these 

rigs differ from the mat-supported design by having legs with a lattice construction and 

must undergo a preload process whereby the legs and spudcan foundations are embedded 

into the seabed. This process applies a large overburden pressure, inducing a state of 

overconsolidation in the soil. This stress is deliberately larger than expected operational 

stresses and hence, any soil volume changes during operation will be along the unload 

and reload line, limiting structural distress. After preloading, the foundation has sufficient 

reserve capacity should extreme loading events occur (e.g. storms and earthquakes). 

Earthquakes inflict loading in the form of seismic shaking and fault displacements. The 

latter is the quasi-static offset of rock and soil and forms the focus of this research. 

Onshore, geological faults have significantly damaged structures situated in seismically 

active regions. The 2008 Mw 7.9 Sichuan earthquake in China had a focus depth of 19 km 

and created surface fault scarps of up to 9 m in height. This earthquake caused the death 

of nearly 70,000 people and destroyed countless infrastructure (Figure 1:2).  

 

Figure 1:2 Fault-induced damage crushing the ground floor of the building (adapted from Lin and Ren, 
2010). 

 

Interestingly, on the other hand, faults can be diverted or diffused by certain structures, 

depending on the type of foundations they are situated upon. Such case histories 
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encouraged investigations of the key mechanisms involved with the phenomenon of 

fault–rupture–soil–foundation–structure interaction (FRSFSI). These studies improved 

the understanding of the problem and consequently allowed the development of 

mitigation measures. Similarly, this thesis serves as an initial investigation, intending to 

improve the understanding of how an earthquake fault ruptures through the soil and 

interacts with the rig as it is not currently known how a jack-up would respond, or indeed 

influence a rupturing fault. 

 

1.1 Project Relevance and Motivation 

Most modern jack-ups are constructed and operated under the guidance of offshore codes 

and standards such as ISO, SNAME and API (API, 2014b). Surprisingly, prior to ISO 

19905-1 (ISO, 2012), there was neither procedure nor written requirement for the seismic 

assessment of jack-ups, however a few operators performed their own assessments at 

more seismically active locations (Stock et al,. 2015). The International Association of 

Oil & Gas Producers (IOGP) reported faults as a seabed hazard which would influence 

the choice of rig, well location and that they could have an impact on the risk of scour, 

rig stability and spudcan damage (IOGP, 2017). The API codes simply recommend 

avoidance and where this is not possible, the history of each known active fault should be 

defined. It seems the industry recognises faults as a hazard but there is little understanding 

of how the structure would respond if a fault were to rupture around the footings of the 

rig. Nonetheless there are many jack-ups operational in seismically active regions (with 

variable soil types), such as the Gulf of Suez for example where jack-ups are the main 

drilling units (Figure 1:3). In fact, the highest utilisation rate of jack-ups worldwide is in 

the Middle East & Caspian Sea region where 79% of available rigs are operational (Infield 

Rigs, 2022). Earthquake assessments are required when operations take place within 
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seismic zones of one and above (ISO, 2004) and hence the figure below shows that for 

much of the region a seismic assessment must have taken place prior to operations. 

 

Figure 1:3 Seismic zones of the Arabian Gulf and Surrounding Area, with 1.0 second oscillator period 
accelerations and some of the mapped faults in the region (adapted from ISO 2005, Stock et al., 2015 and 
Styron and Pagani, 2020). 

 

Research has shown that some harsh environment platforms have adequate strength to 

resist low to moderate earthquakes up to 0.30 g (Mw 5 to 5.9) that occur in the central and 

northern parts of the Gulf, but that the reserve margin may not be sufficient for regions 

of higher seismicity, such as the south of the Gulf (Elsayed et al., 2015). The authors 

recommended that jack-ups operating in more seismically active zones should be 

designed to resist earthquake loads. Notably, the interaction from faulting received no 

attention in this study, or in fact any study to the author’s knowledge. Why is this the case 
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when every seismic event also includes a component of bedrock offset? If seismic shaking 

warrants investigation, then so too does the quasi-static offset from earthquake faults. 

Moreover, within the last few decades, human-induced seismicity has been correlated 

with hydrocarbon fields, where it was recorded during operations and diminished 

afterwards (Odonne et al., 1999; Suckale, 2009; Yerkes and Castle, 1976). There are at 

least 70 documented cases linking hydrocarbon production with seismicity, where for 

example at the Ekofish and Valhall fields in the North Sea, fluid injection, withdrawal 

and subsidence have induced small to moderate earthquakes (MW ≤ 4.5) (Ottemöller, 

2005; Suckale, 2009). Slip on active faults has been associated with sheared well casings 

and problems with wellbore instability during drilling (Maury et al., 1992; Willson et al., 

1999; Zoback and Zinke, 2002). 

The motivation for this research stemmed from the fact that the most frequently used 

offshore platform, the jack-up, was universally operational in not only seismically active 

regions, which require dynamic shaking assessments, but regions that may also be 

susceptible to human-induced seismicity, and that little was known about the effects of 

faulting on these structures. Jack-ups are currently operational, with personnel on-board, 

in seismically active zones across the world, are we good at avoiding rupturing faults or 

are we just lucky? 

 

1.2 Project Scope and Objectives 

The primary objective of this study was the development of a finite-element methodology 

(FEM) capable of capturing the response of the jack-up (of simplified design) when 

subjected to fault loading. To this end, FRSFSI was simulated using two 3-D FEMs. First 

a complete Global model was developed, whereby the whole 3-legged structure was 

modelled, followed by a simplified model (where non-linear springs replaced the two 
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stern spudcans) which reduced analysis time by ~50%, enabling simulations to be carried 

out much more rapidly. The FEM were validated against geotechnical beam centrifuge 

experiments of both normal and reverse faults. After calibration against physical 

experiments, further parametric analyses were conducted using the FEM to explore: 

 How the structure responded to direct fault interception and to nearby fault 

rupture. 

 Rig-fault proximity— how close could the rig be to the fault before detrimental 

effects were observed within the structure? This formed an operation envelope, 

providing guidance of when it would be safe to operate at a certain distance from 

the fault. 

 Were there specific reactions (overturning/ leg loading) that were particularly 

detrimental (beyond the design limits) to the structure? 

 Fault diversion and diffusion— could the fault be diverted or diffused around the 

footing?  

 

1.3 Report Outline 

The chapters in this thesis are outlined as follows: this introduction which provides 

background information to the project and explains how the gap in the knowledge resides 

in the poor understanding of the interaction mechanisms that would take place between 

the rupturing fault and the structure. A literature review of relevant jack-up research and 

a review of faulting studies investigating the FRSFSI phenomenon. Following this, the 

methods chapter discusses the procedures used in this thesis, covering the development 

and features of the numerical model, including the constitutive model and the centrifuge 

investigations conducted as a means of validation. Here a detailed discussion of the 

experimental test set-up and utilised equipment exists. Following this is a discussion of 
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the research findings and how the fault affects the rig but also how the presence of the 

structure influences fault behaviour. Lastly some conclusions and recommendations for 

future studies are made.
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2 Literature Review 

The fault rupture–soil–foundation–structure interaction (FRSFSI) phenomenon is 

generally well understood onshore, yet the same cannot be said in the offshore 

environment. Similarly, the jack-up rig is a common structure and its structural and 

geotechnical behaviour are well understood, yet little research has been conducted on 

them from the earthquake engineer’s perspective. This research attempts to bridge this 

gap, investigating how the fault interacts with the soil, the spudcan and ultimately the 

jack-up. The first part of this review will explore jack-up rigs and the important structural 

aspects considered during their utilisation. The second section of the review investigates 

geological faults, discussing faults in the absence of a structure, known as free-field faults 

before the phenomenon of FR–SFSI is reviewed.  

 

2.1 Jack-up Rig Background 

Jack-up design needs to meet criteria that consider not only the variety of loading 

conditions the rig may experience, but the diverse site and geotechnical ground conditions 

in which it will be operational. Some jack-up rigs fall under the mat-supported design 

(Figure 2:1) whereby the weight of the structure is distributed across the soft ocean floor 

with mud mats, reducing the chances of punch-through. These rigs are generally used on 

very soft soils, muds and corals for harbour and coastal operations in water depths 

reaching 80 m (CLAROM, 1993; Hirst et al., 1976) and have cylindrical legs with mat 

foundations. This thesis however only considers an Independent Leg Jack-up (ILJU) with 

three spudcan foundations. The important features of this type of jack-up include the 

water-tight triangular hull, which houses the equipment, systems and personnel. When 

afloat the hull provides buoyancy and supports the weight of the rig and when in 
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operation, the hull acts as a stable platform for drilling and other operations to be based 

upon.  

 

Figure 2:1 Jack-up type; a) Independent Leg Jack-up (ILJU) and, b) Mat-Supported Jack-up (CLAROM, 
1993). 

 

Three retractable legs support the structure and provide stability against lateral loads. The 

legs are made of three (or sometimes four vertical), tubular chords supported by braces 

assembled in a lattice, reversed K design allowing it to be strong and lightweight. The 

rack and pinion jacking systems allow each leg to self-elevate, independently of one 

another. Conical, steel spudcan footings are attached to the bottom of the legs increasing 

the soil bearing area and rigidly support the structure in the seabed. The spudcan footings 

are cylindrical and conical in shape, with a spike at the bottom known as a spigot, this 

increases lateral stability and aids in initial seabed penetration. The footing diameter, D, 

is measured at the bottom of the widest part of the spudcan and the spudcan reference 

point (SRP) is centrally located along the diameter and denotes the penetration depth of 

the spudcan below the seabed (Figure 2.2).  
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Figure 2:2 Spudcan nomenclature. D = footing diameter, SRP = spudcan reference point, β = 
spudcan cone/spigot apex angle. 

 

Spudcan diameters generally range between 10–22 m and this corresponds to the size of 

the structure. Jack-up rigs vary in size according to their operational environment. Larger 

(aka ultra-harsh) jack-ups such as the Maersk Interceptor have a leg length of 206 m with 

a spudcan diameter of 22 m, whereas the Hercules 150, is a ‘moderate-environment rig’ 

with a leg length of 76 m and a spudcan with a 10 m diameter. Spudcans are considered 

as shallow foundations as their dimensions fall under the ratio of d/D ≤ 2.5, where d is 

spudcan embedment in the soil (approximately 1 – 2 m in stiff soils and 30 – 40 m in soft 

soils) (CLAROM, 1993). This thesis investigates stiff soils with a sand relative density 

of approximately 80%. Given the lack of access to confidential rig details, this thesis does 

not consider a specific rig type, rather a generic rig, with dimensions (including in Figure 

2.2) determined from a previous study (Bienen, 2007).  

Transferring the rig from one site to another is done by towing or through self-propulsion 

with the legs jacked up out of the water in the ‘afloat’ phase. During the installation phase, 

the legs are lowered down to the seabed allowing the spudcan foundations to penetrate 

the soil under the unit’s self-weight. Next, the hull is slowly raised out of the water to a 

maximum of 1.5 m, reducing the chances of punch-through whereby the spudcan rapidly 

penetrates the soil in an uncontrolled manner. A preload weight, which is typically twice 
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the operating weight (Cassidy, 1999; Li et al., 2018), is added to the hull by pumping 

seawater into ballast tanks, the process loads the legs to allow the spudcans to reach a 

predetermined penetration depth below the seabed.  

 

Figure 2:3 Maersk Gallant Jack-up Hull (Oakes, 2019b) 

 

After preloading, the foundation has sufficient reserve capacity should extreme loading 

events occur (e.g. storms, earthquakes). After the spudcans have reached the required 

depth, the preload weight is removed and the hull is elevated to a safe operating distance 

away from the water. 

 

2.2 Review of Previous Jack-up Research 

This review gives a brief introduction to the development of jack-up investigations, 

considering single-footing tests, two-dimensional (2-D) plane frame studies and the 

implementation of three-dimensional (3-D) investigations. Given that the interaction 

between faults and jack-ups has not been investigated before, a review of jack-ups under 

different loading conditions has been conducted. These conditions are dynamic loading 
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variations of wind, wave and water currents. Of specific interest however was the way 

the structure was modelled numerically and fabricated for geotechnical model centrifuge 

investigations.  

Single legged models have been tested in the centrifuge to investigate spudcan-pile 

interaction (Yi, 2009), the sliding behaviour of legs (Allersma et al., 1997) and bearing 

behaviour in layered soils of sand overlying clay (Teh et al., 2010) for example. 

Tsukamoto (1994) determined that the shape of the foundation influenced the behaviour 

of the rig, it was found that at the hull level, the model jack-up was less stiff when fitted 

with the conical spudcans— for a given horizontal load. There was a larger horizontal 

hull displacement when the model was fitted with conical spudcans rather than flat 

footings and thus conical spudcans therefore provided less moment capacity than the flat 

spudcans. Whilst the design codes allow for flat footings to be used during analysis it 

seems they may neglect this phenomenon and indeed the calculation of the bearing 

capacity is less accurate when modelling with a flat base. This encouraged the use of 

spudcan footings, rather than flat footings, within this thesis.  

In the centrifuge, three-legged models have been tested at the University of Cambridge 

on sand (Dean et al., 1997, 1995; Murff et al., 1991; Tsukamoto, 1994) and clay (Dean et 

al., 1998, 1996) and at the University of Western Australia on sand (Bienen et al., 2009) 

and on clay ( Kong, 2011; Vlahos, 2004). Using the drum centrifuge and analytical 

models to investigate environmental loading, Murff et al. (1991) found the global 

response of jack-ups to be highly sensitive to foundation behaviour. Whilst Teh et al. 

(2010) claimed the interaction amongst the three spudcans was insignificant, Bienen et 

al. (2009) stated that actually load redistribution between the three footings can take place 

and that it plays an important role as — contrary to a single-footing system — failure of 

one spudcan in a multi-footing structure does not necessarily imply failure of the system. 
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This was concurrent with Houlsby and Cassidy (2002) and Schotman (1989) who 

developed force-resultant numerical models based on plasticity theory for spudcan 

footings and incorporated them into an analysis of jack-up behaviour. Martin (1994) also 

developed a numerical strain-hardening plasticity model for single, flat, circular footings 

on clay under combined vertical-horizontal-moment (VHM) loading conditions. By 

expressing the footing behaviour in terms of VHM force resultants Martin (1994) could 

implement the footing response into a numerical modelling procedure. This research 

paved the way for realistically modelling the footing behaviour, by creating a model 

which was capable of predicting the displacements associated with incremental combined 

loading. Single footing investigations clearly have their uses however, they do neglect the 

complex soil-structure interaction that occurs from the reactions between the legs of a 

jack-up.  

Cassidy (1999) went on to apply the same footing procedure of Martin (1994) to a global 

jack-up rig, incorporating the foundation response into a 2-D plane frame structural 

analysis program called JAKUP. The purpose was to explore the structural response 

under hydrodynamic loading conditions. Both Martin and Cassidy used numerical 

methodologies utilising a strain-hardening law within the constitutive model. The model 

was calibrated by Cassidy against experimental tests conducted by (Gottardi and Houlsby, 

1995), who corresponded footing loads with vertical, horizontal and rotational 

translations. Combined loading of footings on sand had previously revealed that load-

displacement behaviour was best simulated (and theoretically understood) by work 

hardening theory (Martin, 1994). However (as is discussed later), when earthquake 

faulting is of interest the constitutive model should include a strain-softening component 

in order to accurately model the shear band behaviour/ strain localisation 

(Anastasopoulos, 2005), hence a strain-hardening component would not be appropriate. 
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Nonetheless, the structural modelling techniques considered in these studies are of great 

interest here.  

From the 1990s, the desire for jack-ups to be used in deeper water would affect the 

structure in different ways. The legs needed to be longer which increased their flexibility 

and thus imposed the necessity of incorporating the dynamic effects (e.g. sway) into 

modelling procedures. According to Cassidy (1999) and Martin (1994), analyses needed 

to consider structural non-linearities in order for the rig response to be modelled with a 

reasonable degree of accuracy. Classical beam theory considering the Euler and P-Δ 

effects specifically should be incorporated to ensure the extreme maximum and minimum 

loading conditions do not have the potential to cause base shearing (the lateral force on 

the base of the structure due to seismic activity) and overturning moments. These are 

thought to be most critical for the foundations, leg stresses, and for overturning (SNAME, 

2008). The Euler formulations take into consideration the load-bearing characteristics of 

the beam and calculates the deflection when subjected to lateral loads. This is critical 

when coupled with the P-Δ effects given the jack-up leg has a long, slender and relatively 

flexible structure. These P-Δ effects refer to an abrupt change in ground shear, 

overturning moment and/or axial force distribution (Lindeburg and Baradar, 2001). 

Additionally, the axial loads reduce the flexural stiffness in leg elements and increase the 

natural period (one cycle of free vibration) and dynamic amplifications in sway mode 

(Cassidy, 1999). The effects are a consequence of the displacement of the structure 

(lateral hull displacements from environmental loads) and are enhanced due to the 

increased flexibility of the legs under axial loads (Euler amplification). When the line of 

action of the vertical spudcan reaction does not pass through the centroid of the leg, at the 

hull level, the moments at the top of the leg near to the hull connection are increased by 

an amount equal to the individual leg loads multiplied by the hull translation (SNAME, 

2008). The increased moment causes further deflection which is a function of the ratio of 
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the applied axial load to the Euler load (maximum axial load capacity of the leg before 

buckling occurs). The hull centre of gravity may change because of these hull translations 

and consequently, the overturning moment may increase. Furthermore, the axial loads of 

the leeward leg(s) may increase, whilst the windward leg(s) may reduce. Ultimately, this 

causes increased hull deflections (increasing the linear-elastic P-Δ moments) and a 

redistribution of base shears such that the moment is reduced in the leeward leg(s) and 

increased in the windward leg(s). When investigating the fault-spudcan interaction this is 

an important factor to account for considering the structural and foundation responses 

influence each other— lower footing stiffness leads to larger hull deflections, which in 

turn, through the P-Δ effect, enlarge the moment load transferred to the spudcans (Bienen 

et al., 2009). As a means of accounting for this in the FE modelling, a large displacement 

method or a geometric stiffness method can be applied.  

Cassidy (1999) modelled the components of the jack-up as equivalent structural members 

with rigid connections (such as between the leg and hull) and considered the geometric 

non-linearities and shear deformation of the structure throughout the simulated ‘storm’ 

event. The analyses were however only modelled in two dimensions— the jack-up was 

simplified to a plane frame structure and the loading was assumed to act only along the 

rig’s ‘axis of symmetry’, which of course wouldn’t occur in reality.  

Subsequently, Bienen (2007) further progressed the investigations by considering the 

problem in 3-D. A computer program named ‘Simulation of Offshore Structures in 3-D’ 

(SOS_3D) was developed to explore the interaction between the fluid-structure-soil 

interaction of a three-legged jack-up. Centrifuge investigations further calibrated the 

same constitutive model used by Cassidy (1999) and Martin (1994), allowing the 

numerical procedure to be used as a tool to predict jack-up behaviour under general 

combined loading in 3-D. Again, since a detailed structural assessment of individual 
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members of the rig was not the aim of the project, an explicit discretisation of the rig 

using finite plate, shell and strut elements was not appropriate. Instead, Bienen (2007) 

utilised the modelling technique of equivalent structural members, as suggested in the 

SNAME (2002) guidelines and used by Cassidy (1999) and Martin (1994). 

In the centrifuge Bienen (Bienen, 2007; Bienen et al., 2009) considered two scenarios 

whereby the horizontal load line of action was along the rig’s axis of symmetry and at an 

angle of 22° (Figure 2:4). 

 

Figure 2:4 Plan view of the two loading conditions considered. The pushover test lines of action along the 
rig’s axis of symmetry and at an angle of 22° (Bienen et al., 2009). 

 

The aims of the experiments were to show the footing load paths for general combined 

loading in 3-D space, including load redistribution between the three footings, differences 

in the load–displacement response and eventually the failure modes of the jack-up for 

different orientations to the applied load. As in this thesis, the centrifuge tests served to 

validate a numerical force resultant plasticity footing model for load paths relevant to 

jack-up footings. A six-degree-of-freedom loading approach was applied to the complete 

three-legged structure on sand, outlining the combined load-displacement behaviour of 

the spudcan footings. The push-over (horizontal load) was applied at the hull at a velocity 

of 0.02 m/s using a pulley system. The rate was not critical being performed in dry sand 

(similarly with the rate of fault application determined by Baziar et al. (2014) who tested 

fault application rates in the laboratory). Bienen’s centrifuge tests showed similar 

resultant displacement magnitudes until approaching failure and both tests observed 
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softening in the soil, with large increases in displacement with little additional applied 

load (Bienen et al., 2009). However, the load paths of the footings differed significantly 

and resulted in different modes of failure, i.e. the jack-up failing at different applied loads. 

Bienen (2009) went on to stress this highlights the importance of an FE model accurately 

capturing the load-displacement response of all footings to determine the overall system 

response whilst being in three-dimensions. 

Fortunately for this research, Bienen’s PhD additionally provided information on the 

design of the testing rig which is normally strictly withheld by the rig designer and 

operator, and hence provided a basis on which to design a detailed scaled prototype rig. 

The full specification is discussed later in the methods chapter. Bienen’s PhD scope 

included the investigation of 1) 1g single footing tests, 2) centrifuge single footing tests 

and 3) centrifuge model jack-up tests. The latter tests highlighted differences in response 

and mode of failure depending on the loading direction of the jack-up. The study 

reiterated the importance of 3-D modelling because in a multi-footing system the load 

can be redistributed by the individual footings, and thus failure of one foundation does 

not necessarily imply failure for the whole structure. This was a critical consideration in 

this thesis, with 3-D modelling forming the basis of the numerical model.  

From the aforementioned studies, several aspects were deemed of particular importance 

for this research, these were: 

 The consideration of geometric non-linearities (Euler and P-Δ effects), 

 The components of the structure can be modelled as equivalent structural 

members, rigidly attached. 

 The accurate modelling of the spudcan-soil interaction is a key consideration 

when considering the structural response. 
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2.2.1 Jack-up Vulnerability to Earthquakes  

In a seismic event, a fault which ruptures at the surface causes two types of ground 

displacement: dynamic oscillations away from the rupture zone and permanent offsets 

along the fault. This thesis is only interested in the latter. Earthquakes primarily occur 

along tectonic plate boundaries however, they do also take place within plates, seismically 

and through anthropogenic activity. In-plate seismic activity typically has a long return 

period, often leading to the assumption that the region is seismically inactive. Caution 

should be exercised as this belief comes with an element of risk— long return periods 

have serious implications for large earthquakes. Large fault offsets and ground motions 

have been associated with these earthquakes which caused significant structural shaking 

up to 200 km away and damaging ground displacements from the propagating fault 

(Gerwick Jr, 2007).  

For operations in seismically active regions, the influence of earthquake-induced strong 

ground motions needs to be considered in rig design and site-investigations. The ISO 

standards have origins in the SNAME guidelines but contain additional requirements that 

are not within SNAME. As mentioned in the introduction chapter, prior to the ISO (2012) 

seismic assessment recommendations, there was no requirement nor procedure for jack-

up assessments to consider earthquakes. SNAME (2008) suggests it is less important to 

consider such loads in combination with the maximum environmental or functional loads 

and that may well be the case where storm loads are large and earthquake loading is less 

significant. In instances where storm loads are small or in high seismic areas however, 

earthquake loads can be more severe. It is also possible that earthquake loads have higher 

demands on different components within a structure, than those designed by storm or 

other loads (Stock et al., 2015). These last points were found to be exactly the case in the 

Gulf of Suez when Elsayed et al. (2015) numerically assessed the three-legged Neka jack-

up rig for earthquake vulnerability. Environmental loads in the Gulf are benign and were 
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shown from static pushover analysis to be of minor concern for the platform. The platform 

was designed for harsh environments (environmental loading) and showed adequate 

strength to resist low-moderate earthquakes up to 0.3g or Mw 5 to 5.9 (moment 

magnitude). It did however suffer member stresses, which would stop operations for a 

period of time: the bow (or forward) leg members failed due to elastoplastic buckling and 

plastic hinge formations whilst the spudcan foundation reached yield and node points at 

the hull displaced horizontally 4.2 m. The structure overall remained stable however the 

reserve margin may not have been sufficient for higher seismic events occurring in 

different regions of the Gulf (Mw 6.8) (Elsayed et al., 2015). It was proposed that jack-

ups operating in these environments need to be specifically designed to resist earthquake 

loading. As proven onshore (and discussed later in the literature review) structures 

designed to withstand earthquake shaking may not be able to withstand fault loading— 

the absence of research addressing faulting problems fosters these uncertainties.  

The normal expectation is that a site-specific assessment of a jack-up will be required at 

relatively short notice, so an attempt was made in the development of ISO 19905-1 to 

include a simplified seismic screening process. The purpose of this was to ascertain if a 

proposed rig would be suitable for operations at a site classed as moderately seismically 

active. It would also be useful for a quick assessment on faulting influence to run in 

parallel with the shaking assessment. This thesis develops such a procedure, allowing a 

jack-up of specific design (e.g., independent legs-ILJU with leg length of 89m) to be used 

at site to be assessed and determines how close the structure can get to the fault before 

adverse soil-structure interaction is observed.  The next section reviews faults and the 

interaction mechanisms that take place between the rupture and the structure.
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2.3 Tectonic Faults and the Structural Interactions 

This review considers the mechanics, classification and identification of geological faults. 

Human-induced earthquakes do occur, and their faults do propagate in a similar manner, 

but this thesis focuses on tectonic faults propagating from the bedrock, beneath the soil. 

Research on free-field faults (faults propagating in the absence of a structure) is discussed 

before the phenomenon of fault-rupture-soil-foundation-structure interaction (FRSFSI) is 

examined. 

A geological fault is a naturally occurring shear which propagates below the ground from 

the earthquake focus and propagates towards the earth’s surface. The point vertically 

above the focus, on the earth surface is known as the epicentre. At velocities of 2 – 3 km/s 

the rupture can progressively spread across these shear fractures which may be several 

kilometres wide and typically range from distances of several metres to hundreds of 

kilometres (Bolt, 1989). They can however be longer as shown in Table 2.1.  

 

Table 2.1 Historic earthquakes and fault rupture lengths (Southern California Research Centre, 2011) 

Magnitude (MW) Date Location Rupture Length (km) Duration (s) 

9.1 26/12/2004 Sumatra, Indonesia 1200 500 

7.9 09/01/1857 Fort Tejon, CA 360 130 

7.9 12/05/2008 Sichuan, China 300 120 

7.8 18/04/1906 San Francisco, CA 400 110 

7.3 28/06/1992 Landers, CA 70 24 

7.3 17/08/1959 Hebgen Lake, MT 44 12 

7.0 28/10/1983 Borah Peak, ID 34 9 

6.8 28/02/2001 Nisqually, WA 20 6 

6.7 17/01/1994 Northridge, CA 14 7 

5.9 01/10/1987 Whittier Narrows, CA 6 3 

 

Factors such as fault type (normal, reverse or strike-slip) magnitude of displacement, 

depth, geometry and nature of the soil, and age of fault development (if it is a pre-existing 

fault) influence the propagation and rupture of the fault through the soil (Bray, 2001). 

Primary (or master) surface rupture is associated with tectonic dislocation during which 
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the fault plane may rupture at the surface. Secondary ruptures may branch from the 

primary fault and can include fractures associated with ground shaking or landslides and 

triggered slip on planes of weakness (i.e. bedding planes or pre-existing faults) (Depolo 

et al., 1991; Wells and Coppersmith, 1994). Synthetic and antithetic faults are secondary 

conjugate (cross-cutting) features that may occur, the former moving parallel to the 

primary fault and latter dipping in the opposite direction to the primary rupture (Figure 

2:5). When a new fault generates it can propagate in a discontinuous and unpredictable 

manner, often creating a new path (Bilham and Yu, 2000; Lin et al., 2007). Faults also 

grow along planes of weakness (bedding and joint planes), potentially several kilometres 

away from pre-existing faults, bending and bifurcating into secondary faults, propagating 

over a large area.  

 

Figure 2:5 Secondary faulting and rupture in the form of synthetic and antithetic faults (Burg, 2018). 

 

With recurring seismic activity, fault reactivation is common, as was the case for the 1964 

Alaskan earthquake; approximately 70% of the slip was along two pre-existing faults that 

had not been active for at least 150 to 300 years before the earthquake — this is known 

as sympathetic rupturing whereby a pre-existing fault (which is isolated from the primary 

rupture) is triggered (Depolo et al., 1991; Plafker, 1967). 

The hanging wall of a fault is the block of soil and rock lying above the fault plane (Figure 

2:6).and the footwall is beneath the fault plane. The hanging wall is the block which 
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experiences significant displacement, controlled by the pressure regime causing the 

earthquake. The throw and heave of a fault describe respectively the vertical and 

horizontal displacement. The dip and strike define the orientation of the fault surface. The 

dip is the angle between the fault plane and the horizontal plane at ground surface and is 

perpendicular to the strike. A purely vertical fault would have a dip of 90°. The strike is 

the horizontal line produced by the intersection of the fault scarp with the plane of the 

adjacent rock block (Figure 2:6). Fault types include dip-slip, strike-slip and obliquely 

slipping faults (Figure 2:7).  

 

 

Figure 2:6 Schematic of normal fault blocks showing nomenclature (Adapted from (Rey, 2005). Slip 
components shown with different coloured blue, pink and green arrows. 
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Figure 2:7 Fault classes by: slip type (a-c) and fault type (i–iv) (Ammon, 2012). 

 

Dip-slip faults occur when the direction of movement takes place in the direction of the 

dip and can be classed as normal or reverse/ thrust dip-slip faults.  In normal faults the 

hanging wall moves downward in relation to the footwall as a result of extensional forces. 

These extensional pressure regimes are likely to occur along divergent plate boundaries. 

These faults generally dip in the region between 45° and vertical (90°) and the 

propagation path tends to refract at the soil-rock contact, increasing the dip angle as they 

approach the ground surface (Bray et al., 1994a). Reverse faults develop in compressional 

regimes, typically at convergent plate boundaries, forcing the hanging wall to move 

upwards in relation to the footwall (Figure 2:7). Reverse faults dip at > 45°, gradually 

decreasing in dip nearer to the ground surface. A sub-category exists of low angle reverse 

faults (typically <10°) and are known as thrust faults. A reverse fault that does not rupture 

at the surface is known as a Blind Thrust fault. These shallow-dipping faults are hard to 

detect due to the lack of deformation at the surface and can prove to be very destructive 

(Bray et al., 1994a). Strike-slip faults displace in the direction parallel to the strike of the 

fault, perpendicular to the dip, in this case the dip tends to be at a high angle, almost 
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vertical (e.g. San Andreas fault). Oblique faults slip with considerable components of dip-

slip and strike-slip. Only dip-slip faults are considered in this thesis. 

Identifying faults in an offshore environment requires expensive and advanced 

geotechnical and geophysical procedures. Site investigations assess the topography of the 

site whilst remotely operated vehicles (ROV) and seabed drills can take sediment cores 

to extract and analyse in the laboratory. Key indicators for offshore fault presence are 

geometric horizons such as linear escarpments, abrupt changes in slope or dip and 

seafloor landforms (Neves et al., 2004). Collectively these findings are compared with 

seismic surveys to develop a full-subsurface understanding of the site. 

Now that the mechanics and classifications of faults have been addressed, the next 

sections review the research on faults in the free-field (in the absence of a structure) and 

includes a combination of direct observations, numerical analyses, and experimental 

investigations. Direct field observations of faults (shears) are a reliable assessment 

technique and involve the collection of primary data which can be used to inform the 

development of numerical models. The process is of course limited by access and the 

occurrence of ruptures at the ground surface. Once developed, finite-element (FE) models 

are a relatively simple, flexible, and accessible tool which is used to tackle geotechnical 

and structural engineering problems. When it might be too difficult, expensive or 

dangerous to test a full-scale model a geotechnical centrifuge can be used to conduct 

scaled model tests. As a well-established tool, the geotechnical centrifuge can provide 

considerable insight into the behaviour of soils and the interaction with structures, and 

when used together with direct field observations can calibrate and validate the 

constitutive model to produce an efficient and reliable analysis tool. The proceeding 

review considers several cases whereby field observations, centrifuge experiments and 

finite-element methodologies (FEM) have been used to investigate faulting problems. 
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Faults in the free-field (in the absence of a structure) are discussed briefly before the 

interaction with structures is explored. 

 

2.3.1 Observations and Modelling of Faults in the Free-field  

The migration and rupture behaviour of a fault in the free-field is primarily controlled by 

the fault type, fault dip, bedrock offset and the depth, geometry and nature of the 

overlying material (Bonilla, 1970; Bray et al., 1994a; Taylor and Cluff, 1977). The 

influence these factors have upon faults has been assessed by numerous authors who 

investigated the four notable earthquakes: the Dixie Valley- Fairview Peak earthquakes 

in Nevada, 1954; the 1959 MW 7.2 Hebgen Lake earthquake, Montana; the MW 6.9 Borah 

Peak earthquake in Nevada in 1983 and, the 1956 Eskişehir earthquake, Turkey. The 

collective findings of these early studies (Bray et al., 1994a; Caskey et al., 1996; Crone 

et al., 1987; Doser and Smith, 1985; Slemmons, 1957; Taylor et al., 1985; Witkind, 1964) 

was summarised by Anastasopoulos (2005) and is presented in Table 2.2 and Figure 2:8. 
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Figure 2:8 Representation of propagation paths of normal and reverse faults in a) dense soil with a steep 
dip, b) dense soil with a shallow dip and c) loose soil (adapted from Bray et al., 1994a). 

 

In order to simulate the problem numerically one must consider the requirements to 

accurately model the soil behaviour. In plasticity theory, the components of yielding, 

hardening and flow combine to describe soil behaviour. The region of soil prior to 

collapse (yield) is controlled by the yield function and modelled through the elastic phase 

of the constitutive model. In its simplest form it is represented by isotropic (equal stiffness 

in every direction), linear, elasticity whereby the shear strain is directly proportional to 

the applied shear stress. For a three-dimensional vertical, horizontal and moment (VHM) 

loading case, plastic deformation occurs once the stresses touch the yield surface (Yu, 

2006). Any spudcan penetration into the soil will establish a yield surface in VHM space. 
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The shear strength, τf of the soil describes the maximum internal resistance to the applied 

shear stress, τ.   

 

Table 2.2 Direct field observations of faults (as described by Anastasopoulos 2005) 

Propagation 

to Surface 
Observations 

 

Bedrock 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Surface 

 Faults refract at bedrock-soil interface when passing from a denser to a looser 

medium 

 Existing planes of weakness may influence the propagation path of the fault 

 Within the warped region cracks and fissures may open in the hanging wall 

whilst the footwall undergoes little deformation 

 Large-scale earthquakes do not simply involve the propagation and rupture of 

one single shear plane and numerous pre-existing shears are often mobilised in 

the event 

 Loose material (soil) may absorb displacement more significantly than dense, 

stiffer materials (bedrock). Leads to differential settlement at the ground 

surface 

 Faults can step over long distances creating parallel faults inclined in the same 

direction 

 Normal faults tend to become increasingly vertical as they approach the ground 

surface, whereas reverse faults reduce in dip 

 Fault expression at surface influenced by overlying material: dense material 

encourages a clean, well-defined scarp, as opposed to looser material showing 

warping and bending of the crust 

 Scarp heights may be less than the bedrock offset 

 Scarp heights and horizontal surface offsets may be exaggerated due to 

sympathetic faults and secondary ruptures including synthetic and antithetic 

faults which may create grabens   

 Fault-bend folds and fault-propagation folds may form as ramps at the surface 

when faults do not rupture, causing warping and tilting of the surface 

 

 

When a sand is sheared under loading, it fails at the point where the shear stress, is equal 

to the shear strength. There are several ways to define soil failure (yield), yet for many 

geotechnical problems the Mohr-coulomb failure criterion is used due to its simplicity 

(Anastasopoulos et al., 2007a; Anastasopoulos and Agalianos, 2019; Erickson et al., 

2001; Loukidis, 1999; Nakai et al., 1995; Qu et al., 2018; White et al., 1994). The criterion 
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can be explained in terms of total stress as in Equation 2.1, where τf  = shear strength, c = 

cohesion intercept, σ = total normal stress and ϕ = friction angle. 

 

𝜏𝑓   =  𝑐 +  𝜎 𝑡𝑎𝑛𝜙     Equation 2.1  

 

The hardening law represents the relationship between an increase in yield stress with 

plastic strain, whereby the yield surface can expand, increasing the elasticity limit and 

ultimately making it more difficult to yield (Yu, 2006), this in essence, is the function of 

the jack-up preload process. Byrne (2000) explains how in the first instance, as the 

foundation is installed during the preload phase, significant vertical deformation occurs 

as the soil is compressed until the soil and footing reach a state of static equilibrium. 

When the preload is removed and the footing is unloaded, the response of the foundation 

system is stiffer and behaves elastically. 

On the other hand, the surface can contract causing the soil to soften, which is typical in 

instances of fault propagation. The stiffness of the response is controlled by the change 

in shape of the surface through the hardening law yet the ratios of plastic displacement 

are influenced by the flow rule (Cassidy et al., 2004). The flow rule specifies the relative 

magnitudes of the plastic strain components during yielding under a particular state of 

stress (Knappett and Craig, 2012).  

In order to accurately model soil behaviour the numerical procedure must contain a 

constitutive model. Constitutive models are idealisations used in a finite-element model 

(FEM) to represent the soil behaviour and the stress-strain relationship. In reality, soils 

are non-homogenous, exhibit anisotropy and have non-linear stress-strain relationships 

controlled by stress history, and so idealisations are used to simplify computation 

(Knappett and Craig, 2012). These simplifications are applicable to soils for solving any 
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load-deformation problem. These principles form the basis of numerical investigations 

where many have attempted to model the propagation and rupture of a fault. 

Early attempts to address the fault-rupture problem numerically include Scott and 

Schoustra (1974), who trialled an elastic-perfectly plastic constitutive model with Mohr-

Coulomb failure criterion as part of the development for a nuclear power plant. However, 

results were found to contradict experimental results and direct field observations as the 

normal fault bent over the hanging wall. This, as shown in Figure 2:8, is actually more 

typical of reverse faults. Nonetheless, the research showed that the density of the soil 

mesh was important for strain localisation. The authors noted that deformation 

localisation could not occur as the mesh was too coarse. Consequently, the regions around 

the spudcan footings and within the expected area of fault propagation should have a 

denser mesh (with smaller element sizes), coarsening towards the edges of the soil model 

in order to reduce computational expense. 

Bray (Bray et al., 1994a; Bray, 1990) used direct field observations, small-scale model 

tests and finite-element (FE) modelling to simulate faults propagating (45°, 60° and 90° 

dip) and rupturing through cohesive soil of depths ranging from 24 – 91 m. The FEM 

utilised a hyperbolic stress-strain model that could control the failure rate of the clay. 

Experimental tests informed this requirement, and the model produced a fairly good 

agreement with the observed patterns of displacement in the clay-box model test. 

Boundary conditions were set to a ratio of soil model length: height, L:H of 4:1. 

Anastasopoulos (2005) conducted a sensitivity analysis on boundary conditions and 

determined there was no difference between L:H = 5:1 and L:H = 4:1. By decreasing L:H 

to 3:1, the difference was just noticeable and further decreasing L:H to 2:1 the influence 

of the boundaries became evident. Bransby et al (2008a) utilised a ratio of 3:1 in the 

centrifuge and mentioned no adverse effects. 
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Bray found that the soil strength parameters played a significant role in the early stages 

of deformation, whilst the latter stages of vertical displacement higher in the soil were 

largely influenced by the kinematics (dilation). Roth et al. (1982) used an elastoplastic 

constitutive model with Mohr-Coulomb failure criterion and softening and similarly 

concluded that the strength parameters were significant in controlling fault propagation 

through sand and clay soils. It is also suggested in foundation design codes (API, 2011) 

that special attention should be given to the soil behaviour pre and post-yield, which in a 

faulting case should consider the effect of soil softening. 

Bray determined that a soil element can be in one of four states: primary loading, 

unloading-reloading, shear failure or tension failures. Shear failure occurs when the level 

of stress on one element is at or over 95% of its shear strength and tensile failure occurs 

when the principal stress is negative (Bray, 1990). Comparing normal and reverse cases, 

Bray found that normal faults produced greater stress reduction and thus more extensive 

tension zones than reverse faults. 

Ensuing faulting research (Erickson et al., 2001; Lin et al., 2006; Loukidis, 1999; Nakai 

et al., 1995; White et al., 1994) has proven to be successful, particularly with utilisation 

of an elastoplastic constitutive model with Mohr-Coulomb failure criterion and isotropic 

strain softening. Collective key findings of all the aforementioned numerical studies 

include: 

 As in direct field observations, rupture through dense soil produced a more 

localised, narrow shear zone than in loose soil, 

 Normal faults tend to refract at the bedrock-soil interface causing the dip to 

steepen. 

 Normal faults increased in dip angle when approaching the surface whereas 

reverse faults reduced in dip upon surface approach, as seen in Figure 2:8. An 
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increase in the sand friction angle, ϕ increased the soil strength and thus prevented 

the fault from propagating to the ground surface. 

Decreasing the dilation angle, ψ, led to a reduction in dip, creating a wider fault zone, less 

plastic deformation and less steep surface scarp (shown by Figure 2:9). For both fault 

types, the displacement along the slip line was less at the surface level when compared to 

the bedrock level, 

 Normal fault dip angles lower than 45° + ψ/2 caused secondary ruptures and 

grabens to form. 

 The displacing hanging wall contained the most soil deformation, whilst the 

footwall remained relatively undeformed.  

 

Guided by the success of elastoplastic constitutive models with Mohr-Coulomb failure 

criterion and isotropic strain softening, Anastasopoulos (2005; 2007a) used a similar 

constitutive model to further investigate the rupture of normal and reverse faults using 

numerical and experimental means. The same numerical and centrifuge procedures were 

utilised in this thesis and are discussed in greater detail within the Methodology chapter, 

still, a brief critique of the process is discussed here. First the numerical model parameters 

are calibrated against direct shear box tests before being verified by centrifuge 

investigations. 

 



   
 

32 
 

 

Figure 2:9 Influence of dilation angle on the fault propagation: increasing dilation angle, ψ leads to greater 
fault width, W. Creating a wider fault zone, less plastic deformation and less steep surface scarp (Lin et al., 
2006) 

 

The direct shear box (DSB) closely mimics the shearing behaviour associated with 

faulting and can be used to determine a drained strength envelope. Anastasopoulos 

originally developed the constitutive model using DSB test data of dense Toyoura sand 

(Shibuya et al., 1997) (Figure 2:10). Previously the DSB test had been criticised for the 

unavoidable non-uniformity of stresses and strains that can develop within the soil. Potts 

et al. (1987) investigated this and whether progressive failure (formation of a narrow 

failure zone with unloading on either side) occurs should the soil undergo strain softening. 

This would reduce the peak strength in the box below the real strength of the soil if tested 

under uniform stress and strain. After examining softening relating to the dilation of dense 
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sand, the effect of progressive failure was found to be very small, and hence the test can 

be used to interpret quasisimple shear (Anastasopoulos et al., 2007a).  

The typical variation of the stress ratio, τ/σv and volume change (vertical displacement, δz 

of DSB top platen) with respect to horizontal displacement, δx of dense sand is shown 

schematically in Figure 2:10. As described by Anastasopoulos et al. (2007a), the response 

of the soil is segregated into four phases: 

1. Quasi-elastic behaviour (point O to A): between O and A the soil deforms quasi-

elastically (Jewell and Wroth, 1987). Some nonlinearity is observed but without 

dilation and δxy is defined as the horizontal displacement for which -δz/δx > 0. 

2. Plastic behaviour (point A to B): from A to B the soil “yields”, enters the plastic 

region and dilates. Peak conditions are reached at B. At the maximum stress ratio, 

τp/σv the horizontal displacement = δxp. 

3. Softening behaviour (point B to C): from B to C the soil softens. Just after the 

peak, a single horizontal shear band typically develops at mid-height of the 

specimen (Gerolymos et al., 2007; Jewell and Wroth, 1987). Softening is 

completed at C where horizontal displacement = δxy for which -δz/δx ≈ 0. 

4. Residual behaviour (point C to D): shearing accumulates along the shear band. 
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Figure 2:10 Stress-strain ratio and volumetric change in a direct shear test of dense Toyoura sand (Shibuya 
et al., 1997). Where: H = soil height, O = origin, A = yield, B = peak conditions, C = softening completed, 
D = residual conditions, δx = horizontal displacement, δxy = horizontal displacement at yield, δxp = horizontal 
displacement at peak conditions (max stress ratio), δxf = horizontal displacement when softening has 
completed, δz = vertical displacement, σv = vertical stress, τ = shear stress, τy = shear stress at yield, τp = 
peak shear stress, τres = residual shear stress (after Anastasopoulos et al. (2007a). 

 

Pre and post-yield behaviour were described using a Mohr-Coulomb failure criterion and 

by applying strain softening to the peak strength, ϕp (Point B on Figure 2:10) and the peak 

dilation, ψp. In the numerical model the ϕp and ψp were linearly reduced to their residual 

values (shear strength at large strains), as the plastic strain was increased to total plastic 

strain, γf  (Point C on Figure 2:10). It is a simplification of a complex matter and was 

shown to predict with sufficient accuracy both the location of fault outcropping and the 
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displacement profile at the ground surface. In order to verify the constitutive model, 

Anastasopoulos calibrated against Fontainebleau sand. The sand is similar to the one used 

in this thesis, both are a quartzite sand with similar grain sizes of d50 = 0.5 mm 

(Fontainebleau) and 0.14 mm (HST95).  Using direct shear tests (El Nahas et al., 2006) 

to ensure soil behaviour was realistic, and successfully found that as dense sand is 

dilatant, strain softening was demonstrated. The parameters were as follows (where ϕp = 

peak strength, ϕres = residual strength, ψp = peak dilation, ψres = residual dilation, γy = 

yield strain, and γf = total plastic strain):  

 Dense sand: (Dr ≈ 80%), ϕp= 39°, ϕres = 30°, ψp = 11°, ψres = 0°, γy = 2 %, and 𝛾 𝑃
𝑓
= 

21.5%, 

 Loose sand: Dr ≈ 60%), ϕp= 30°, ϕres = 25°, ψp = 5°, ψres = 0°, γy = 2 %, and 𝛾 𝑃
𝑓
= 

10 %. 

 

The model showed that the dense sand was brittle and reached failure at relatively low 

strains, whilst the loose sand withstood high strains before yielding occurred, showing 

ductile behaviour. Increasing the yield strain, γy enabled the soil to deform more 

elastically, delaying the surface rupture, SR. This transferred the imposed displacement 

from a narrow plane to a more widespread and differential settlement, decreasing the 

scarp height at outcrop (Anastasopoulos, 2005). The author noted that upon SR, the height 

of the fault scarp is a decreasing function of γy and ψ. 

In order to further calibrate the model, Anastasopoulos et al., (2007a) (the Quaker 

research project) conducted numerous centrifuge investigations. Four centrifuge tests 

were used for validation, two of each fault type in both dense (Dr ≈ 80%) and medium-

loose (Dr ≈ 60%) Fontainebleau sand (Figure 2:11). The specimens were prepared by 
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pluviation (raining sand) from a specific height with controllable mass flow rate: both 

affect the density of the prepared sand. Note that normal faults in reality dip at 

approximately 60° and reverse faults at around 45°, however the University of Dundee 

faulting split box (as described in section 3.1.3) is fixed to induce faults with a bedrock 

dip angle of α = 60°.  

 

Figure 2:11 Comparison of FE deformed mesh with superimposed plastic strain concentration with the 
centrifuge experiments of a) normal fault (Dr ≈ 80%) and b) reverse fault (Dr ≈ 80%). 

 

As discussed, the dip, θ of a fault refracts at the bedrock-soil interface and varies as it 

propagates through the soil mass, the reverse fault bends over the foot wall, decreasing in 

dip upon surface approach, whereas the normal fault steepens as it propagates to the 

surface. An average dip (θav) can be used to represent the overall propagation. If the fault 

were to propagate vertically through the soil the fault would have a width, W = 0 m and 

average dip, θav = 90°. If no refraction or change in dip were to take place and θav = α = 

60°, then the SR would appear at W = H / tan60°. The average dip through the soil can be 
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calculated by θav = arctan(H / W).  Increasing the ϕ and ψ increased the fault dip angle in 

the normal case, whereas in the reverse this decreased the fault dip angle. 

An essential requirement of numerical modelling is the implementation of the model 

geometry into a mesh (Shepherd and Johnson, 2008). Anastasopoulos et al. (2007a) built 

the model geometry within the commercially available software ANSYS (ANSYS, 2012). 

Within ANSYS, a mesh can be developed using 3-D hexahedral (Hex) or 2-D tetrahedral 

(Tet) elements. For FE analyses within highly elastic and plastic structural domains, the 

Hex mesh elements offer reduced error, fewer elements and an improved reliability over 

Tet elements (Shepherd and Johnson, 2008). In some cases of high-definition analyses 

with linear elements the Tet elements will be mathematically stiffer as a consequence of 

having a reduced number of degrees-of-freedom, a problem known as ‘Tet-locking’ 

(Shepherd and Johnson, 2008). Even though the benefits of the hex option outweigh those 

of the Tet element, as a result of being three-dimensional, the Hex mesh generation can 

take much longer than its 2-D Tet counterpart. Once the important criteria have been 

determined for modelling the rupture through the free-field it is possible to investigate 

how a structure would respond, and determine the Fault-Rupture-Soil-Foundation-

Structure Interaction (FRSFSI).  

Anastasopoulos et al., (2007a) used the methodology (as in Figure 2:11) to investigate 

the mesh size (length x width) of the soil in the numerical model. Finer (0.5 m x 0.5 m) 

elements were more proficient at showing the fault deformation zone more locally, as in 

reality. Larger elements (5 x 5 m) spread the deformation zone over a larger area and 

created a pixelated effect due to the zone following the shape of the oversized elements. 

As little difference was detected between 0.5 m and 1 m dimension elements, the larger 

of the two was selected for use when a smaller, more refined element was required (e.g. 

the region of soil directly next to a footing or which the fault will propagate through). In 
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the remainder of the soil, dimensions of 1 x 2 m were found to be adequate. Element 

height was kept at 1 m. The same dimensions were used by Anastasopoulos and Gazetas 

(2007c) and are thus deemed appropriate for this thesis.  

 

2.3.2 Fault-Rupture-Soil-Foundation-Structure Interaction (FRSFSI) 

A propagating fault that ruptures the surface can cause ground distortions which can be 

very damaging to civil engineering structures. Faults can influence the mechanical 

behaviour of structures (altering the strength and deformation) causing serviceability 

problems and even collapse, as shown after the 1999 7.4 Mw Kocaeli, Turkey earthquake 

(Figure 2:12 a, b) and the 1999 7.6 Mw Chi-Chi, Taiwan earthquake (Figure 2:12 c).  

 

Figure 2:12 Structural damage after the 1999 Kocaeli earthquake of a mosque (a) photo of building after 
Faccioli et al., 2008; and b) schematic of the building and imposed surface offset after Anastasopoulos and 
Gazetas, 2007b, alongside damage following the 1999 Chi-Chi earthquake in Taiwan c) whereby the bridge 
totally collapsed, from Hwang, 2000. 

 

Over the last two decades research has vastly increased since the Kocaeli and Chi Chi 

earthquakes, and the principles and findings of some onshore research has been 

implemented in engineering design practice, for instance Roth et al. (1982) for an LNG 

facility in California, Mejia and Dawson (2009) for a dam in New Zealand and Avar et 
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al. (2015) for a suspension bridge in Turkey. Less research has been conducted assessing 

the interaction with faults and offshore structures. Investigations have been based upon 

direct field measurements, finite-element methodologies (FEM), laboratory and 

centrifuge testing. Direct field observations determined after the aforementioned 

earthquakes revealed that, as destructive as these cases were to some structures, there 

have been instances where the fault path was diverted by a structure, in some cases 

resulting in the structure undergoing less damage. After the Chi-Chi earthquake for 

example, a 4-storey building resting on relatively flexible foundations survived 6 m of 

upthrust and diverted the fault as shown in Figure 2:13. 

 

Figure 2:13 Damage after the 1999 Chi-Chi earthquake a) fault diversion and rigid-body rotation of 
structure and b) schematic of the analysed cross-sections (after Hwang, 2000) 

 

Anastasopoulos and Gazetas (2007b, 2007c) investigated FRSFSI after the Kocaeli 

earthquake by conducting direct field observations and numerical analyses and noted that 

some structures performed successfully and some unsuccessfully. In Figure 2:14, 
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Anastasopoulos and Gazetas (2007b) show the performance of varying types of structures 

in the Denizevler region after a 4 km normal fault ruptured through the region.  

 

 

Figure 2:14 Sketch of Denizevler: the normal fault trace passes through several structures causing a range 
of structural damage. The values indicate vertical components of fault offset (h) at the ground surface 
(Anastasopoulos and Gazetas, 2007b). 

 

Adapting the aforementioned numerical procedure of Anastasopoulos (2005), the Mohr-

Coulomb failure criterion with strain softening model was utilised and validated by 

centrifuge investigations (Anastasopoulos and Gazetas, 2007c) to explore the structural 

effect on fault rupture diversion and modification of the displacement profile. The 

structural width and surcharge load was varied from 10 m to 25 m and from 37 kPa 

(“light” structure) to 91 kPa (“heavy” structure) respectively. Relative to these 

definitions, a jack-up would be extremely heavy (10m diameter spudcan with 602 kPa 

bearing pressure). In all cases the FE analysis correctly predicted the interaction between 

the outcropping surface rupture, SR and the strip footing. Due to the limitations on how 
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fine the numerical mesh could be, the deformation was more localised in the experiment, 

however the FE shear zone thickness was deemed satisfactory. As directly observed in 

the field, the FE rupture was diverted similarly to the left of the footing and the rotation 

of the footing was predicted with adequate accuracy (Figure 2:15). 

 

Figure 2:15 Comparison of vertical displacement Δy at the surface: centrifuge and FE analyses of 
Anastasopoulos and Gazetas 2007c: a) normal fault rupture in the free-field and b) with the “light” structure 
through medium-dense Fontainebleau sand (Dr ≈ 60%). h = vertical fault throw. 

 

The small spikes in the soil surface are generated when the structure rotates and produces 

small, local gaps between the foundation and the soil surface, this is often referred to as 

the gapping mechanism. 
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These findings provide confidence in the ability of the numerical procedure to reliably 

model the fault propagation through the ground. Having validated the procedure, further 

investigation of the structures affected in the Denizevler case (Figure 2:14) took place 

whereby the main factors influencing FRSFSI, were found to be consistent with previous 

and subsequent research (e.g. Ahmed, 2011; Bray, 2001; Duncan and Lefebvre, 1973; 

Loli et al., 2012). These were:  

 The type and continuity of the foundation system has a profound effect on the 

response of a structure over an outcropping fault rupture. Structures lying on 

continuous and rigid mat or box-type foundations perform much better than those 

on discontinuous isolated footings or piles (which a jack-up rig could be 

considered as), 

 The flexural and axial rigidity of the foundation system (thickness of mat 

foundation cross-section and length of tie beams, etc.), 

 The load of the superstructure, q is important. The increase of q enhances the 

stress change beneath the foundation, consequently increasing the diversion of the 

fault. The fault finds it easier to propagate by rupturing soil with less strength, (a 

load of 37 kPa was sufficient to divert a fault from the free-field outcrop location) 

 The stiffness of the superstructure (cross section of structural members, grid 

spacing, presence or not of shear walls), 

 The soil stiffness (G), strength (ϕ, c,) and kinematic parameters (ψ), collectively 

control the bedrock-soil diffraction and the propagation/ dip through the soil 

medium. 

 

Jack-up rig foundations may respond similarly to structures with isolated footings or 

heavy surcharge loads for example and so these aspects will be briefly focused upon 
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further, alongside discussions of the shear band evolution. In the Denizevler case, two 

examined structures had isolated surface footings— the Mosque (collapsed) and Building 

2 (partially collapsed). Both had isolated footings but were very light structures, neither 

performed well. The basketball court (Figure 2:14) (with piled foundations at 8 m depth) 

was also assessed and compared with an analysis with an equivalent structure on a 

continuous and rigid box-type foundation instead of piles. The latter structure performed 

better, inducing a more diffused fault diversion and caused a smoother surface settlement 

profile. Interestingly, for raft or box-type foundations and isolated footings the diversion 

(if any) started roughly at a depth which is equal to the width of the foundation 

(Anastasopoulos and Gazetas, 2007c). In the case of the jack-up investigated in this thesis, 

this would be 10 m. Increasing the superstructure surcharge, q increased the stresses under 

the foundation and it was seen that the dislocation started diverting at a certain depth 

below the structure which could be associated with the region affected by the increased 

stress. In all cases, increasing the load improved the performance of the superstructure. It 

was seen that increasing the load, improved the performance of the superstructure, hence 

the jack-up may be able to cause significant diversion given the large bearing pressure. 

The response of the structure is of paramount interest in this thesis, given the confidence 

already existing in the capabilities of modelling the fault through the soil with the chosen 

FEM. Other investigations have been conducted using the geotechnical centrifuge and 

FEM to investigate the interaction between faults and other structures: shallow 

foundations (Ahmed and Bransby, 2009; Bransby et al., 2008a), deep caisson foundations 

(Loli et al., 2012, 2011), pipelines (Tsatsis et al., 2015) and piled foundations 

(Anastasopoulos et al., 2013; Yao and Takemura, 2020). Specifically of interest is how 

varying the footing surcharge, q and fault-foundation proximity, S influences the 

evolution of shear bands, strains in the soil mass and foundation displacements/ tilting. 

Other authors similarly investigated shallow footings (Anastasopoulos et al., 2009;) and 
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deep footings (Loli et al., 2012 & Gazetas et al., 2015) in sand. Figure 2:16 shows the 

performance of the numerical simulations using the same constitutive model as this thesis 

compared with centrifuge investigations. The numerical procedures have determined the 

pitch of the structures to within several degrees, giving a reasonable level of confidence 

in the numerical method. 

 

Figure 2:16 Numerical and centrifuge comparisons: a) reverse fault-caisson foundation by Loli et al. (2012); 
b) normal fault-caisson foundation by Gazetas et al. (2015) and normal fault-strip foundation by 
Anastasopoulos et al. (2009). h = fault throw. 

 

The next section is discussed in context of Bransby et al. (2008a) who examined shallow 

raft foundations and varied the footing diameter, D, surcharge pressure, q and spacing, S. 

a shows the base case whereby the foundation was positioned at S = 3, here the left edge 
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of the foundation was situated 3 m to the left of the free-field SR. Figure 2:17a shows the 

base case, as in the free-field, initially no shear band localisation in the soil mass was 

observed, however after continued fault throw, a steep localisation (S1) propagated 

roughly half-way through the soil height (Figure 2:17b). With continued faulting a second 

localisation appeared from the left edge of the foundation and propagated downwards, to 

a depth of ~0.5D (Figure 2:17c). 

 

Figure 2:17 Normal FRSFSI of raft foundation when S = 3: a) h = 0.36 m; b) h = 0.48 m; c) h = 0.99 m and 
d) h = 2.01 m (q = 91 kPa) (Bransby et al., 2008a). 

 

Interestingly, in the free-field case, by this point after a 2 m fault throw, the shear band 

had already ruptured at the surface. This phenomenon was also observed by Loli et al. 

(2012)— in both cases the foundation delayed the fault SR for shallow and deep 

foundations. Towards the end of the test, S1 had become inactive, the failure mechanism 

accumulated on S2 and little deformation occurred in the soil outside of shear plane S2. 

The presence of the foundation caused the fault to deviate to the left by 3 m. Loli et al. 

(2012) observed similar processes whereby the shear bands became inactive and little 

deformation occurred outside of the developed failure wedge. As a result, the caisson 
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translated rigidly with no distress. Loli and Tsatsis numerically modelled their own 

centrifuge tests using the FEM of Anastasopoulos et al. (2007a). The analytical analyses 

performed well and captured the shear development and propagation through the soil 

accurately. For Loli et al. (2012, 2011) the horizontal and vertical caisson displacements 

were captured very well and Tsatsis et al. (2019) accurately captured the axial strains and 

buckling of the pipe. However, there was slight discrepancy between the centrifuge and 

numerical rotations for Loli and Tsatsis noted the overprediction of the gradient of the 

surface expression of the reverse fault. Both believe this is a result of the simplification 

of the linear elastic soil assumption before yielding (Loli et al., 2012) as it overestimates 

the stiffness of the soil material (Tsatsis et al., 2019). Both however concluded the 

agreement was satisfactory. 

In Bransby et al. (2008a), the fault did not rupture directly beneath the foundation, yet 

vertical and horizontal displacement occurred alongside rotation (Figure 2.16).  

 

Figure 2:18 Foundation displacement and rotation during normal fault application (Bransby et al., 2008a). 
Note in the figure “Fig.7” corresponds to Figure 2:17 in this thesis. h = vertical fault throw/ offset 
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Curiously, when h < 0.5 m, the foundation rotated ~2°/ m of fault displacement. As 

displacement continued > 2 m, further rotation was minimal yet vertical and horizontal 

displacement increased at the same rate. Bransby et al. (2008a) noted this signified fault 

diversion had been successful at preventing any further damage once the final mechanism, 

S2 had been mobilised. This is concurrent with other research (Anastasopoulos and 

Gazetas, 2007b; Faccioli et al., 2008) showing buildings with a large surcharge pressure 

translate with little rotation as the fault is diverted around the structure. It will be 

interesting to see whether a jack-up with significant surcharge pressure but isolated 

footings experiences similar mechanisms and structural responses.  

A change in the foundation bearing pressure, q would change the stress field in the soil 

and this alteration caused the shear bands to propagate differently through the soil mass. 

When q was reduced, S1 propagated higher through the soil mass and became inactive ¾ 

of the way to the ground surface (Figure 2:19a), as opposed to half-way up, as in the 

previous case. S2 (Figure 2:19b) then became active at h = 2.03 m and as in the previous 

case, propagated downwards from the left edge of the footing to the bedrock-soil interface 

(Figure 2:19c). The reduction in q induced similar failure mechanisms (S1 and S2), but 

this lighter foundation caused the fault to deviate to the left by 3 m. The foundation 

stopped rotating at h >2.3 m, as it did for the heavier case, however the lighter foundation 

experienced 3.1° more rotation, meaning it is more liable to significant damage than a 

heavier structure. Both surcharge pressures deviated the fault however it is believed that 

the higher stress in the soil (for the heavier foundation case) beneath the foundation 

inhibited the propagation of shear band S1 more than for the lighter foundation case 

(Bransby et al., 2008a). 
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Figure 2:19 Shear band development with reduced surcharge pressure (q = 37 kPa) (Bransby et al., 2008a) 

 

Reverse fault investigations using the same procedure induced three mechanisms, shown 

schematically in Figure 2:20. In the first mechanism, the fault ruptured so that the 

foundation was situated on the hanging wall. For the second mechanism, SR occurred 

beneath the foundation and finally the third mechanism involved the emergence of the 

fault at the surface at a location resulting in the structure being positioned on the static 

footwall. As in the free-field, multiple shear bands developed within the soil mass, 

becoming active/ inactive at different stages throughout the test. 
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Figure 2:20 Fault-foundation interaction mechanisms after (Bransby et al., 2008a): a) foundation situated 
wholly on the hanging wall, b) surface rupture occurred beneath the footing and c) surface rupture occurred 
to the left of the foundation, meaning the footing was situated wholly on the footwall. 

 

SR in the reverse fault case required a larger fault throw than in the normal fault cases, 

this was also observed by (Loli et al., 2012, 2011; Tsatsis et al., 2019), as was a result of 

the reverse fault dip reducing as it propagated to the surface. In the base case (D = 10 m, 

q = 91 kPa and S = 5.59 m) after a 1 m throw (Figure 2:21a), as expected no localisation 

could be seen until a shear developed and propagated to the nearest edge of the foundation 

(Figure 2:21b) at h = 2.65 m. A second rupture develops at the surface of the soil, parallel 

to the primary rupture. Minimal interaction occurs between the primary shear and the 

foundation however as the fault is deviated 4.1 m (from the free-field path) towards the 

hanging wall (right) (Figure 2:21c). This deviation protects the foundation from 

significant deformation. It was calculated that 14% of the fault throw induced rotation, 

during the first metre of fault throw rotation occurred at 0.8° / m. Rotation rate reduced 

significantly after h = 1.6 m (when shear localisation began) but then increased again after 

h > 2.5 m (upon contact with the foundation). The foundation displaces vertically and 



   
 

50 
 

horizontally in a constant direction and rotates at a constant rate with horizontal 

displacement.  

 

Figure 2:21 Reverse fault test: D = 10 m, q = 91 kPa and S = 5.59 m, deformed soil specimen for fault 
throws a) h = 0.99 m; b) h = 1.61 m and c) h = 2.65 m (Bransby et al 2008a). 

 

It is believed that a single deformation mechanism is the prominent cause. Fault outcrop 

is a critical factor for pile behaviour too, both in reverse and normal faults. After 

outcropping, increasing fault throw does not induce further pile bending moment, 

implying the maximum horizontal load is applied at the time of outcropping (Yao and 

Takemura, 2020). 

Ashtiani et al. (2021) numerically modelled the interaction of normal fault and shallow 

embedded foundation and found these similar interaction mechanisms (hanging wall, 

gapping, and footwall types). It was additionally noted that as seen, for S/D < 0.5 at q = 40 
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and 100 kPa, an increase in the embedment depth increased the foundation rotation in 

dense and loose sand. This increase in the embedment increased the likelihood of the fault 

rupture striking the bottom of the embedded foundation relative to the surface foundation 

(d = 0). In most cases, the interaction mechanism for embedded foundations was the 

gapping type. This thesis investigates spudcans on the surface of the sand which embed 

under twice the operating weight via the application of a preload. It is suspected however 

that an increase in the foundation embedment would cause increased rotations, as 

observed by Ashtiani et al. (2021). 

As with normal faults a lighter foundation was found to rotate significantly more. In this 

instance four times more! The fault emerged beneath the foundation about 2 m to the right 

of the left side of the foundation, forming a gap. The foundation is forced to slide and 

rotate and causes a total fault diversion towards the footwall of 3.9 m. As a section of the 

foundation becomes unsupported in the gap region it is possible that significant distress 

may be experienced by the structure. The gapping was also observed by Loli et al. (2012) 

in the centrifuge tests and in the numerical procedure, although in the latter its magnitude 

was underestimated. Loli et al. (2012) explains this discrepancy may have been associated 

with the difference in the inclination of the shear band, as a result of which the failure 

wedge predicted by the analysis was wider than in the experiment. A spudcan in this 

instance may lose bearing capacity and undergo significant failure. As previously 

mentioned however, some degree of bearing loss does not necessarily imply failure for 

the whole system due to load redistribution capabilities within the structure. 

Assessing foundation proximity involved the positioning of the footing 5 m closer to the 

hanging wall at S = 0.8 m. The foundation in this case appeared to rotate significantly 

(11°) but did seem to prevent SR (Figure 2:22) as the top line of the dyed layer of sand 

did not appear to be interrupted. The rotation did not cease with continued fault throw as 
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significant soil deformation takes place on the hanging wall. Even with a large surcharge 

weight it is expected that rotations as large as this may induce significant damage to the 

structure. 

 

Figure 2:22 Raft foundation prevents SR for reverse fault case at S = 0.89 (Bransby et al., 2008a). 

 

For most of the cases, the foundation rotated (at different magnitudes) and the normal/ 

reverse faults were diverted around the footing. Larger surcharge pressures induced 

greater amounts of fault diversion and it was seen that favourable foundation positions 

existed to cause diversion. Heavy, rigid foundations tended to divert the reverse fault 

when rupture occurred at the middle of the foundation. Varying magnitudes of rotation 

may be significant enough to damage or destroy the supported structure, but the 

experiments also showed that foundations can be designed to divert faults. This is 

applicable for single, narrow and heavily loaded foundations, yet for multiple, isolated 

footings (as for jack-ups), Bransby et al. (2008a) suggest that the fault may rupture 

between the foundations. This may cause differential displacement at the footings of the 

rig and lead to problems at the leg-hull connection. It is suggested that a wide raft 

foundation may gradually diffuse the fault displacement (Bransby et al., 2008a). 
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2.4 Literature Summary 

Certainly, within the jack-up realm there has been no accessible research conducted to 

the author’s knowledge assessing FRSFSI. This thesis intends to investigate this problem 

by producing a centrifuge-validated FE model which is able to quickly and accurately 

estimate how the structure will respond to fault loading. It will also reveal how the 

presence of the structure will disrupt the fault, be it through fault diversion or bifurcation 

towards regions of lower stress. This review has highlighted appropriate methods and 

techniques to use when conducting numerical analyses and experimental testing. Namely, 

these are an appropriate constitutive model— previous research has successfully 

modelled FRSFSI with an elastoplastic constitutive model with Mohr-Coulomb failure 

criterion and isotropic strain softening. The Mohr-Coulomb failure criterion defines the 

yield point whilst the strain softening component is required to accurately capture the 

shearing behaviour of the sand. The FEM developed by Anastasopoulos (2005)  has been 

modified to accurately capture the behaviour of various structures under fault loading 

with raft/ slab foundations, caissons, piles etc. The thesis utilises a Mohr-Coulomb failure 

criterion with isotropic strain softening, and applies calibrated parameters for the HST95 

sand used at the University of Dundee. The centrifuge was used to validate the numerical 

procedure using a fault box designed for previous faulting experiments allowing further 

parametric analyses to be calibrated against experimental reality. The numerical and 

experimental methods are discussed in the next chapter.
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3 Methodology 

This chapter will discuss the techniques and procedures used throughout the project, 

initially the methods used for centrifuge testing are discussed before introducing those 

used for the numerical analyses. 

 

3.1 Centrifuge Methods 

This section shall introduce the model jack-up rig and associated instrumentation used 

for centrifuge testing (as documented in Oakes et al., 2019). The equipment utilised for 

centrifuge testing is detailed, as is how the sand model was constructed using a pluviation 

technique. Following this, a discussion of the techniques and testing procedure brings the 

section to a close. 

The constitutive behaviour of soil is non-linear and dependent upon the stress levels in 

the soil medium. The difference between a 1 g (laboratory) test and a centrifuge test is 

that the stress field in the 1 g tests reflects the stress field associated with a 1 g field, 

whereas those in the centrifuge reflect the stress field associated with centrifuge 

acceleration and thus can be consistent with prototype stresses. Similar to the procedure 

of Escribano and Brennan (2017), the centrifuge model and its prototype were 

geometrically similar, with scaled down linear dimensions and structural stiffness to 

create identical stress conditions at homologous points in the model and prototype, thus 

capturing the prototype response. To achieve this similarity, the unit weight of the soil 

was increased by accelerating the model in a centrifuge. As the stress in the soil was 

increased, the propagation of the fault may vary when compared to reduced scale 1 g 

tests. It is practically impossible to directly replicate all behavioural aspects of a full-scale 

prototype.  
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Whilst designing the rig and determining its size, it was important to consider the 

boundary condition requirements of the test set-up. Two conditions were considered, 

those relating to spudcans and those concerning faulting problems. First and foremost, 

the requirements of the spudcans were explored as this was most critical for the project. 

A numerical sensitivity analysis was conducted, verifying that an appropriate spacing 

from the centre of the spudcan to the centrifuge strongbox wall existed. In the sensitivity 

analysis the footing reaction force was determined after penetrating to embedment depth, 

d = 2 m (a larger embedment than expected in faulting problems), into HST95 sand and 

compared with models of reducing soil length (x-axis). To ensure any influence was 

indeed only from the lateral boundaries, the bottom boundary was fixed to 10 footing 

diameters (10D = 100 m), an adequate distance recommended by (Bolton et al., 1999; 

Phillips and Valsangkar, 1987). From these analyses it was deemed that 5D was sufficient 

to avoid lateral boundary influences. A 5D soil boundary separation was also employed 

by other authors (Qiu and Henke, 2011; Tho et al., 2012; Zhao et al., 2016) when 

simulating continuous spudcan penetration in sand, clay and layered soil profiles. 

Throughout the project a minimum 5D lateral boundary was maintained. 

Throughout the project the bottom boundary was considered as bedrock, so its distance 

(soil height, H) was less critical. Whilst bearing in mind the recommended 10D for 

spudcans and also to allow the fault to propagate for longer through more soil (allowing 

more interesting features to develop), the maximum soil thickness that could be 

accommodated within the centrifuge strongbox was utilised. Of course, given the spacing 

restrictions of the strongbox it was not possible to meet the recommended spacing of 10D.  

When a fault is influenced by lateral boundary conditions, the soil at the edges of the 

model undergoes intense yielding which extends to the centre of the model with 

increasing fault offset. Inevitably the fault becomes influenced and diverts (changes dip) 

away from this newly stressed region of soil, ultimately changing the fault outcrop 



  

56 
 

location. Hence, boundary considerations must reflect the requirements for spudcans and 

also faults. As discussed in the literature review, Bray et al. (1994a) and Anastasopoulos 

(2005) numerically investigated the influence of boundary conditions on faults. Bray 

numerically modelled faults through cohesive soils and recommended that in order to 

avoid boundary conditions, the ratio of the soil length, L (x-axis) to the soil height, H 

should be 4:1. Anastasopoulos conducted a FE sensitivity analysis on dense sand and 

determined the differences between L:H = 5:1 and L:H = 4:1 were found to be negligible. 

When decreasing L:H to 3:1, the difference was just noticeable and further decreasing 

L:H to 2:1 the influence of the boundaries became evident. A sensitivity analysis was 

conducted within this thesis (reducing the lateral boundaries until influence is revealed 

on fault propagation and rupture location) and found that the dip difference between L:H 

= 4:1  and L:H = 3:1 were also negligible (Table 3.1).  

 

Table 3.1 Influence of lateral boundary conditions on average fault dip 

Ratio of L:H Average fault dip (°) 

3:1 65.7 

4:1 65.4 

6:1 65.2 

 

Therefore, prioritising spudcan requirements over faulting requirements, i.e. having as 

much soil between the spudcan and strongbox base as possible, the thickness was set to 

200 mm (60 m prototype). Given that the fixed length of the centrifuge box was 655 mm 

(196.5 m prototype) this formed a L:H ratio of 3.3:1. 

Once the boundary requirements were known, the scaling factors used for rig design could 

be determined. Using scaling centrifuge laws based on Schofield (1980), the two-stage 

scaling process used by Iai et al. (2005); Sawada et al. (2018) and von der Tann et al. 

(2010) was applied, whereby a large (prototype-sized) structure can be scaled down twice 
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meaning the built model can fit into the confinements of the centrifuge box (as shown in 

Figure 3:1).  

 

Figure 3:1 Relationship between the prototype, virtual 1g model and the centrifuge model (forming the 
relationship λ = μη = 300 = 4 ×75). Exemplified using the spudcan (diameter i.e. length): prototype scaled 
to the virtual model by factor μ, then scaled by factor η creating the dimensions at which the centrifuge 
spudcans are fabricated. Iai et al., (2005); Jumbo Maritime, 2010). Not to scale. 

 

As described by Iai et al. (2005), in the first stage the prototype jack-up, at global scale, 

λ is scaled down by factor μ into an ‘intermediate virtual model’ (i.e., λ/μ = 300/4) based 

on the scaling relations in a 1g field. In the second stage, this ‘virtual model’ is scaled 

down by factor η (75), creating the physical model. This latter stage uses the conventional 

scaling relations in the centrifugal field. In this manner, a large scaling factor, λ (300) can 

be broken down into the smaller scaling factors (μ and η), and thus the centrifuge model 

tests can be performed with one of the smaller scaling factors, η (i.e., spun at 75 g-level 
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in the centrifuge). In effect, the limits in the scaling factor for the currently available 

centrifuge facilities can be expanded by a factor of μ.  

The Type II relations of Iai et al. (2005) are applied (meaning μρ = 1, με = μ0.5) as the soil 

used in the model was the same as the prototype. The use of two-stage scaling relations 

with such a large value of λ (300) was necessary given the large size of jack-up rigs and 

the size of the container used in the centrifuge. Whilst the choice in these scaling factor 

values is arbitrary, it is recommended by Iai et al., (2005) that the larger of the selected 

values is used for the latter factor, η.  

Table 3.2 Scaling factors for centrifuge model tests (Iai et al., 2005) 

Feature to 

Scale 
Prototype Scale (λ = 300) Virtual Model (μ = 4) Centrifuge field (η = 75) 

Length λ μ η 

Density λρ μρ 1 

Acceleration λg 1 1/η 

Displacement λλε μμε η 

Stress λλρλg μμρ 1 

Strain λε με 1 

Stiffness λλρλg/ λε μμρ/ με 1 

EI λ5λρλg/ λε μ5μρ/ με η4 

EA λ3λρλg/ λε μ3μρ/ με η2 

Bending 

moment 
λ4λρλg μ 4μρ η3 

Shear λ3λρλg μ 3μρ η2 

Axial force λ3λρλg μ3μρ η2 

Note: μρ = 1, με = μ0.5 

 

3.1.1 Centrifuge Model Jack-up Rig 

The model rig dimensions were based upon scaled jack-up centrifuge tests (Bienen, 2007; 

Bienen et al., 2009) with key components shown in Table 3.3. Sign conventions and 

loading directions are discussed in the next chapter (section 4). In order to capture the 

comparable behaviour of a prototype rig, the accurate scaling of the following 

components is considered essential (Vlahos et al., 2005): 



  

59 
 

 The leg flexural stiffness (EI), fundamental in bending behaviour, 

 The leg length, collectively with leg length controls spudcan load paths and, 

 The leg to leg separation (centre to centre), influencing the structural resistance 

to overturning. 

Table 3.3 Key components of the jack-up structure 

Structural Components Built centrifuge rig Scaled Prototype 
Typical prototype 

(Bienen, 2007) 

Hull length x width x depth 140 x 121 x 20 (mm) 42 x 36 x 6 (m) 42 x 39 x 6.4 (m) 

Leg length 296.67 (mm) 89 (m) 89 (m) 

Leg outer diameter 19.05 (mm) 5.72 (m) 5 (m) 

Leg wall thickness 1.22 (mm) 0.34 (m) 0.6 (m) 

Leg–leg separation 90 (mm) 27 (m) 27 (m) 

Spudcan diameter 33 (mm) 10 (m) 10 (m) 

Rig mass (incl. instruments) 0.57 (kg) 14,721 (t) 15,290 (t) 

Self-weight per spudcan 0.42 (kN) 50.58 (MN) 50 (MN) 

 

The components of the rig were aluminium (6063T6 grade) and consisted of the hull, legs 

and spudcans. As in previous works on jack-up testing (Bienen et al., 2009; Cassidy, 

1999; Martin 1994 and Vlahos, 2004), all components were glued creating a rigid 

connection, although it is recognised that bending in the prototype hull may occur due to 

its finite stiffness (Lewis et al., 1992) and that the leg–hull connection at the jack-house 

does impose nonlinear platform behaviour due to guide clearances, system backlash and 

brake slippage etc (Spidsøe and Karunakaran, 1996). When modelling the leg/ guide/ 

elevating/ holding system it is incredibly important to seek the designer’s advice. 

Typically, the information required will include upper and lower guide flexibility, 

stiffness of the elevating/ holding system and any special leg interaction details. Given 

the restrictive nature of the industry, this structurally specific information is withheld and 

inaccessible to the public domain, meaning the detailed leg-hull and leg-spudcan 

connection was not modelled. As the jack-houses were not modelled and because the 

interaction between the leg and the hull only has significant influence upon the moment 

distribution on the leg section within and around the connection (Spidsøe and 
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Karunakaran, 1996), such design simplifications were deemed acceptable to allow the 

experiments to be conducted in a practical and timely manner. A faulting event may also 

induce a “jammed” connection due to overturning and thus an apparent rigid connection 

may form during such an event. 

The hull, machined from a solid block of aluminium, was an equilateral triangle with an 

M5 hole tapped through the centre of gravity to accommodate the preload weight applied 

during the preloading phase of testing (Figure 3:2). The corners, as in reality, were 

truncated to protect equipment should the rig tip over. Three holes (19.05 mm diameter x 

7 mm depth) were also machined out of the underside of the hull to allow leg attachment.  

 

 

Figure 3:2 The individual structural components: hull (121 mm length x 140 mm width x 20 mm height), 
three legs and three machined spudcans (D = 33.33 mm). M5 hole tapped into underside of hull as well as 
the holes (19.05 mm diameter x 7 m depth) where the legs were attached. All model scale. 
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The legs were aluminium round tubes with an outer diameter of 19.05 mm and wall 

thickness of 1.22 mm (3
4⁄ ” x 18 swg) and were chosen due to their prototype-equivalent 

flexural stiffness property (EI). Model and prototype jack-ups are typically built from 

different materials (aluminium and steel respectively) and as a result have a different 

Young’s modulus. The axial and bending stiffnesses (EA and EI respectively) should be 

scaled correctly rather than the individual properties of E, A and I (Young’s modulus, 

cross-sectional area and second moment of area). As in previous studies (Bienen et al., 

2009; Vlahos, 2004) the correct scaling of the flexural stiffness was prioritised (rather 

than the prototype leg outer diameter and wall thickness) as this is critical for the bending 

behaviour of the long and slender legs. The flexural stiffness was slightly larger than the 

prototype target of Vlahos et al. (2005) and Bienen (2007) (EI = 1.4 x 109 kNm2) due to 

the use of the large generalised scaling method, it is possible that this may allow 

increasing deflections at the hull, this can be assessed when comparing with the numerical 

model. Using a factor of λ = 300 meant that when scaled down, the leg wall thickness 

would have been 2 mm. This size tube was not readily available and would have been 

difficult to machine accurately and, considering the hull and spudcan connection 

requirements, it was deemed more appropriate to use a pre-fabricated stock tube with an 

EI as close to the target as possible (Table 3.4). 

 

Table 3.4 Leg Properties of the developed centrifuge rig 

Leg Property Built Model Prototype 
Average Prototype Rig* 

(Vlahos et al., 2005) 

EI 1.9 x 108 (Nmm2) 1.5 x 109 (kNm2) 1.4 x 109 (kNm2) 

EA 4.7 x 106 (N) 4.2 x 108 (kN)** 2.0 x 108 (kN) 

E 69,000 (N/mm2) Not scaled directly 2.0 x 108 (kN/m2) 

A 68.3 (mm2) Not scaled directly 1.0 (m2) 

I 2,728.4 (mm4) Not scaled directly 7.2 (m4) 

*Averaged structural dimensions of operational jack-ups, collated by (Prior, 1999)  
** Priority placed on the correct scaling of EI 
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The spudcans were circular in plan with a spigot tip as seen on prototype rigs (Figure 

3:3). As in Bienen et al. (2009), no specific treatment was applied to the spudcan surface, 

resulting in a smooth spudcan–soil interface. 

 

Figure 3:3 Built spudcan model dimensions (model dimensions are in mm) 

 

As discussed in the literature review, the problems surrounding soil property scaling can 

be disregarded by simply using the prototype soil (HST95) when conducting centrifuge 

model tests. As the model rig was geometrically similar to the prototype rig, the soil 

experienced the prototype stresses and strains at model scale. However, the scaling rule 

of centrifuge modelling techniques inevitably bring about the concern of soil grain size 

effects, these have been reported where the ratio of footing diameter to mean grain size, 

D/d50 is insufficient (Taylor, 1995). If a shear band tends to dilate by an amount related 

to the grain size when approaching failure this dilation will have a greater influence on a 

smaller foundation (Teh, 2007). The grain size effect would cause the bearing capacity to 

reduce with increasing foundation size (or D/d50) (Teh, 2007) however, centrifuge tests 
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reported by Ovesen (1979) showed that for a circular model foundation with D/d50 > 30, 

no particle size effect was evident. Given the spudcan model diameter of 33 mm and an 

HST95 d50 of 0.14 mm, the ratio of D/d50 = 236 relinquishes the concerns of particle grain 

size effects in terms of bearing capacity. 

 

3.1.2 Instrumentation 

Measurements were logged through a custom-built data acquisition system (DAQ). 

National Instruments LabVIEW (National Instruments, 2018) is a platform that was used 

to command the NI CompactRIO real-time controller which allowed the instruments to 

sample at a rate of 1 sample/ms. 

A linear variable differential transducer (LVDT) (RDP Spring Return, LDC1000 A, ± 25 

mm, 5 V supply) was mounted onto a gantry across the strongbox to measure the fault 

throw, h (Figure 3:7). The LVDT probe rested on a reference block (fixed to the moveable 

section of the splitbox) and was inserted or released from the LVDT body depending upon 

the applied fault type. During pluviation this reference block was removed ensuring it did 

not affect the raining process. 

The rig was instrumented to record detailed measurements at the hull and throughout the 

model legs. Instrumentation comprised: 

 Accelerometer (3-axis)- measuring change in pitch at the hull, 

 Strain gauges- measuring change in axial force at the base of the legs and bending 

moments at the top and bottom of the legs. 

A 3-axis accelerometer (Analog Devices EVAL-ADXL377Z) (3.4) was attached 

underneath the hull allowing inclinations to be recorded. It was 3-axis sensing with a 

bandwidth range for y-axis and x-axis of 0.5 – 1300 Hz and z-axis of 0.5 – 1000 Hz. The 
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instrument itself was 3 x 3 x 1.45 mm in size and sat on an evaluation board, which was 

glued to an aluminium plate. Nylon screws were positioned between the evaluation board 

and the aluminium plate, ensuring the accelerometer wire soldering was raised and 

isolated from the aluminium plate. The plate was then screwed to the underside of the 

hull.  

 

Figure 3:4 Accelerometer: a) 3-axis accelerometer and evaluation board mounted onto the custom-made 
aluminium plate attached to underside of the hull as shown in b). 

 

Strain gauges (Micro-measurements L2A-13-250LW, 120 Ω resistance, 5V supply) were 

placed on the legs to record the axial force (located at centre of leg) and bending moments 

(placed as on Figure 3:5) on the legs.  
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Figure 3:5 Bending moment gauge positioning from a) top and b) bottom of the legs. 

 

The surface of the leg was roughened with sandpaper before the gauges were bonded to 

the aluminium with Micro-measurements M-Bond 200 adhesive. Micro-measurements 

M-Coat A coating solution was later applied. Gauges were placed in a Wheatstone Bridge 

arrangement which is an electrical circuit used to measure changes in resistance from 

gauge voltage outputs. The axial gauges were arranged in a full-bridge, cancelling any 

bending moment. The gauges measuring the bending moment were arranged as a half-

bridge with the balancing resistor situated within the strain gauge junction box attached 

to the centrifuge (gauges placed on the front and back of the legs as in Figure 3:6). 



  

66 
 

 

Figure 3:6 Gauge arrangements on front and rear of legs: a) bending moment gauges in half-bridge 
arrangement located at top (and similarly at the bottom of legs) and b) axial force gauges located at mid-
height of legs in full-bridge arrangement. 

 

Where possible it is important to calibrate the instruments. As a means of calibrating the 

strain gauges, oedometer weights were placed on top of the rig hull to calibrate the axial 

strain gauges and for the bending moment gauges the weights were hung from the ends 

of the legs to induce a bending moment at a known distance. A tiltmeter was used to 

calibrate the accelerometer. The Instron high magnification calibrator scales were used to 

calibrate the LVDT, whereby the probe was displaced a known distance and correlated 

with the output voltage. Once the model was prepared, blue Styrofoam was added to the 

inner sides of the centrifuge strongbox and a rubber tube wrapped along the LVDT gantry 

to protect the rig should it tip over (Figure 3:7). 
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Figure 3:7 LVDT, protective foam, rubber tubing and model jack-up rig. 

 

3.1.3 Apparatus and Soil Model Preparation 

The centrifuge strongbox had internal dimensions measuring 800 mm x 500 mm x 500 

mm (breadth x width x height). Two sides of the model were visible through 80 mm thick 

transparent Perspex plates (Figure 3:8). As previously carried out by others (Ahmed et 

al., 2012; Bransby et al., 2008a; Loli et al., 2011), a splitbox was inserted into the bottom 

of the strongbox, leaving an area above to develop the soil model with internal 

dimensions measuring 655 mm x 500 mm x 250 mm (B x W x H). The base of the splitbox 

consisted of a moveable triangular base block, stationary aluminium (aluminium alloy 

6082T6) blocks and a singular composite block of concrete and aluminium.  
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Figure 3:8 a) University of Dundee faulting split box creating a normal fault and b) Simplified diagram of 
the split box contained within the strong box, creating a reverse fault. Induced faulting creates a fault throw 
h and an α = 60° fault dip angle. 

 

The moveable block was supported and repositioned in-flight using two hydraulic 

jacks with a 300 kN load capacity to simulate the fault loading. The left boundary of the 

model was retained by a vertical plate on the side of the splitbox which was attached to 

the moveable base block, thus ensuring the left side and base block moved as one during 
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the faulting event. When conducting reverse faults (Figure 3:8b), whereby this moveable 

section was shifted upwards and to the right, aluminium spacer blocks were added to 

ensure the block did not drop downwards (creating a normal fault) at any stage. During 

normal fault tests these spacer blocks were removed allowing the block to move 

downwards and left during fault displacement. Whilst the centrifuge was spinning-up to 

the pre-determined g-level the moveable blocks were retained in place by the hydraulic 

jacks. The right boundary of the model was in contact and retained by the opposite side 

of the strongbox. Sandpaper sheets (3M Sandblaster, grit 100) were attached to the inside 

vertical and base surfaces of the splitbox to recreate a rough rock-soil interface. Where 

the moveable blocks slid against the stationary blocks of the faulting apparatus, 

polytetrafluoroethylene (PTFE) plates with a coefficient of friction of 0.1 were bolted to 

the interfaces allowing reduced frictional forces and smooth faulting displacements. 

PTFE plates were also placed along the surface of the reverse fault spacer blocks. The 

hydraulic jacks and the aluminium and composite blocks were inclined about the 

horizontal axis to create a fault (in the bedrock analogue) with a dip angle of α = 60°. The 

hydraulic jacks were attached to a hydraulic hand pump (Hi-Force HP 227), pressure 

gauge (capacity 25MPa) and a non-return valve, connected through the hydraulic slip 

ring, and controlled from outside of the centrifuge.   

Due to the design of the splitbox and its requirements to fit inside the centrifuge box, 3 

mm gaps were present between the sides of the splitbox and the Perspex windows of the 

centrifuge box (Figure 3:9 and 3.10). These gaps enabled the moveable section of the 

splitbox to move freely without scratching the Perspex window, however it also led to 

significant leaking of sand at 1g and thus it was critical they were sealed before centrifuge 

testing. Along the stationary section of the splitbox, duct tape was placed over the gaps. 

However, as in previous research utilising the equipment (Ahmed et al., 2012; Loli et al., 

2012; Nagaoka, 2012), the gap between the sides of the moveable section of the splitbox 
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and the Perspex window needed to be closed with a moveable seal. To this end, moveable 

seals were created by wrapping grease (Castrol Grease Spheerol L-EP-2) in cling film 

and sealed the gaps as shown in Figure 3:9.  

 

 

Figure 3:9 Grease seal and duct tape closing gaps between the splitbox and Perspex window 

 

New seals were required for each test. Another region where sand could leak was along 

the fault line, where the moveable and stationary sections of the splitbox base joined. A 

1 mm thick latex sheet, usually used during triaxial tests, was attached to sandpaper and 

placed over the fault line as shown in Figure 3:11. The sandpaper was glued to the latex 

to help maintain the rough interface between the bedrock analogue and the sand model 

and to also weigh down the latex during pluviation when the local drafts (created during 

the raining process) shifted the sheet out of place. The moveable grease seals were then 

placed on top of this sheet.  
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Figure 3:10 Plan view showing the gaps sealed between the splitbox and the Perspex windows.
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Figure 3:11 Latex sheet/ sandpaper fault seal, ensuring sand does not enter the spacing at the fault line, 
damaging the PTFE plates. 

 

Of course, in a marine setting there will be seawater at the surface, yet during these 

physical tests the inclusion of water would be impractical (leaking through gaps and 

possible interaction with the oil pump). The presence of water between soil particles 

reduces the contact force and hence reduces the shear strength of the soil.  The difference 

between dry and saturated soils on fault propagation may be somewhat similar to the 

influence of relative density on fault propagation and foundation behaviour. The increase 

of soil relative density causes a reduction in foundation settlement and the influence upon 

fault propagation will ultimately mean the fault propagates more steeply causing a 

variance in the outcrop location (as shown in Figure 3:12). Propagation in loose soils 

causes a more diffused rupture shear plane at the surface which may be more favourable 
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for the structure, similarly the reduced effective stress and shear strength of the saturated 

soil may aid foundation performance (relatively). 

 

Figure 3:12 Influence of soil relative density upon fault propagation in loose sand (Dr = 45%, ϕp = 30°, ψ 
= 3°) and dense sand (Dr = 80%, ϕp = 45°, ψ = 15°) for a) free-field fault in loose sand, b) free-field fault 
in dense sand, c) fault propagating around spudcan in loose sand and d) fault propagation and rupture near 
to footing in dense sand with no structural interaction. Fault propagation from the same location in all cases. 

 

The dry sand model was prepared using a sweeping air pluviator (Figure 3:13) to create 

uniform, horizontal soil layers. Mounted on wheels and positioned along two tracks either 

side of the centrifuge strongbox, the pluviator was swept over the strongbox, allowing 

sand to rain from the hopper into the splitbox. Influences of wall friction are negligible 

given the width of the splitbox, nevertheless, as suggested by Ueno (2000) the walls of 

the box were flat and the Perspex polished in an attempt to reduce wall friction. The 

density of the soil is controlled by the flow rate of the sand and the impact velocity at the 

surface (Vaid and Negussey, 1988). Thus, the impact energy applied by the falling sand 

controls the relative density. The width of the hopper slot controls the flow rate out of the 

pluviator and the impact velocity is controlled by the height of pouring and particle size. 

Ueno (2000) found that the impact velocity of fine, uniformly graded sand particles 

approached terminal velocity when rained from a height of 750 mm and thus above which, 
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an increase in pouring height had no further effect upon fluctuating relative densities. In 

order to maintain a constant relative density, the height of raining was kept constant at 

900 mm and a metronome was used to maintain a constant sweeping rate. The pluviator 

was swept ~100 mm beyond the ends of the strongbox to account for local wind currents 

developed during the raining process. A relative density of Dr ≈ 80% was achieved by 

using a hopper slot width of 2 mm, as in Loli et al., (2012). 

 

Figure 3:13 Sand pluviation method whereby sand is rained from the hopper situated above the centrifuge 
strongbox containing the faulting splitbox. 

 

Using Vernier callipers, the slot width should be checked regularly as large volumes of 

sand tended to adjust the aperture of the hopper slot. 20 – 30 mm depth layers were 

pluviated after which a line of dyed (water-soluble Parker Quink ink) HST95 sand (~2 x 

2 mm, width x height) was added on top of the sand and adjacent to the Perspex, this was 

to help monitor the fault propagation through the Perspex window as seen in Figure 3:14. 
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Others who also used dyed sand (Anastasopoulos et al., 2007a; Bransby et al., 2008a; 

Loli et al., 2012) reported no adverse effects on the frictional behaviour. 

 

 

Figure 3:14 Horizontal layers of dyed sand aiding in the analysis of the fault. Dyed blue lines help show 
the propagation path of two shear planes. One shear band has a superimposed yellow dashed line showing 
the interpretated propagation path of the shear, one shear is left uninterpreted.  

 

A T-shaped acrylic plate was developed to carefully level the sand on the surface, this 

also ensured the model depth was consistent throughout all the tests. The plate sat atop 

the sides of the centrifuge box and was slowly swept along the length of the model. The 

loose sand collected was then very carefully removed with a vacuum cleaner. Dry dyed 

sand was applied to the surface of the soil to further aid in geomorphological analysis of 

the fault outcrop in plan, as shown in Figure 3:15.  
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Figure 3:15 Plan view of dyed sand on soil model surface 

 

The soil used throughout the centrifuge and parametric analyses was dry HST95 

Congleton sand (properties in Al-Defae et al., 2013; Escribano and Brennan, 2017; 

Lauder et al., 2013), which is a fine and rounded, quartz silica sand. It is uniformly graded 

and characterised by the basic properties (determined in accordance with BS1377 Part 4; 

BSI, 1990), in Table 3.5. 

Table 3.5 State-independent properties of HST95 sand (Lauder, 2010) 

State-independent properties   

d10, d30, d50, d60 (mm) 0.09, 0.12, 0.14, 0.17 

Cu 1.9 

Cz 1.06 

emax 0.769 

emin 0.467 

Gs 2.63 

ν 0.2 

γmax (kN/m3) 17.58  

γmin (kN/m3) 14.59  

ϕcrit 32° 

δcrit 24° 

 

Density pots were used as a means of checking the relative density of the models, the 

centrifuge box was also weighed before each test to verify this. Three empty pots were 

placed in the splitbox before pluviation begun and carefully removed, levelled and 

weighed after each test had been conducted. The mass and volume of the pots had been 
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predetermined and thus using the formula below, the relative densities could be 

calculated. 

𝐷𝑟 =
𝛾𝑚𝑎𝑥(𝛾−𝛾𝑚𝑖𝑛)

𝛾(𝛾𝑚𝑎𝑥−𝛾𝑚𝑖𝑛)
    Equation 3.1 

 

3.1.4 Photogrammetry 

Two GoPro cameras captured in-flight photos and videos allowing constant test 

monitoring and post-test analysis. A GoPro Hero 4 Silver was attached with an aluminium 

GoPro tripod mount to the top side of the centrifuge strongbox, capturing the expression 

of the fault at the soil surface and the lower section of the rig (Figure 3:16). Whilst a 

GoPro Hero 5 was fixed within the shroud of the centrifuge and captured the side profile 

of the model. Given the thickness of the centrifuge walls, two USB WIFI signal receivers 

needed to be mounted on the ceiling of the centrifuge and connected to two laptops in the 

centrifuge control room via a 10 m cable. From here the cameras were controlled using 

the CameraSuite App (Meyer, 2020). The imagery and video recordings helped with the 

analysis of the fault shear bands, specifically the order of their development. Both 

cameras constantly recorded a video throughout each test, whilst taking a still photograph 

every 5 seconds. The rate of fault displacement does not have any impact upon the rupture 

path and surface displacement (Baziar et al., 2014) and was not of particular interest 

within this project anyway, thus in alignment with the capabilities of the cameras, fault 

displacement occurred by applying one stroke of the hand pump approximately every 10 

seconds. 

For improved image quality the centrifuge lights were kept off and the model was lit by 

LED light strips (JKL Components White LED Strip, ZFS-85020-WR-CW). The location 

of these LED strips was critical for preventing glare and unwanted reflection on both 
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cameras and off the Perspex box side and so were placed above the sand model to light 

the soil surface and on the bottom of the centrifuge platform beside the strongbox, 

illuminating the side of the model. 

 

 

Figure 3:16 Camera set-up a) surface GoPro on centrifuge strongbox recording the soil surface and b) Side 
GoPro inside centrifuge shroud recording the side view of the model. 

 

3.1.5 Testing Procedure 

During the operation of a full-scale prototype rig, the spudcans can be embedded into the 

soil during the preloading phase whereby seawater is pumped into the rig as a ballast, 

increasing the weight of the rig to twice the operating weight to allow safe working 

operation. Before the centrifuge tests, a solid aluminium weight plate (model = 0.57 kg, 



   
 

79 
 

prototype = 15,560 t) was added on top of the hull to recreate this preload ballast (Figure 

3:17). The weight plate had a hole machined out of the bottom allowing it to be positioned 

on the end of the screw connecting the accelerometer to the hull. It was also painted black 

to reduce lighting glare on the cameras. To allow for the preloading process, the 

centrifuge testing was conducted in two phases. The initial phase included a spin up to 

operating g-level (75 g at soil surface) with the preload weight resting on top of the hull, 

causing the rig to embed. The centrifuge was then spun down to allow the removal of the 

preload weight plate and to record the embedment depth, ds. Once removed, the second 

phase was undertaken whereby the target g-level was reached (centrifuge spun up) as the 

rig sat freely under its own operating weight and faulting was applied.  

 

Figure 3:17 Prior to preload phase where rig embedded under twice the operating weight, afforded by the 
preload weight positioned on top of the hull. 

 

The gravitational field of a centrifuge increases with distance away from the rotational 

centre. Consequently, the acceleration varied along the model height. Priority was placed 

upon correctly modelling the foundation-soil interaction and the soil stress field at that 

location, thus the acceleration was set to 75 g at the soil surface. Bienen et al. 
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(2009) stated that the response of the model jack-up was due to the footing reactions at 

an elevated g-level and thus applied the acceleration present at the soil surface when 

converting results to prototype scale using the scaling laws. Given the height of the rig, 

the g-level varied between the hull (η = 60) and the footings (η = 75), yet strain gauges 

on the legs measured the axial force, ensuring that the loads applied to the 

spudcans were accurately known.  

 

3.2 Finite-Element Methods 

This section discusses the finite-element (FE) modelling methodology (as presented in 

Oakes et al., 2017). Three different types of FE models were developed: a free-field 

model, a complete three-legged Global soil-foundation-structure model; and a simplified 

Spring soil-foundation-structure model. The analysis was conducted in the ABAQUS 

analysis environment (ABAQUS, 2014). The following sections summarise the key steps 

of the development and analysis procedures. 

There are a multitude of techniques to simulate the complex structure/geometry of a jack-

up rig, having different pros and cons. According to SNAME (2008), these are 

categorised as follows:  

 Fully detailed modelling of legs and hull/ leg connections with detailed or 

representative stiffness model of hull and spudcan. 

 Simplified modelling of lower legs and spudcans, detailed modelling of upper legs 

and hull/ leg connections with detailed or representative stiffness model of hull. 

 Equivalent stiffness modelling of legs and spudcans, equivalent hull/ leg 

connection springs and representative beam-element hull grillage. 

 Detailed leg (or leg section) and hull/ leg connection modelling. 
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Since the main purpose of centrifuge model testing was to validate the numerical models, 

it was critical to ensure that the jack-up models are as equivalent as possible. The 

numerical model jack-up rig was designed to match the centrifuge model rig. The rig was 

designed and structural components attached in accord with the ‘equivalent structural 

members’ technique of previous research (Bienen, 2007; Cassidy, 1999; Martin, 1994) 

and the ‘equivalent stiffness’ recommendations of SNAME (2008). The geometric 

dimensions afforded by Bienen’s research were used, as discussed below. 

The FE model of the jack-up rig is shown in (Figure 3:18), the hull and spudcans were 

modelled with stress/ displacement S4 elements, whilst the tubular legs were modelled 

with Timoshenko PIPE31 beams. The Timoshenko beam elements account for transverse 

shear deformation across the section of the element (ABAQUS, 2014), and since the legs 

of a jack-up experience shear forces, inducing additional deformations, this element 

selection is deemed necessary and well-aligned with previous jack-up research (Martin, 

1994; Vlahos, 2004). The components of the structure were constrained (attached) to one 

another using node–node, beam multi-point constraints (MPC), providing a rigid 

connection. 

The centrifuge model rig, was fabricated out of aluminium and thus the FE rig material 

was assigned the corresponding properties (E = 69 GPa, ν = 0.3, ρ = 2700 kg/m3). The 

steel prototype rig had a self-weight mass which induced 150 MN of axial force. To 

numerically capture this load behaviour at prototype scale, the rig was loaded with an 

equivalent force. According to Bienen (2007) the rig had a self-weight of 50 MN per 

spudcan; so the equivalent mass of legs and spudcans was adjusted to match this. This 

was subtracted from the total mass and the difference evenly distributed within the hull 

by adjusting the hull material density. This guaranteed a self-weight equal to that of the 
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prototype. Jack-up models had a self-weight force of ~50.58 MN per spudcan in the 

centrifuge and 50 MN in the FE.  

 

 

Figure 3:18 FE mesh of the structural components a) hull, legs and spudcans and b) one spudcan 

 

The spudcan-soil interface was modelled with special interface elements, allowing 

detachment and slippage to occur from the soil.The soil was modelled with 8-noded 

hexahedral brick elements (C3D8). The problem of fault rupture propagation through soil 

is known to be mesh-dependent: the element size practically controls the localisation (the 

thickness of the rupture zone can only be as narrow as the element dimension). Within 

the expected area of fault rupture propagation (as determined by the centrifuge model 

tests) and in the vicinity of the foundations, the element size was dFE = 1 m (this region 
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is termed inner soil in Figure 3:19). A coarser mesh (2 x 1 x 1 m) is used throughout the 

area where deformation is expected to be limited (termed outer soil). This was done to 

capture the behaviour of the soil at the propagation path, yet reducing the computational 

requirements. This refinement was influenced by free-field studies, assessing fault 

ruptrure propagation and surface rupture (Anastasopoulos 2005; Ahmed & Bransby 

2009). Mesh-dependency is discussed later on, in section 3.2.2. The outer and inner soil 

element sets were joined using surface-based tie constraints, which connect the two 

separate element sets together. 

 

 

Figure 3:19 Inner and outer soil, refined mesh in ‘inner soil’ is denser in soil around spudcan and expected 
region of fault propagation. Coarsening outwards to reduce analysis time. 

 

The side nodes are constrained in the x and y-directions, whilst the base nodes are 

constrained in the z-direction. This is an idealisation of the centrifuge model tests, 

assuming zero friction at the side boundaries.  

Figure 3:20 shows a deformed FE mesh of the soil after being subjected to faulting-

induced deformation. The fault rupture is imposed pseudo-statically by applying the 

target bedrock displacement (h = 2 m) in small consecutive steps on the hanging wall 
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block (i.e., the moving block). This stage of the analysis is discussed in more detail later 

on (section 3.2.5). 

 

 

Figure 3:20 Boundary Node Sets of soil: a) Side Left, b) Side Right, c) Base Left, d) Base Right and e) 
Sides Y.  

 

3.2.1 Developed Finite-Element Methodology FEM  

Several FEM were developed including a free-field, a global three-legged rig (Figure 

3:21) and a simplified spring model (Figure 3:22). To enhance computational efficiency, 
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a simplified modelling technique was developed, as also outlined in Agalianos et al. 

(2020b).  

 

Figure 3:21 Global three-legged model, lateral boundaries at five footing diameters, 5D. Rig with leg length 
of 89 m and self-weight of 150 MN. FE mesh refined in centre of model and coarsens on moving outwards.  

 

The methodology follows the earlier work of Anastasopoulos & Kontoroupi (2014), 

according to which parts of the soil-foundation system is replaced by nonlinear springs. 

This can reduce the number of soil elements and thus the computational time 

requirements. In the simplified model, both of the starboard (right) and port (left) 

spudcans (Figure 3:22) are replaced by six nonlinear springs (defined SPRING2 in 

ABAQUS), one for each degree of freedom (spring-x, spring-y, spring-z, spring-x-rot, 

spring-y-rot and spring-z-rot). The lower node of the leg is connected to the spring, 

serving as the connection between the structure and the soil. 
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Figure 3:22 Simplified Spring model with non-linear springs replacing stern spudcans. Sand in model meets 
lateral 5D boundary requirements for bow spudcan but some soil is visually removed here to show the 
springs. 

 

The foundation system of the port spudcan and the starboard spudcan are replaced in this 

way, therefore in total, the simplified model contains 12 springs and a singular spudcan-

soil model at the base of the forward leg. The spring model is calibrated via single footing 

pushover tests in all six degrees of freedom (values discussed in section 5.1), the soil 

properties and boundary conditions match the cases examined.  
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3.2.2 Constitutive Model 

A soil fails in shear when the shear stress (τ) reaches the shear strength (τf). The Mohr-

Coloumb failure criterion describes the conditions for which the soil will fail via a set of 

linear equations (Labuz and Zang, 2012). The criterion can be described as a function of 

the major and minor principal stresses (neglecting the intermediate principle stress), or as 

a function of the effective stress (as in this thesis). As shown in Figure 3:23 the criterion 

considers the relationship between the normal (σ) and shear stresses.  

 

Figure 3:23 Mohr-Coulomb failure envelope (red line) with cohesive and frictional components of shear 
strength (Shah, 2016). 

 

The effective stress, σ’ is the total stress minus the pore water pressure and is the stress 

that is ‘effective’ in causing shear. The criterion is influenced by the cohesion intercept, 

c and frictional strength of the material, φ the higher these strengths are, the higher the 

shear strength of the material. Once the effective stress has reached the shear strength of 

the material, the soil begins to fail as shown in Figure 3:24a as an example for a footing 

or for an embankment slope failure. Yet as shown in Figure 3:24b, soil in the close 

vicinity may not fail if it remains within the yield surface, or below the failure envelope. 

The shape of the failure envelope or yield surface is dependent on the form of the failure 
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criterion: linear functions produce planes and nonlinear functions present curvilinear 

surfaces (Labuz and Zang, 2012). 

 

Figure 3:24 Once the failure envelope is reached a shear plane develops between the sliding particles as a 
foundation or embankment fails (a), the soil element ‘Y’ will not fail as it remains below the failure 

envelope (b) (Ranjan and Rao, 2000). 

 

In this thesis the relationship between stress and strain is represented using the Mohr-

Coulomb failure criterion with isotropic strain softening, it is encoded in Abaqus through 

a user subroutine. Such strain softening models have been used widely for fault rupture 

propagation through soil and its interaction with foundations and structures 

(Anastasopoulos et al., 2008; Loli et al., 2012; Tsatsis et al., 2019), but also for bearing 

capacity factors for circular footings (Bolton and Lau, 1993; Conte et al., 2013; Qu et al., 

2018). The model assumes elasto-plastic soil behaviour, whereby plasticity spreads 

through the soil incrementally, as opposed to an elastic-perfectly plastic method whereby 

the soil remains elastic until the plastic moment is reached, at which time the soil becomes 
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fully plastic (Dowling and Chryssanthopoulos, 1993). As described in the literature 

review the criterion can be described by Equation 2.1 , and assumes that failure is 

controlled by the maximum shear stress which is dependent upon the normal stress. 

Unlike other criterion such as the Drucker-Prager, the Mohr-Coulomb criterion assumes 

that failure is independent of the intermediate principal stress. The failure of typical 

geotechnical materials generally includes some small dependence on the intermediate 

principal stress, but the Mohr-Coulomb model is generally considered to be sufficiently 

accurate for most applications. The constitutive model was incorporated into ABAQUS 

through a user subroutine with two dependencies, vertical effective stress, σ’v and plastic 

deformation, γp. The former is used to describe the elastic response and the latter used to 

determine the plastic response throughout the analysis. 

Several experimental and numerical studies have shown that post-peak soil behaviour is 

a decisive factor in fault rupture propagation and its possible emergence on the ground 

surface (Anastasopoulos et al., 2007a; Cole and Lade, 1984; Lade et al., 1984). The strain 

softening rule (shown schematically in Figure 3:25) is a requirement when simulating 

shear localisation problems, such as faulting (Anastasopoulos and Agalianos, 2019; Conte 

et al., 2013; Qu et al., 2018).  

 

Figure 3:25 Variation of mobilised friction and dilation angles with increasing octahedral plastic shear 
strain (after Anastasopoulos and Agalianos (2019) 
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Post-yield, strain-softening is introduced by reducing the mobilised friction and dilation 

angles (ϕmob Equation 3.2 and ψmob Equation 3.3, respectively) to their residual values as 

the octahedral plastic shear strain (γ 𝑝
𝑜𝑐𝑡

) is increased (where: ϕmob = mobilised friction 

angle, ϕp = peak friction angle, ϕres = residual friction angle, γ𝑝
𝑓
 = plastic octahedral shear 

strain at which softening has been completed, γ 𝑝
𝑜𝑐𝑡

 = octahedral plastic shear strain,  ψmob 

= mobilised dilation angle, ψp = peak dilation angle, ψres = residual dilation angle.). 
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       Equation 3.3  

 

To describe the elastic response, linear isotropic elasticity is employed, the stress-strain 

relationship of which is similar to the stiffness matrix in Equation 3.4.  

 

  Equation 3.4  
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However, the pre-yield behaviour is modelled with a secant modulus Gs’ which increases 

linearly with depth (Equation 3.5); where: τy = yield shear stress and γy = yield shear 

strain. 

 𝐺𝑠′ =  
𝜏𝑦

𝛾𝑦
     Equation 3.5  

 

As discussed in the literature review (section 2.3.1), the shear stress, τz can be measured 

from direct shear box (DSB) data and assume a shear zone thickness to compute the shear 

strain, γz. Before the shear band has formed it can be assumed that the shear strain is 

uniformly distributed throughout the whole height of the soil, H (Anastasopoulos et al., 

2007a). Therefore, the strain at yield (Equation 3.6) and at peak (Equation 3.7) conditions 

can be defined as below where: δxy = horizontal displacement at yield, δxp = horizontal 

displacement at peak conditions (max stress ratio), δxf = horizontal displacement when 

softening has completed, (see Figure 2:10). 

 

𝛾𝑦 =  
𝛿𝑥𝑦

𝐻
     Equation 3.6  

 

𝛾𝑝 =  
𝛿𝑥𝑝

𝐻
     Equation 3.7  

 

The plastic shear strain at peak conditions, γ 𝑃
𝑝
 can thus be calculated: 

𝛾 𝑃
𝑝

=
𝛿𝑥𝑝−𝛿𝑥𝑦

𝐻
     Equation 3.8  
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Immediately after point B on Figure 2:10 the shear band forms. Here, as in the direct 

shear box (DSB) test data (Shibuya et al., 1997), it is assumed that the soil shears as a 

two-block model where all of the plastic shear deformation takes place within the shear 

band and the rest of the soil remains elastic. It is commonly assumed that the width of the 

shear band, dB is equal to 16d50 (Lauder, 2010; Mühlhaus and Vardoulakis, 1987; 

Veveakis et al., 2013), where d50 is the mean particle grain size, hence the plastic shear 

strain at which softening is completed, γ𝑃
𝑓
 can be calculated as: 

 

𝛾 𝑃
𝑓

=  𝛾 𝑃
𝑝

+
𝛿𝑥𝑓 − 𝛿𝑥𝑝

16𝑑50
 =  

𝛿𝑥𝑝− 𝛿𝑥𝑦

𝐻
+  

𝛿𝑥𝑓− 𝛿𝑥𝑝

16𝑑50
  Equation 3.9  

 

3.2.3 Mesh Dependency and Scale Effects 

FE modelling combined with strain-softening constitutive models may lead to mesh-

dependent solutions. This problem may be overcome by using higher-order constitutive 

models (e.g. viscoplastic), yet the application of such rigorous models is limited by a 

finding of Gudehus and Nübel (2004)— an element size of 3d50 was crucial for obtaining 

mesh-independent shear bands. The mean grain size, d50 of HST95 sand is 0.14 mm and 

hence the finite-element width, dFE would have to be 0.42 mm. Even with the computing 

power of today, the implementation of such rigorous models with such fine mesh sizes 

would not be practical due to remeshing requirements and the use of special contact 

elements at the localisation zones (Gudehus & Nübel 2004). To address this, 

Anastasopoulos et al. (2007a) proposed a simplified method. If scale similarity is 

maintained by calibrating the plastic shear strain (at which softening is completed, 𝛾 𝑃
𝑓 ), 

the propagation path of the fault rupture (and hence the outcrop location) is not influenced 

by mesh density when dFE ≤ 1 m. Therefore, the elements in the immediate vicinity of the 

fault have a 1 m width. 
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Much like the shear band, the width of the shear zone (highly strained region around the 

shear band), dZ is also associated with the mean grain size, d50 but by a factor of 200, 

hence dZ = 200d50 (Anastasopoulos, 2005). For HST95, the assumed width of the shear 

band and shear zone can be postulated to be around 2.24 mm and 28 mm respectively. 

Ideally, dFE should match the width of the real HST95 shear band, dB (16d50 = 2.24 mm) 

yet computing time restricts this and Potts et al. (1990) notes this is only practical when 

modelling laboratory-scale experiments or when the failure surface is already defined. 

Consequently, the FE-predicted shear band will be significantly larger than the real one, 

dB. As suggested by Anastasopoulos et al. (2007a), in order to calibrate 𝛾 𝑃
𝑓
, one can 

assume simple shear conditions. For a given shear displacement, δx the shear strain 

computed across one finite-element, γFE is shown in Equation 3.10.  

 

𝛾𝐹𝐸  ≈  
𝛿𝑥

𝑑𝐹𝐸
     Equation 3.10  

  

However, the authors stress that this may be a reasonable simplification at pre-shear band 

conditions and that after formation of the shear band, the real shear strain, γB, will actually 

be much larger and represented by the equation below:  

𝛾𝛣 ≈  
𝛿𝑥

𝑑𝛣
      Equation 3.11 

 

From these equations a ratio, Ϸ can be defined between the FE-computed shear strain, γFE 

and the real shear strain, γB: 

Ϸ =  
𝛾𝐵

𝛾𝐹𝐸
≈

𝛿𝑥
𝑑𝐵

⁄

𝛿𝑥
𝑑𝐹𝐸

⁄
 =  

𝑑𝐹𝐸

𝑑𝐵
   Equation 3.12  
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Therefore, to make the numerical, γFE compatible with real strain, γB the γ𝑃
𝑓
 can be divided 

by the ratio Ϸ: 

𝛾 𝑃
𝑓

=  𝛾 𝑃
𝑝

+
𝛿𝑥𝑓 − 𝛿𝑥𝑝

16𝑑50
 
16𝑑50

𝑑𝐹𝐸
=  

𝛿𝑥𝑝− 𝛿𝑥𝑦

𝐻
+  

𝛿𝑥𝑓− 𝛿𝑥𝑝

𝑑𝐹𝐸
  Equation 3.13  

  

This scaling procedure reduces the error concerned with incorrect modelling of the shear 

band width. Scaling is not applied to the pre-shear band parameters γy and γp as the shear 

band is assumed to form only after peak conditions have been reached (Jewell and Wroth, 

1987). This is a simplification of a more complex problem; it allows the scale effects to 

be incorporated into the FEM in a reasonably approximate manner and has such has been 

applied by many (Agalianos et al., 2020a; Baziar et al., 2016; Tsatsis et al., 2019). 

 

3.2.4 Model Input Parameters 

The soil was split into horizontal layers to allow the stiffness, E to increase with depth. 

The stiffness of each soil layer is a function of the vertical effective stress, σ’v (unit weight 

x depth of layer) in the soil. The first step of the analysis is a geostatic step, where the 

unit weight of the soil is applied. At the beginning of this stage, there is no vertical stress 

in the soil and the soil layers are pre-assigned a depth-dependent in-situ stiffness (a 

“starting” stiffness), as shown later when discussing model input parameters (section 

3.2.4). This is specifically calibrated to the HST95 sand used in the centrifuge. 

As the analysis continues, the stiffness and strength of each soil layer are adjusted by the 

subroutine, according to the stress level. The distribution of E with σ’v is shown in Figure 

3:26. 
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Figure 3:26 Variation of stiffness as a function of vertical effective stress in the ground 

 

Brinkgreve et al. (2010) determined a set of relationships to predict permanent 

deformation in sand as a function of relative density (Dr). Al-Defae et al. (2013) used 

shearbox and oedometer test data (Bransby et al. 2011; Lauder 2010), to calibrate 

Brinkgreve’s formulations specifically for HST95 sand. This process correlated the 

strength and stiffness for the specific relative density considered (Dr = 80% in this thesis). 

Both Al-Defae et al. (2013) and Brinkgreve et al. (2010) proposed stiffness parameters 

quantifying the reference stiffness in a particular stress path, for a given reference stress 

level, pref  = 100 kN/m2. The constitutive model employed herein does not require the 

oedometric tangent stiffness (E𝑟𝑒𝑓
𝑜𝑒𝑑

), however some of the other parameters are determined 

from this and so it is included for completeness. Al-Defae et al. (2013) recommend a 

small amount (0.2 kPa) of cohesion is used for numerical stability.  

When exploring earthquake aftershocks, Al-Defae et al. (2013) found these HST95 

constitutive parameters outperformed existing empirical correlations based on relative 

density defined by Brinkgreve et al. (2010). Consequently, they have since been utilised 
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by researchers at the University of Dundee, such as Loli et al. (2015) when investigating 

seismic soil-structure interaction, Kampas et al. (2020) exploring the seismic response of 

tunnels, as well as Knappett et al. (2015) and Knappett et al. (2016), looking into buildings 

on shallow foundations during seismic shaking and continuous helical displacement 

(CHD) piles, respectively. 

Using Equation 3.13 and shear box data from Lauder (2010), the HST95 strain at yield 

(γy), peak (γ𝑃
𝑝
) and when softening is completed, γ𝑃

𝑓
 was γy = 0.8%, γ𝑃

𝑝
= 2.6% and γ𝑃

𝑓
 = 

3%. These are comparable to those calibrated by Anastasopoulos et al. (2007a) for 

Fontainebleau sand (Dr ≈ 80%) which were γy = 1.5%, γ𝑃
𝑝
= 5.5% and γ𝑃

𝑓
 = 5.66%. Here 

the strain when softening is completed is calibrated for the specific mesh density used in 

the model (1 m), so that the numerical strain is compatible with the actual strain. 
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Table 3.6 Formulae and FE model parameters for dense HST95 sand, Dr = 80%. 

Input parameters 

 

Brinkgreve 

formulae 

Al-Defae formulae 

(HST95) 
Thesis value (HST95) 

Stiffness 

E (MPa) N/A 𝐸𝑜𝑒𝑑 (
17 ∗ 𝐻

100

   𝑚

) 
55.06  

(e.g. at H = 10 m) 

Emin (MPa) N/A N/A 5.28* 

Emax (MPa)  N/A N/A 144.70** 

E𝑟𝑒𝑓
𝑜𝑒𝑑

 (MPa) *** 60Dr 25Dr + 20.22 40.22 

Strength 

c (kPa) 0.00 0.20 0.20 

ϕp° 12.5Dr + 28 20Dr + 29 45.00 

ϕres (°) N/A arcsin (
𝑠𝑖𝑛𝜙−𝑠𝑖𝑛𝜓

1−𝑠𝑖𝑛𝜙𝑠𝑖𝑛𝜓
)**** 32.10 

ψp° 12.5Dr –2 25Dr – 4 16.00 

ψres° N/A N/A 2.10 (ϕres -30) 

Empirical m 0.7 – 0.31Dr 0.6 – 0.1Dr 0.59 

General 
ν 0.20 0.20 0.20 

γd (kN/m3) - 14.5 + 3Dr 16.90 
*       based on a baseline minimum stress of 2 kPa, for numerical stability 
**   based on the vertical effectives stress of soil 10 m below the maximum depth of interest, for numerical 

stability 
***   parameter not directly inputted into this FEM 
****  formula in radians 

 

 

3.2.5 Analysis Procedure 

Firstly, the initial conditions in the soil were assigned whereby the vertical effective stress 

is applied to the top and bottom soil layers. The horizontal stresses are calculated by 

defining the coefficient of earth pressures at rest, K0 = 0.293 (the soil is considered to be 

normally consolidated hence K0
NC = 1 – sin ϕp). The boundary conditions are applied at 

this stage. Given the flexible and slender nature of the jack-up, geometric nonlinearity in 

the form of P-Δ effects were accounted for by applying the NLGEOM option. 

Next, through the changing of boundary conditions the bedrock fault offset is applied in 

small quasi-static steps. In each of these tectonic steps, the boundary conditions of the 

Boundary Node Sets (Figure 3:20) are redefined. If for example the user wishes to apply 

a normal fault whereby the hanging wall side of the soil block moves downwards and to 

the left, the user defines the new position of the “Side Left” and “Base Left” node sets. 
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This is done by selecting the direction (degrees of freedom) and defining the magnitude 

of the required displacement (metres) in that direction, causing the fault to displace, as in 

Figure 3:27. 

  

 

Figure 3:27 Displacement of Boundary Node Sets a) Side Left and b) Base Left. Creating fault displacement 
in c). Structure visibly removed. 

 

3.3 Outline of Centrifuge Rig Positions and Numerical Simulations Investigated 

A free-field (FF) fault test was initially conducted (in both the centrifuge and FE) in order 

to determine the surface rupture (SR) location of the fault. The position of the rig in the 

ensuing structural investigations varied about this pre-determined SR location (Figure 

3:28). It is crucial to specifically use the free-field SR location as a reference point because 

the presence of the structure influences the fault and its outcrop location.  

The rig position, S/D was varied by changing the spacing, S between the location of the 

free-field fault and the bow spudcan, with diameter, D (10 m) (Figure 3:28). If the fault 

SR directly aligned with the left edge of the bow spudcan this represented a rig position 
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whereby S/D = 0 (Figure 3:29). If the SR outcropped further to the left, this represented a 

more negative S/D position, whereas if it ruptured closer towards the stern of the rig the 

S/D position would be more positive. If the FF fault ruptured 2 m to the left edge of the 

bow spudcan then the rig would be in position S/D = -2/10 = - 0.2.  

 

Figure 3:28 Schematic showing free-field fault surface rupture, SR at spacing, S from the left edge of the 
bow spudcan, with diameter, D (10 m). Not to scale. 

 

 

Figure 3:29 Schematic of rig position, S/D. A negative S/D position indicated the free-field fault would 
rupture in front of the rig (to the left) and a more positive value indicated the fault outcropped further to the 
stern of the rig. Not to scale. 
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In total eight centrifuge tests were conducted as shown in Table 3.7.  

Table 3.7 Centrifuge experiments for normal and reverse faults in dense (Dr ≈ 80%) HST95 sand 

Test Identifier Test Type 

N1 Free-field 

N2 Structural. Rig position, S/D = -1.2 

N3 Structural. Rig position, S/D = 0.1 

N4 Structural. Rig position, S/D = 0.7 

R1 Free-field 

R2 Structural. Rig position, S/D = -0.7 

R3 Structural. Rig position, S/D = 0.8 

R4 Structural. Rig position, S/D = 1.0 

 

As discussed later in Chapter 5, the range of rig positions simulated in the FE was bound 

by whether there was a structural response (rig pitch). The range of positions simulated 

continued to expand until the rig no longer pitched beyond the operational design limit 

(0.2°). This varied for the different fault types and hence the positions simulated range 

between: 

 S/D = -0.7 and 4.2 for normal faults and,  

 S/D = 0 and 3.8 for reverse faults. 

 

The results of these investigations are presented in the next two chapters (Chapters 4 and 

5)— the format of which are in accord with the order of proceedings carried out 

throughout the PhD. Consequently, Chapter 4 will address faults in the free-field whilst 

the interactions between the fault and the rig are discussed in Chapter 5.  
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4 Results and Discussion: Faults in the Free-field 

Centrifuge tests N1 and R1 (for normal and reverse faults respectively) were conducted 

in the absence of a structure, and helped to understand the deformation patterns, the fault 

propagation and rupture through dry granular soil. Critically, they served to determine the 

FF surface rupture, SR reference point, about which the rig position varied in the 

following centrifuge tests which included the model jack-up. The centre of the fault 

rupture was designated as the SR and measured from the edges of the centrifuge 

strongbox.  

 

Figure 4:1 In-flight free-field fault centrifuge experiments, revealing the surface rupture locations, SR for 
a) Test N1 (normal fault) and b) Test R1 (reverse fault). Shown with and without interpreted fault traces 
shown by dashed lines. Test N1 caused the propagation of three shear bands of which only two (S1 and S3) 
propagated to the surface whereas the reverse fault propagated along one shear band (S1) to the surface. 
Moving hanging wall on left side of the fault and static footwall on the right-hand-side. Dense HST95 sand 
(Dr ≈ 80%). 
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As free-field investigations have previously been conducted by many authors, this section 

will briefly discuss some key observations before moving onto the faulting interaction 

with the structure. Fault emergence at the surface, as discussed in the literature review, is 

dependent upon the overlying soil conditions, the soil depth, fault type, magnitude and 

dip. As observed by many (Anastasopoulos et al., 2007a; Loli et al., 2012, 2011), the 

reverse fault required a much larger fault throw to propagate the shear band to the surface 

than the normal fault, owing to the larger fault width.  

Authors such as Cole and Lade (1984) have suggested that active and passive soil 

conditions could be used as an analogy when describing normal and reverse faults. This 

proposal implies that as a normal fault propagated from the bedrock-soil interface it would 

initially dip at an angle θini = 45°+ϕ/2, whereas a reverse fault, in passive conditions would 

dip at θini = 45°-ϕ/2. For HST95 sand these dips would theoretically be θini = 67.5° 

(normal) and θini = 22.5° (reverse). The numerical analyses were in accord with the 

centrifuge investigations, both concluding that for normal faults, this proposal was 

accurate, however for reverse faults this was not the case.  

This aligns with the conclusions of Anastasopoulos (2005), who also deemed that passive 

conditions were not wholly associated with reverse faulting conditions. Here the normal 

fault dip angles were measured as 68° (centrifuge) and 67° (FE), whereas the reverse case 

measured 61° (centrifuge) and 60° (FE). The performance of the FE model in this respect 

is very satisfactory. Where the proposal was accurate, and for both fault types, was that 

the “failure wedge” spreads more in a horizontal direction for the passive case (reverse 

fault) than it does for the active case. That is, the fault width, W is larger in the reverse 

fault than the normal case. In the centrifuge, N1 had an average dip measuring θav = 72° 

and in the FE analysis this measured 77°. In the reverse case R1 produced an average dip 

measuring θav = 47° in the centrifuge and in the FE analysis this measured 52°. The 
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mobilised friction angle is deemed to control the bedrock-soil interface refraction (the 

initial dip), whereas the mobilised dilation angle controls the propagation of the fault 

through the soil (the average dip) (Anastasopoulos (2005). Prior to formation of the shear 

band the peak strength and dilation angles are mobilised, as the shear band develops the 

mobilised strength and dilation angles are reduced to their residual values.  

Given that the initial dip of the FE and centrifuge are in good agreement but that the 

average dip is slightly higher in the FE than it is in the centrifuge, this would suggest that 

future investigations could investigate a reduction in the dilation angle. However, here, 

the focus is upon the structural reactions and this slight variation in average dip is not 

significant enough to warrant further investigation. The strength and dilation parameters 

utilised, as discussed in the methodology, were calibrated for the HST95 sand used at the 

University of Dundee by Al-Defae et al. (2013), using formulations from Bolton (1986) 

and Lauder (2008). Formulations within Jeffries and Been (2006) do suggest the 

application of a lower peak dilation angle which would ultimately increase the fault width 

and reduce the average dip. Should further investigations be warranted one might 

investigate these lower dilation angles. 

Qualitatively comparing the free-field faults of the experiment and the FE (Figure 4:2) 

the analyses performed very well in capturing the propagation of the fault; in the normal 

fault case, both in the experiment and the FE the dip steepens as it approaches the surface, 

whereas in the reverse fault case, both the experiment and analysis show the dip decreased 

as it approached the surface as the fault bent over the footwall. Both the experiment and 

analysis successfully captured the dip trends observed by others numerically, 

experimentally and in field observations (Bray et al., 1994a; Loli et al., 2012, 2011; 

Loukidis et al., 2009; Roth et al., 1982). These aforementioned authors also found that 
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the hanging wall experienced more warped and cracked regions than the footwall— both 

tests N1, R1 and the analyses confirmed this.  

 

Figure 4:2 Free-field investigations; a) centrifuge test N1, b) FE simulation of N1, c) centrifuge 
test R1 and d) FE simulation of R1. Side views with displaced hanging wall block on left, static 
footwall on right. HST95 sand, Dr ≈ 80%, h = 2 m. 

 

In all cases the hanging wall deformed significantly more than the footwall, and in both 

centrifuge tests multiple localisations propagated away from the main rupture. In the 

normal fault case, an initial shear band (S1) steeply propagated and ruptured at the 

surface, causing only a small surface distortion. As in Anastasopoulos et al. (2009), this 

initial rupture tended to bend over the hanging wall. The increase of fault throw caused a 

second localisation (S2) to propagate vertically and made its way to around 2/3 of the soil 

depth without rupturing at the surface. Shortly after, S2 discontinued as the remaining 

deformation accumulated on a third shear band (S3) which ruptured at the surface. In the 
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centrifuge, a small amount of strain was accumulated along the secondary shear bands of 

S1 and S2, this was not initially visible numerically given the small amount of strain 

relative to the main shear band, S3. By reducing the visible strain limit numerically, the 

S1 shear band became evident (Figure 4:3).  

 

Figure 4:3 Secondary shear band development. Only evident numerically by reducing visible plastic limits. 

 

As for S2, the amount of plastic strain along this shear band was so small it is believed to 

be ‘absorbed’ by the ensuing S3 shear band. Given the minimal distortion at the surface 

(S1) and lack of surface rupture (S2), these shear bands are believed to be of little 

engineering significance. 

In reverse fault centrifuge test R1, the main localisation (S1) propagated from the Focus 

and ruptured at the surface (Figure 4:2). A secondary localisation, S2 propagated after (as 

in Ahmed, 2011). This propagated to around 3/4 of the soil depth but did not reach the 
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surface, as was the case for Loli et al. (2011). As with the normal fault case, the analysis 

did not capture the multiple shear bands as singular planes and rather showed a wider, 

more diffused failure plane. Reducing the visible plastic limits reveals the secondary 

rupture (Figure 4:3). Loli et al. (2011) similarly shows the propagation of multiple shear 

bands in the centrifuge test and yet the FE analysis again purely shows a wide, diffused 

shear having ‘absorbed’ the smaller secondary rupture.  

The normal fault initially dips at 60° and becomes increasingly higher until reducing as 

the fault diffuses upon approach to the ground surface. These are common characteristics 

of normal faults which have also been qualitatively observed in experimental studies 

(Bransby et al., 2008a; Cole and Lade, 1984), field observations (Bray et al., 1994a) and 

numerical modelling of the problem (Anastasopoulos, 2005; Anastasopoulos et al., 

2007a; Loli et al., 2012). The reduction in dip and diffusion of the fault causes a surface 

offset / scarp much smaller than the bedrock offset, h this is encouraged by looser and 

more deformable soil which may absorb the displacement and transform it to a more 

distributed settlement at the ground surface.  

As seen in the field, numerically and in physical experiments (Bray et al., 1994a, 1994b), 

the FE normal fault produced a more-defined and sharper shear band than the reverse 

fault which was more diffused, particularly as it approached the surface and bent over the 

footwall. Soil under lower effective stress dilates more (Ahmed, 2011; Cole and Lade, 

1984), bending as it nears the surface, ultimately causing the differential settlement at the 

surface. In the centrifuge, both of the faults appeared to produce a sharp rupture path 

however the surface scarp was certainly more diffused in the reverse fault case, as was 

observed numerically. The surface scarp height in all cases was less than the bedrock 

offset as expected based on previous research (Baziar et al., 2014; Bray et al., 1994a). 
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Overall, the analyses agree qualitatively with the experiments, emphasising the shape of 

the failure plane and the fault rupture surface profiles.  

The next chapter discusses the interactions between the fault and the structure. Firstly, 

the performance of the FE Spring model is compared with the Global model before the 

interactions between the fault, the ground and the structure are explored utilising the 

centrifuge experiments and the numerical parametric investigations. 
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5 Results and Discussion: Fault-Structure Interaction 

Following the order of proceedings, the chapter will discuss the FE model developments 

and compare the performance of the Spring model against the Global model. Following 

that the centrifuge investigations are coupled with the findings of the parametric analyses 

showing the validation results and how the interaction between the fault and rig varies 

with S/D.  

The sign conventions and loading directions follow that suggested by Butterfield et al. 

(1997), adopting the practice in geotechnical engineering of downward loads being 

positive (Figure 5:1).  

 

Figure 5:1 Sign conventions and loading components. Where: 

Forces & Moments 
H

x
 = horizontal force along x-axis 

H
y
 = horizontal force along y-axis 

V   = vertical force along z-axis 
M

x
 = moment about x-axis 

M
y
 = moment about y-axis 

M
z
 = moment about z-axis 

*out-of-plane 
 

Displacements & Rotations 
δx = displacement along x-axis (surge) 
δy = displacement along y-axis (sway) * 
δz = displacement along z-axis (heave) 
θ

x
 = rotation about x-axis (roll) * 

θ
y
 = rotation about y-axis (pitch) 

θ
z
 = rotation about z-axis (yaw) * 
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Note this is the opposite in structural mechanics where upwards is positive. 

Displacements and rotations are specified at the hull reference point (HRP), which is the 

centre of gravity, or the spudcan reference point (SRP). Similarly with the loading sign 

conventions, when the hull displaced/ surged to the left (δx) this caused negative 

displacement along the x-axis and downwards heave (δz) caused positive displacement 

along the z-axis. Aligning with classic beam theory and Vlahos (2004), a sagging leg/ 

beam indicates positive bending moments.  

Throughout all tests a fault with a two-metre throw (h = 2 m) was applied. In normal fault 

instances the hanging wall block (on the left of the fault) heaved down and surged to the 

left (causing positive displacement along the z-axis and negative along the x-axis). In the 

reverse case the hanging wall moves up and to the right (causing negative displacement 

along the z-axis and positive along the x-axis). All dimensions are at prototype scale 

unless specified and only the in-plane reactions are discussed, these are designated below 

(Figure 5:2). Bow is the front footing, port is the left and starboard is the right footing. 

 

Figure 5:2 In-plane reactions: forces and displacements along x-axis (surge) and z-axis (heave); moment 
and overturning (pitch) about y-axis. 
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5.1 Numerical Validation of the Global and Spring Finite-Element Models (FEM) 

The Global and Spring numerical models contain elements representing the jack-up 

structure and the soil. The behaviour of the soil is described by the Mohr-Coulomb failure 

criterion and isotropic strain softening. As discussed in the literature review (section 

2.3.1), the constitutive model has been validated against the direct shear test in dense sand 

(Dr ≈ 80%) and numerous faulting problems by previous authors and consequently 

verified against case histories, numerical and physical experiments including centrifuge 

investigations (Agalianos et al., 2020b; Anastasopoulos et al., 2007a; Gazetas et al., 2015; 

Loli et al., 2012). It is a simplification of a complex problem and was shown to predict 

with sufficient accuracy both the location of fault outcropping and the displacement 

profile at the ground surface. Hence, with this constitutive model the propagation of a 

fault through soil is believed to be sufficiently accurate, it is the interactions with this type 

of structure which have not been validated before. A three-dimensional (3-D), three-

legged model with equivalent structural members was shown by others (Bienen et al., 

2009; Cassidy, 1999; Martin, 1994) to adequately reproduce the load–displacement 

response of the rig, the load redistribution between the three footings, and the associated 

failure modes of the jack-up for different environmental loading conditions. The Global 

model was built with these requirements in mind (and later validated by the centrifuge 

tests) and hence provides a reasonable basis for numerically validating the Spring model 

against. 

The soil parameters in these analyses matched Anastasopoulos et al. (2007a) who used 

dense (Dr = 80%) sand with key numerical parameters as follows: ϕp = 45°, ϕres = 30°, ψp 

= 18° and ψres = 2°, 𝛾 𝑃
𝑝
 = 0.05, 𝛾 𝑃

𝑓
 = 0.052. This sand was calibrated against Fontainebleau 

Sand and the spring stiffness parameters were defined from pushover tests conducted on 

a single-footing spudcan model within the same sand. When the spring model was used 
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later in the parametric analyses the springs were recalibrated and pushovers repeated in 

dense (Dr = 80%) HST95 sand, as used in the centrifuge. A summary of the HST95 force-

displacement values are presented below in Table 5.1. 

This section assesses the performance of the Spring model in recreating the Global model 

fault-rupture-soil-foundation-structure interaction (FRSFSI), specifically for a case 

whereby the fault directly intercepts the bow spudcan. The rig position was S/D = 0.6, 

meaning the FF fault would rupture approximately at the centre of the bow spudcan. 

These initial FE analyses comparing the Global and Spring models investigated a rig pre-

embedded (wished-in-place) into the sand with the bow spudcan reference point (SRP) at 

depth, d = 5m. Obviously this scenario does not entirely match reality as, during the 

preload process the sand in the immediate vicinity of the footings would strain plastically 

(expanding the yield surface) leaving the foundation system with more reserve capacity 

to cater for extreme loading conditions.   
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Table 5.1 Summary of spring calibration values (HST95 sand, Dr = 80%) 

X & Y displacement Z- displacement X-Y rotation Z- rotation 

Force 
(kN) 

Displace. 
(m) 

Force 
(kN) 

Displace. 
(m) 

Moment 
(kN.m) 

Degrees 
(°) 

Moment 
(kN.m) 

Degrees 
(°) 

0.00 0.00 -122761.00 -2.77 0.00 0.00 0.00 0.00 

4616.04 0.04 -121134.00 -2.44 27331.50 0.02 51597.00 0.06 

4628.65 0.04 -118468.00 -2.28 28020.70 0.02 54951.30 0.09 

4617.28 0.04 -116507.00 -2.18 28420.10 0.02 56539.60 0.12 

4642.01 0.04 -114783.00 -2.05 29274.70 0.02 56879.30 0.15 

4719.69 0.04 -112602.00 -1.96 32129.80 0.02 57380.70 0.18 

4982.45 0.04 -110650.00 -1.83 41392.40 0.03 57765.50 0.21 

5846.55 0.05 -106509.00 -1.67 52770.00 0.04 57895.50 0.24 

8647.81 0.08 -100632.00 -1.50 63297.10 0.05 57959.90 0.27 

15835.40 0.17 -94375.60 -1.33 68333.90 0.05 57941.30 0.30 

20831.30 0.32 -89169.50 -1.18 77884.30 0.06 57798.40 0.33 

20218.00 0.42 -91816.90 -1.11 88114.30 0.07 57424.70 0.36 

20059.40 0.48 -92417.90 -0.94 91490.00 0.08 56947.30 0.39 

20244.90 0.60 -86526.70 -0.78 93000.20 0.09 56568.10 0.42 

18865.40 0.69 -82055.80 -0.68 100525.00 0.11 56342.10 0.45 

17569.00 0.77 -76755.30 -0.55 109182.00 0.14 56084.80 0.48 

16942.60 0.83 -56506.90 -0.39 111446.00 0.17   

16808.20 0.87 -33038.10 -0.22 109933.00 0.20   

16746.80 0.91 -9668.85 -0.06 111383.00 0.23   

16664.60 0.93   114190.00 0.26   

16599.70 0.94   116439.00 0.29   

Displace. = displacement 

 

In the scenario numerically modelled here the foundations had less capacity than expected 

in reality and the displacements and pitching may be larger than might be observed in a 

faulting event. This process only served to validate one numerical model with another 

(the Global and Spring) and hence so long as they are both the same, the wished-in-place 

technique is adequate. As shown in Figure 5:3, the Spring model performs superbly in 

recreating the Global model normal fault propagation and diversion around the bow 

spudcan.  
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Figure 5:3 Global v Spring model validation: superimposed contours of plastic strain magnitude and 
deformed mesh around bow spudcan (D = 10 m), S/D = 0.6. Fault trace in black dashed line and free-field 
fault trace in yellow dot-dashed line for a) Global and b) Spring models. Both normal fault, h = 2 m 
through Fontainebleau sand, Dr ≈ 80%. The propagation path and diversion around the footing is virtually 
the same in both models. Points i) and ii) indicate significant changes in dip as the fault is diverted around 
the spudcan in both models. View from the side with structure visibly removed.  

 

The strain localisation in the soil is displayed via the superimposed contours of plastic 

strain which show in both models how the fault propagated from the Focus through the 

sand, diverted around the spudcan and ruptured at the surface. This diversion was an early 

indication that the structure was influencing the fault. In both models, the fault (black 

dashed lines) significantly deviated from the FF fault traces (yellow dash-dot lines), 

where a dramatic change in fault dip occurred in both models at Point i), this is where the 

fault bifurcated and indicated where the bearing pressure from the spudcan (~50 MN) 
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caused the soil in the vicinity to be highly stressed. In the Global model, the fault 

propagated a vertical distance of  5.33 m before bifurcating, similarly in the Spring model 

this was 5.26 m. From Point i) the faults both increase in dip (steepen) until reaching the 

left edge of the spudcan before reducing in dip and rupturing at the surface. This reduction 

in dip from Point ii) to the ground surface occurs as the region of soil here has been 

weakened by the displacing spudcan (the structural reactions are discussed next). Faults 

avoid highly stressed regions but are also drawn to weakened regions where the soil, with 

lower stiffness, is much easier to shear through. The variations in Global and Spring fault 

dip throughout the propagation and rupture process are compared in Table 5.2  

 

Table 5.2 Fault Dip Variations Through Sand in Global and Spring Models 

Dip in 

Figure 5:3 
Global Model (°) Spring Model (°) 

Imposed bedrock dip 60.00 60.00 

Bedrock to Point i) 62.04 62.33 

Point i) to Point ii) 80.80 78.36 

Point ii) to surface 44.57 42.58 

 

The Spring model successfully captures the Global dip variations taking place as a result 

of the varying soil stiffnesses causing fault bifurcation and diversion. Figure 5:3 shows 

the interactions occurring in the ground and how the presence of the structure influenced 

the fault. Vice versa, the next section shows the structural reactions, and demonstrates the 

influence the fault had on the rig. 

The performance of the Spring model in replicating Global model structural behaviour is 

assessed. Figure 5:4 shows a simplified schematic of the rig response to the applied two 

metre normal fault.  
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Figure 5:4 Simplified schematic of the structural response to the normal fault at the HRP and SRP (hull 
reference point and spudcan reference point). S/D = 0.6, Fontainebleau sand Dr ≈ 80%, h = 2 m. Structure 
pitching and displacing negatively, anticlockwise and to the left, concurrent with the displacing hanging 
wall soil block. Global model with three spudcans shown, yet similar reponse observed in Spring model. 
Not to scale. 

 

The fault-induced hull displacements are compared in Figure 5:5a, whilst the pitch (θy) at 

the hull reference point (HRP) and spudcan reference point (SRP) are evaluated in Figure 

5:5b. The hull displacements are very closely matched in all cases confirming that the 

Spring model provides an excellent estimation of hull response seen in the Global model, 

at the rig position investigated. In accord with the downwards and left displacement of 

the hanging wall soil block, the hull heaves downwards and surges to the left, causing 

positive displacement along the z-axis and negative displacement along the x-axis 

respectively.  
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Figure 5:5 Global v Spring model validation: a) horizontal, δx and vertical, δz hull displacements with 
normal fault throw and b) pitch, θy of the hull and at all spudcan reference points. S/D = 0.6, Fontainebleau 
sand Dr ≈ 80%. 

 

Similarly, the pitch (θy) at the Global HRP and SRPs is captured very well (Figure 5:5b). 

An increasingly negative (anticlockwise) pitch is recorded as the fault throw increased, 

representing an anticlockwise rotation of the hull and SRPs. The displacements at the 

SRPs are shown in Figure 5:6. 
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The Global bow spudcan displacement is captured perfectly whereas the starboard and 

port SRP displacements are very slightly underpredicted by the Spring model. The 

behaviour at the stern SRPs is not expected to be perfect as non-linear springs replace the 

stern spudcans and of course cannot fully replicate the soil structure interaction taking 

place here. The springs are calibrated against spudcan pushovers conducted in the same 

soil, but as observed in Figure 5:3, the interaction between the fault and bow spudcan 

causes displacements and overturning of the spudcan. This in turn disturbed the soil 

around the footing and reduced the stiffness of the sand, this allowed the fault to propagate 

through the weakened region of soil. The Spring model is not expected to recreate this 

soil disturbance at the stern SRPs as there are no spudcans there to disrupt the soil. If 

disturbance was more significant, the foundation capacity may be reduced and so it is 

important to conduct a more detailed structural analysis later on in the project after this 

initial screening process. This also highlights why it is important to conduct full three-

legged analyses in 3-D so that the load distribution between the footings of the structure 

can be captured. If a foundation were to fail in a single-footing or 2-D structural analysis 

it may suggest failure, whereas, as shown by (Bienen et al., 2009), failure of one footing 

does not necessarily suggest failure of the whole rig. Nonetheless the difference in Global 

and Spring SRP displacements is so small (~30 mm at both starboard and port) it can be 

summarised that the Spring model performs remarkably well. 
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Figure 5:6 Global v Spring model validation: displacement at bow, starboard and port spudcan reference 
point (SRP). S/D = 0.6, Fontainebleau sand Dr ≈ 80%. 
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The fault-induced change in axial force is shown in Figure 5:7. Before the fault was 

applied the axial force at all SRP locations was that of the rig self-weight (~50 MN per 

spudcan). 

 

Figure 5:7 Global v Spring model validation: fault-induced change in axial force at all spudcan reference 
points (SRP). S/D = 0.6, Fontainebleau sand Dr ≈ 80%. 

 

An increasingly compressive axial force is recorded at the Global and Spring bow 

spudcans, whilst the stern SRPs are both forced upwards resulting in tension, this is 

concurrent with the pitch (negative and anticlockwise) and displacement (downwards and 

left) recorded at the hull and bow SRPs. Again, the performance of the Spring model is 

more than satisfactory, at the bow spudcan a slight overestimation of 0.3 MN occurs after 

a throw of -0.8 m, and this small difference is maintained throughout the duration of the 

faulting event. The axial force at the stern SRPs however is captured very well, 

reproducing the almost identical near-linear trend as the legs are forced increasingly into 

tension.  
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Two locations were chosen as reference points from where to take bending moments 

along the legs, these were selected in the numerical models to match that of the strain 

gauge positions of the centrifuge model rig (and in accord with previous research e.g. 

Bienen, 2007 and Vlahos, 2004). As shown in Figure 3:5 and Figure 3:6, the upper 

location was 15 mm (4.5 m prototype) below the leg-hull connection and the lower was 

25 mm (7.5 m prototype) above the leg-spudcan connection. The fault-induced bending 

moments in all three legs are shown in Figure 5:8. 

As with previous data the Spring model accurately captured bending moments observed 

in the Global model. The trend in all cases agrees with that of the Global model 

observations and the final bending moment values at the lower stern legs only differ by 

5MN. Given the large magnitude of moment and axial force experienced by the rig 

throughout the faulting event the slight discrepancies between the Global and Spring 

model are inconsequential for the structure.  

To ensure the Spring model also performs well with reverse faults, the selection of graphs 

in Figure 5:8, can be assessed and do indeed show the model accurately captures the 

ground and structural interactions.  



   
 

121 
 

 

Figure 5:8 Global v Spring model validation: bow, starboard and port leg bending moment with fault 
throw. S/D = 0.6, Fontainebleau sand Dr ≈ 80%. 
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Figure 5:9 Reverse fault Global v Spring model validation: a) pitch at the hull and spudcan reference 
points, SRP against fault throw; b) change in axial force at SRPs with fault throw and c) pitch at SRPs 

against moment. S/D = 0.6, Fontainebleau sand Dr ≈ 80%. 
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In summary these findings provide confidence that the replacement of springs for stern 

spudcans offers no adverse effects upon capturing the displacements and pitching at the 

hull and spudcan/ SRPs, nor the axial force and bending moment experienced by the legs 

of the rig. This section has covered the numerical validation of the Spring model against 

the Global model. For the specific rig location investigated (S/D = 0.6), it proved how the 

model can accurately capture the fault-rupture-soil-foundation-structure interaction 

(FRSFSI) seen in the Global model. The next section uses parametric investigations (with 

centrifuge and numerical findings) to explore the influence of fault-rig proximity (S/D) 

on FRSFSI. Importantly, the section further explores the footing reactions at the stern legs 

which reveals a limitation in the applicability of the Spring model. 

 

5.2 Fault-Rupture-Soil-Foundation-Structure Interaction (FRSFSI) 

Section 5.1 included the development and numerical validation of the finite-element 

methodology (FEM). This next section uses the centrifuge experiments and parametric 

analyses to investigate how varying the fault-rig proximity, S/D affects the structural 

response to faulting. The inclusion of the centrifuge experiments served as a further 

validation procedure, confirming the accuracy of both the Spring and Global FE models. 

The sand used for the remainder of this thesis corresponds to HST95 sand, which is 

frequently used at the University of Dundee. In the simplified Spring model, the springs 

which replace the stern spudcans have been recalibrated to dense HST95 sand. The 

centrifuge experiments were conducted on dry, pluviated dense (Dr ≈ 80%) HST95 sand. 

The soil properties in the FEM are discussed in section 3.2.4  and were specifically 

calibrated for HST95 against the shear box, key parameters which are critical for the 

constitutive model are ϕp = 45°, ϕres = 32.1°, ψp = 16.4° and ψres = 2.1°, 𝛾 𝑃
𝑝
 = 0.05, 𝛾 𝑃

𝑓
 = 

0.03. As discussed in the methods the use of FE modelling combined with strain-softening 
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constitutive models may lead to mesh-dependent solutions and hence the strain at which 

softening is completed has been calibrated (specifically for HST95 sand, using data from 

Lauder, 2010 and Al-Defae et al,. 2013) to ensure mesh-dependency is not a problem 

when using an element size less than 1 m in the vicinity of the footing and region of 

expected fault propagation. When numerically modelling prototype scales and centrifuge 

scales there are a number of scaling factors that need to be considered. These have been 

discussed in the methods (section 3.2) but are briefly touched on here. The use of FE 

modelling with strain softening constitutive models can lead to mesh-dependent 

solutions, causing the incorrect modelling of the prototype shear band width. The 

procedure previously discussed scales the finite-element width with the real prototype 

shear band width (which is dependent upon the grain size). Scaling is not applied to the 

pre-shear band parameters γy and γp as the shear band is assumed to form only after peak 

conditions have been reached. It is a simplified method but allows the scale effects to be 

incorporated into the FEM in a reasonably approximate manner. When modelling the 

centrifuge shear band one should account for the elevated g-level applied to the model, 

however the grain sizes of course are not scaled by this g-level. To account for this 

Anastasopoulos et al. (2007a) applied a secondary scaling process to the strain at which 

softening is completed by multiplying the operating g-level of the centrifuge by the shear 

band width (n16d50). 

The purpose of the numerical investigation was to conduct a parametric investigation to 

assess the FRSFSI at prototype scale. The centrifuge investigations were included as a 

means of validating the structural response, with less emphasis placed on correctly 

modelling the outcrop location and scarp angle, as this has been successfully done before 

by others using this constitutive model. To be in accord with the rest of the parametric 

investigations the prototype-scaled shear band was applied to the corresponding 

centrifuge simulations. This was not entirely accurate for simulating centrifuge tests as 
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the second scaling procedure was not conducted, as shown in Figure 5:10, this had no 

influence upon structural pitching response which is the primary indicator of likely 

structural distress. What varied was the scarp height in the free-field as shown in Figure 

5:11. Given such large surcharge pressures of each spudcan (602 kPa) the difference in 

the thickness of the fault shear zone, when using a sufficiently dense mesh, is thought to 

have little impact upon the structural response. The emphasis of this research is the 

prototype rig response, of course if one were more focused upon the centrifuge fault 

outcrop location the secondary scaling approach taken by Anastasopoulos et al. (2007a) 

can be taken into consideration. 

 

Figure 5:10 Comparison of the hull pitch in dense HST95 sand (Dr ≈ 80%) when using the prototype-scaled 
shear band and one scaled with the centrifuge g-level.  

 



   
 

126 
 

 

Figure 5:11 Scaling of the shear strain when softening is completed a) prototype-scaled (n = 1) and b) scaled 
to match the scaling in the centrifuge (n = 75), for test R3 at S/D = 0.8 The fault shear zone is slightly 
thinner when scaled to match the centrifuge scaled but critically there is no influence upon structural 
response and minimal difference in the outcropping behaviour. 

 

The interactions between a rupturing fault and a structure are complex, the fault can 

induce structural displacements and rotations and yet, may itself, be influenced by the 

presence of the structure. The latter phenomenon is discussed first using the centrifuge 

tests and the FE parametric analyses with the Spring model.  

It is well-documented by many (e.g. Agalianos et al., 2020; Anastasopoulos et al., 2008; 

Ashtiani et al., 2015; Bray et al., 1994a) that the main factors influencing FRSFSI are:  

 The foundation system: type/ continuity (isolated footings, raft, piles), flexural/ 

axial rigidity (e.g. thickness of mat foundation), 

 The surcharge load and stiffness of the superstructure, 

 The soil stiffness and strength, 

 The fault type, and 

 The position of the structure relative to the fault rupture (S/D). 
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In this project the bearing pressure, foundation type and structural rigidity were kept 

constant, whilst the fault type and the spacing between the fault outcrop and foundation 

(S) was varied. The total force induced from the structure alone, q was 50 MN per 

spudcan, and with an effective bearing area, A of 82.99 m2 , using Equation 5.1 caused a 

bearing pressure, Q of 602.47 kPa per spudcan. Where P = applied force, q = rig self-

weight, A = effective bearing area and V = total vertical force. 

 

𝑄 =
𝑃+𝑞

𝐴
=

𝑉

𝐴
     Equation 5.1   

 

 

With such a large self-weight it is expected that there will be some aspect of fault 

diversion whereby the fault bends to avoid the highly stressed region beneath the 

foundation. Diversion was observed by Loli (2012) where the caisson foundation Q was 

800 kPa and Anastasopoulos et al. (2009) who investigated fault interaction with mat 

foundations ( D = 10 m) subjected to 90 kPa and 37 kPa bearing pressure (corresponding 

to an approximately nine-storey and four-storey structure respectively). The response of 

the strip foundation was qualitatively the same, with the main difference being the extent 

of rotation. Ultimately the mats experienced rigid body rotations as the fault ruptured 

beneath the foundation. 

To allow for consistency with other research (Cassidy and Houlsby, 2002) and industry 

standards (SNAME, 2008), when determining the bearing pressure, the effective bearing 

area of the spudcan can be idealised as an equivalent cone, measured from the widest 

section of the spudcan underside (i.e. its diameter, D) to the tip of the spigot (Figure 5:12). 
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Figure 5:12 Footing dimensions; a) designed model spudcan used in centrifuge testing and b) equivalent 
cone of constant angle. Dimensions for Model scale in mm and Prototype in metres. 

 

Should the bearing area of an equivalent cone be used rather than that of a spudcan, the 

bearing pressure would decrease to 576.16 kPa and that of a flat circular footing with the 

same diameter would induce 636.62 kPa onto the ground. Considering that fault diversion 

can occur under structural bearing pressures as low as 37 kPa (Ahmed and Bransby, 

2009), the consequence of using the pressure determined from an equivalent cone, rather 

than the spudcan would have little engineering significance.  

After the normal and reverse free-field tests (N1 and R1), six further centrifuge tests were 

conducted to investigate the fault-rupture-soil-foundation-structure interaction (FRSFSI) 

(Table 3.7). As before, the normal and reverse fault tests were conducted on dry, granular, 

dense (Dr ≈ 80%) HST95 sand. For each case the model rig (151.73 MN self-weight, 

prototype footing diameter, D = 10m ) was at a different position relative to the fault 

outcrop. During the centrifuge experiments a preload phase was carried out allowing the 

rig to embed, at target g-level, under twice its operating weight. The preload weight was 

then removed and the faulting phase conducted. As in Bienen et al. (2009), any stress 

relief in the soil due to unloading to 1-g, for pre-load removal, was assumed to be erased 

during the spin-up back to target g-level. Owing to the density of the sand, the spudcans 
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remained on the surface after this preload phase, with just the footing underside and spigot 

embedded, this was also the case for Bienen (2007) who conducted jack-up pushover 

centrifuge tests in dense sand (Figure 5:13). The following numerical analyses were 

conducted with the spudcan embedded (wished-in-place) to the same depth as the 

centrifuge spudcan embedment (≈ 0.5 m). 

 

Figure 5:13 Rig installation a) before preload, b) spudcans on surface after preload and c) spudcans 
remaining on surface after preload in Bienen (2007). 

 

 

For normal (N) and reverse (R) faults, three scenarios (rig positions) were chosen based 

on the free-field fault outcrop location relative to the bow spudcan. A fault with a two-

metre throw was applied in all cases. The effect of varying the position of the rig, S/D 
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causes differing fault-structure interactions, and it is interesting not only to answer the 

question of how the overall structure would respond to fault-rupture interaction, but also 

to crucially define a safer operating zone or position of a rig relative to known fault 

position (this should be used with caution and alongside another earthquake analyses, 

given how difficult it is to predict fault outcrop locations). Inside this zone the rig may 

for example experience significant leg bending moments or overturning beyond the 

design limits of the structure (to be discussed in 5.2.4 and 5.2.1, respectively). Common 

industry practice suggests avoidance by 200 m either side of a known fault, but this may 

be overly conservative and also assumes accurate knowledge of fault position and 

expected surface rupture location. It may be possible for jack-ups to be positioned closer 

to faults if required, so long as the structural/operational limits are not compromised. Of 

course, the dynamic seismic shaking and environmental loads must also be taken into 

account when making these decisions. 

An event that causes the hull to overturn would be problematic for the personnel on board 

and for the integrity of the rig. During installation and decommissioning, when leg lifts 

are carried out, an overturning limit of 1° is used by operators, whereas when operational, 

the rig has an extreme operations overturning limit, θop of 0.2° (Raithatha, 2019). 

Whenever these limits are reached all operations cease until the rig is brought back under 

control, meaning the down-time cost can be very significant with rig day rates costing 

$25,000 to $105,000. These overturning limits have been used as baselines to help 

determine the severity of the event as structural rotations are typically the best indicator 

of likely structural damage (Ahmed et al., 2012). The full plastic resistance of tubular 

structural members under bending and axial forces is also a key reference state used in 

design rules and is typically calculated using elastic-plastic material properties defined in 

the Eurocode standards (BSI, 2005; Rotter and Sadowski, 2017). The dimensions are 
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shown in Figure 5:14, the legs in this case are defined as ‘thick tubes’ by Rotter and 

Sadowski (2017) and by Eurocode 3 as ‘class 1’. 

 

Figure 5:14 Dimensions of leg cross-section where D = diameter and t = thickness 

 

As this thesis is interested in the response of the simplified global system it does not 

include the detailed design of the open-truss legs. In the prototype rig the truss leg has 

material (steel) concentrated where buckling is expected, hence the design is typically 

stronger than a tube or I-beam for example. In this thesis the stiffness is matched but not 

the geometry, given the limitations of what can be designed in the centrifuge. Hence the 

capacities of a tube (Table 5.3) are calculated from the formulations within Rotter and 

Sadowski (2017).  

Table 5.3 Plastic resistances for circular hollow cross-sections 

Component 

Capacity 
Built model 

Centrifuge scaling 

formulation 

(Iai et al., 2005) 

Scaled prototype 

Axial force, Vpl 11,617.43 N μ3η2 4.18 MN  

Shear force, Hpl 4,270.02 N μ3η2 1.54 MN 

Bending moment, Mpl 66,037.20 N·mm μ4η3 7,132.02 MN·m 

μ = 4, η = 75    

 

Of course, a full structural analysis of open-truss legs should be carried out at a later phase 

of a project ensuring the combined influence of axial and shear forces on the plastic 

moment resistance is included, alongside the buckling resistance of members. 
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Whilst considering the aforementioned design limits, this section investigates the 

influence of rig position on fault propagation and rupture. Using the Spring Model, 

parametric analyses were conducted for each fault type whereby the location of the rig 

relative to the fault outcrop was varied. The centrifuge results are included as a means of 

validating the numerical methodology. Comparisons of the structural behaviour are made 

based on the FE generated outputs and the measured centrifuge data using the following 

instrumentation: 

 Accelerometer (3-axis)- measuring change in pitch at the hull, 

 Strain gauges- measuring change in axial force at the base of the legs and bending 

moments at the top and bottom of the legs (positioned as shown in Figure 3:5). 

As previously mentioned, the best indicator of likely structural damage is the pitch of the 

structure, however, the numerically derived horizontal and vertical structural 

displacements are included as they are useful indicators of fault-foundation response 

mechanisms. These were not recorded in the centrifuge tests as a means of reducing 

instrumentation. The next section will progress through the S/D rig positions (starting 

when fault rupture occurs to the left of the rig, with a low S/D position) investigated in 

the parametric investigations, discussing the interaction mechanisms associated with that 

position. The range of S/D positions investigated are shown schematically in Figure 5:15 

where the general influence of each fault type on rig pitch and resultant displacement is 

shown. Throughout this discussion the centrifuge tests are nestled within, at the relevant 

S/D position. 
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Figure 5:15 Summary of Spring model parametric investigations. Rig positions (S/D) assessed for a) normal 
fault where the rig typically pitches anticlockwise and displaces to the left, as presented by vectors showing 
direction and magnitude of displacement and b) reverse fault where the rig typically pitches clockwise and 
displaces to the right.  

 

5.2.1 Rig Pitch and Ground Mechanisms 

This section focuses on the hull pitch, θy (rotation about Y-axis) and includes the ground 

mechanisms (fault diversion/ bifurcation) associated with the FRSFSI. The roll (θx) and 

yaw (θz) of the structure are considered out of plane. Structural rotations are the best 
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indicators of likely structural damage and hence it is critical that the analyses are at least 

not unconservative in predicting when the rig would pitch beyond the operational 

overturning limit of +/- 0.2° and the limit during leg lifts of +/- 1 ° (as recommended by 

Raithatha, 2019).  

The pitch of the rig in the centrifuge tests for normal and reverse faults are compared with 

the equivalent FE analyses in Figure 5:16. 

 

Figure 5:16 Comparison of hull pitch in centrifuge (cent) experiments with spring FE analyses. h = 2 m 
fault throw in HST95 sand (Dr ≈ 80%), for a) normal and b) reverse faults. Industry pitch limits shown for 
reference. 

 

The relationship between structural rotation and fault throw is non-linear (as observed by 

Ahmed et al., 2012; Loli et al., 2012 for different foundations), and for both normal and 

reverse fault cases, these non-linear relationships highlight evolving processes within 
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each faulting event as increasing the fault throw caused exponential hull pitch. The 

normal fault produces more of an interaction with the rig, but the rig positions (S/D) are 

slightly different here, in the normal case the fault propagated closer to the bow of the 

structure whereas the reverse was closer to the stern.  

One can see that the analyses performed very well in capturing centrifuge rig pitch. In the 

normal fault cases examined in the centrifuge, the FE performs very well in this manner, 

particularly for test N3 when the S/D was 0.1. In centrifuge test N4 at S/D = 0.7, the pitch 

gradually increased up to a throw of 1 m, then between 1 m and 1.5 m there is a steeper 

increase in anticlockwise pitch. At this position in the FE the pitch increases more 

linearly, this difference may be a result of the mesh refinement around the footing. 

Perhaps in the centrifuge beneath the footing the fault bifurcates or diverts around the 

footing slightly differently than modelled in the FE, alas this region of soil beneath the 

footing cannot be viewed in the centrifuge. It is possible the bifurcation/ diversion 

happens later in the centrifuge fault application too, which would cause the rig response 

to vary and may explain the steeper increase at pitch between h = 1 and h = 1.5 m in the 

centrifuge. Generally, the FE tended to slightly overpredict the pitch measured in the 

reverse faults. When comparing this conservative prediction with other research (Figure 

2:16) the results are acceptable.  

The parametric investigations seek to determine which position may be more problematic 

for the structure. The FE Spring parametric investigations, together with the centrifuge 

data on hull pitch, are presented for normal and reverse faults in Figure 5:17. 
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Figure 5:17 Hull pitch against the range of S/D locations investigated using the Spring FE model and 
centrifuge with a 2 m fault throw in HST95 sand (Dr ≈ 80%), for a) normal and b) reverse faults.  
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As per Figure 5:15, the positions of the rig varied from S/D = -0.7 to 4.2 for normal faults 

and S/D = 0 to 3.8 for reverse faults. This figure (Figure 5:17) will be referred back to 

throughout this chapter. 

Figure 5:17 shows it does not take much fault throw for the overturning limits to be 

breached, this is the case for both fault types. Observing the normal fault behaviour as the 

outcrop location of the fault moves from the bow of the rig to the stern (increasing S/D), 

there are several inflection points on the graph where the rate of pitch change increases 

and decreases. The first occurs at S/D = - 0.3 where the fault outcrops 3 m to the left of 

the bow spudcan. Whilst there is no direct interception, the soil around the footing has 

been disturbed causing a rotational response from the rig (Figure 5:18).  

 

Figure 5:18 Spring model disturbance within the soil at S/D = - 0.3: a) resultant displacement vectors 
showing direction and magnitude of soil displacement and b) superimposed plastic strain after normal fault, 
h = 2 m. Spudcan visually removed. 

 

The soil becomes displaced due to the fault shearing through the soil, which in turn causes 

the structure to displace, additionally disturbing the soil around the spudcan. This 

seemingly small interaction caused enough hull pitch (-0.2°), to breach the extreme 

operations limit (+/- 0.2°), hence this location sets the lower bound of the operational 

envelope for normal faults. Similarly in the reverse case, this lower bound is defined at 

S/D = 0.5 where after a two-metre throw, the rig pitched 0.3°. 
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Progressing through the rig positions to S/D = 0.1 which was the first normal fault 

centrifuge experiment (test N3) (Figure 5:19).  

 

Figure 5:19 Centrifuge test N3, rig positioned S/D = 0.1 about the free-field fault trace. Dense (Dr ≈ 80%) 
HST95 sand. 

 

Observing Figure 5:17, upon approach to this location the change in hull pitch steepens 

dramatically as the interaction between the spudcan and fault begins to partially activate 

a bearing capacity type failure mechanism. The capacity of the foundation decreases with 

increasing shear strain of soil around the footing as the rig begins to pitch in the direction 

of the translating soil (Figure 5:20).  

Faults change direction due to stress variations in the soil in which they propagate through 

(Gazetas et al., 2015). As a consequence of the high structural bearing pressure, the soil 

beneath a foundation is highly stressed and of enhanced strength. Faults typically 

propagate through the soil more easily by avoiding these zones by bending and 

bifurcating, this mechanism is captured numerically in Figure 5:20.  



   
 

139 
 

 

Figure 5:20 Soil disturbance and structural interaction at S/D = 0.1 (equivalent to centrifuge test N3): a) 
resultant displacement vectors showing direction and magnitude of soil displacement and b) superimposed 
plastic strain after normal fault, h = 2 m in Spring model. Fault was diverted by spudcan and bifurcates 
around footing. Rig pitch causes further plastic strain around the spudcan, additionally reducing the capacity 
of the foundation. Bow spudcan visually removed. 

 

The fault diversion is clear where the fault trace (black line) is diverted to the left (by ~2.7 

m) of the free-field fault (yellow dashed line). This mechanism was also visible 

experimentally, observe in the centrifuge test (Figure 5:21), the superimposed fault trace 

(red, dot-dash line) shows the free-field fault outcrop at the surface, when no structure 

was present to influence the propagation. Comparing that with the black fault trace of the 

test, one can see that the fault has been diverted slightly to the left (by ~3.1 m) and 

propagated further away from the bow spudcan.  

Observing Figure 5:21, one can see how the FE captures the separate shears (S1 and S4) 

that formed on the surface in the centrifuge. The outcrop location of these shears varies 

between the FE and centrifuge and this is most likely due to the mesh refinement in the 

FE model. The view of the model has been cut revealing the soil in the centre of the model 

and around the spudcan. The superimposed plastic strain shows the diversion of shear 

band S4 and soil strain around the spudcan. The fault (S4) bifurcated and was diverted by 

the presence of the footing where the soil beneath the foundation was highly stressed. 

Relative to the surrounding soil, the fault diverts towards the weaker zone forming the 
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‘minimum-work’ slip line. As the fault propagated and the throw increased, so too did the 

interaction mechanism with the structure.  

 

Figure 5:21 Normal fault diversion and bifurcation observed in the centrifuge and captured in the Spring 
model for test N3, S/D = 0.1. Note the numerical model view is cut to reveal the soil around the footing. 

 

The rig responded with displacement and increasing anticlockwise pitch, further 

disrupting the soil, and additionally influencing the fault even more. This symbiotic 

interaction is explored further in Figure 5:22 where one can see an early indication that 

the structure was influencing the fault and vice versa. With a relatively small fault throw 

(h = -0.5 m) the fault propagated to the left of the free-field fault trace (Figure 5:22a). By 

the time h  = -1.5 m (Figure 5:22c) the footing had pitched and displaced (downwards 

and left) in the soil further, causing the plastic strain of the soil in the vicinity to increase. 
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With increasing fault magnitude, the fault bifurcated (split) and diverted significantly, 

creating new slip lines (which are easier to shear along) which propagated downwards 

and around the foundation system of the spudcan. 

 

Figure 5:22 Superimposed plastic shear strain showing fault diversion and bifurcation with increasing fault 
throw, h. Fault interaction with spudcan caused downwards shearing around the footing. The superimposed 
free-field fault trace is shown in red dashed line. Normal fault S/D = 0.1, Q = 602 kPa. 

 

Eventually, the strain accumulated along the pre-existing slip lines connecting the fault 

with the spigot before finally the shear bands propagated up to the right-hand side of the 

spudcan to the surface of the soil.  

The view from the side of the centrifuge model shows how the fault bifurcated via the 

propagation of multiple shear bands (Figure 5:23).  
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Figure 5:23 Centrifuge test N3 (S/D = 0.1). The fault is influenced by the presence of the structure. It 
bifurcates significantly, forming multiple shear bands S1 to S4, of which only S1 and S4 rupture at the soil 
surface. Side view from centrifuge. Dense (Dr ≈ 80%) HST95 sand. a) h = 0.5 m, b) h = 1.0 m, c) h = 1.5 
m and d) h = 2.0 m. 

 

Numerically, the propagation of multiple shear bands is hard to capture given the 

limitations of modelling the localisation of shear failure within a realistically thin soil 

band. As previously discussed, the mesh density is the controlling factor here and even 

with a dense mesh of dFE = 1 m, this problem is unavoidable. Of course this problem has 

been experienced by many (and highlighted by Muir Wood, 2004), hence the simplified 

scaling method applied whereby the FE-computed shear strain is made compatible with 

the actual strain is employed to incorporate scale effects into the model (Agalianos et al., 
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2020a; Anastasopoulos et al., 2009; Loli et al., 2012; Muir Wood, 2004) Having reduced 

error associated with this problem as far as practically possible, the width of the deformed 

shear zone is reasonably comparable with the FE and the centrifuge experiment, as shown 

in Figure 5:23. 

The fault diversion was also seen by Loli et al. (2012) where the deep caisson foundation 

(representing a 12 m high bridge pier with bearing pressure, Q = 800 kPa) acted as a rigid 

barrier. Similarly, here with shallow spudcan footings, the fault was diverted, but not 

directly by the footing, as with the caisson, rather by the highly stressed region of soil 

around the spudcan associated with the large footing bearing pressure. 

A secondary shear accumulated around the left side of the footing (Figure 5:22) and 

propagated downwards, intensifying as the fault throw increased. This occurred as the 

spudcan acted as a rigid barrier and diverted the fault again but in a downwards direction. 

This secondary plastic shearing still propagated away from the highly stressed region 

directly beneath the foundation and created distinct planes along which the shear 

accumulated with increasing fault throw. Anastasopoulos (2008; 2009) also noticed the 

downwards propagation of secondary shear bands from the edges of surface strip footings 

(D = 10 m), for normal and reverse faults, both in FE analyses (Figure 5:24) and in the 

centrifuge. As was the case with the spudcan, the secondary shear propagated from the 

footing edge closest to the displacing hanging wall (i.e. left of bow spudcan), down and 

away from the soil directly beneath the footing. In Figure 5:24b, where the bearing 

pressure, Q was 80 kPa, the symmetrical triangular wedge of highly stressed soil beneath 

the strip footing (around which the fault diverts) was approximately 0.3D in depth, 

whereas with the spudcan this is 0.5D. Of course, Q is much larger in the spudcan case 

(602 kPa) allowing this highly stressed zone to reach deeper into the soil, but the footing 

geometry is also not the same.  
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Figure 5:24 Comparison of bearing pressures. Secondary downwards shearing from edge of strip footing 
(D = 10 m) of Anastasopoulos et al (2008). S/D = 0.1. Note that the hanging wall and footwall in this 
example are on the opposite side to the case analysed in this project. 

 

The underside of the spudcan is not flat, rather concave down towards the soil and, 

coupled with the presence of the spigot, these features may encourage this higher stress 

to penetrate deeper into the soil. The spudcan geometry has also caused the triangular 

wedge to be asymmetrical and fail towards the fault.  

The resultant displacement vectors in Figure 5:25a show how the soil is symmetrically 

loaded by the structure before fault application. After fault application in Figure 5:25b, 

the asymmetrical nature of soil displacement shows how the fault has caused the 

foundation to fail and induced footing displacement towards the fault. 



   
 

145 
 

 

Figure 5:25 Soil disturbance before and after faulting (spudcan visually removed). Resultant displacement 
vectors showing direction and magnitude of soil displacement. Normal fault, h = 2m, S/D = 0.1. 

 

Notice also how with a lower bearing pressure (40 kPa rather than 80 kPa) (Figure 5:24a), 

this downwards shear band and triangular wedge did not form in the analysis. 

Anastasopoulos et al. (2009) also reported that at this S/D, the foundation rotated (pitched) 

less when it had a lower bearing pressure. The influence of S/D position and Q on the 

fault propagation mechanisms is shown in Figure 5:26.  Here, the authors concluded that 

with a lower S/D, the foundation rotation tended to increase with Q. When the rupture 

was close to the middle of the foundation (S/D = 0.5), rotation subtly decreased with 

increasing Q. With larger S/D (i.e. the fault propagating closer to the stern of the jack-up) 

more heavily loaded foundations rotated less.  
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Figure 5:26 Fig. 13. Effect of bearing pressure and S/D position on fault propagation mechanisms for surface strip footing with D =10 m positioned at: a) S/D = 0.9, b) 
S/D = 0.5 and c) S/D = 0.1.  Deformed mesh with shear strain contours, from top to bottom: q = 40 kPa, and q = 80 kPa. (from Anastasopoulos et al., 2009 where q is the 
bearing pressure).
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With large surcharge loads Q ≥ 80 kPa, the direction of rotation (spudcan pitch) may even 

be reversed due to generation of a partial failure mechanism (lack of support beneath the 

foundation due to the displacement of the hanging wall), which counterbalances the 

natural tendency for rotation towards the hanging wall— with a normal fault 

(Anastasopoulos et al., 2009). In this thesis the Q remains at 602 kPa per spudcan but of 

course the S/D changes. Given that the bearing pressure remains exceedingly large and 

considering the comparisons made with the aforementioned findings of Anastasopoulos 

et al. (2009) it can be expected that the fault mechanisms (fault diversion, bifurcation and 

formation of a triangular wedge beneath the spudcan) seen in Figure 5:22 (page 141) will 

occur when the propagation path ruptures in the vicinity of any of the spudcans, and at 

any crossing angle (Figure 5:27), given the symmetrical nature of the circular spudcan.  

 

Figure 5:27 Plan view of spudcan and faults with varying fault crossing angles. 

 

What may contrast with Anastasopoulos et al. (2009) however, is the S/D influence upon 

rig pitch as, unlike with the strip footing examined by the authors, here the complete 

structure is considered rather than a single footing. Just because one foundation has failed 

this does not necessarily imply complete structural failure for the whole rig. Reactions at 
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all footings and the hull should be considered when deciding this given that it is a 3-D 

system. 

These complicated shearing mechanisms and structural responses vary depending on how 

close the structure is to the fault outcrop and of course, the fault type. Using data from 

more centrifuge investigations we continue to progress through the rig positions, 

describing the evolving influence that the fault has on the rig, and vice versa.  

The next location is S/D = 0.7 where the rig was positioned in normal fault centrifuge test 

N4 (Figure 5:28).  

 

Figure 5:28 Centrifuge test N4 and equivalent Spring model simulation at S/D = 0.7. Normal fault surface 
rupture and diversion around bow footing after 2 m throw. Fault bifurcates into multiple shear bands, of 
which two reach the soil surface, S2 and S3. Dense (Dr ≈ 80%) HST95 sand. 

 

The normal free-field fault would have outcropped 7 m to the right of the bow spudcan 

left edge but as shown the fault has been diverted to the stern by the presence of the 

footing, by approximately 3.2 m. The outcropping location and diversion around the 

footing at the soil surface in the centrifuge is captured very well numerically. As seen by 
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Anastasopoulos and Gazetas, (2007c) with raft or box-type foundations and isolated 

footings (like a jack-up), this diversion likewise begins to take place at a depth (0.95D) 

similar to the footing diameter. The mechanisms taking place within the soil around the 

footing are shown numerically in Figure 5:29. 

 

Figure 5:29 Normal fault mechanisms of test N4 replicated in the FE Spring model simulation at S/D = 0.7. 
Dense (Dr ≈ 80%) HST95 sand, h = 2 m. Bow spudcan visually removed revealing soil beneath footing.  

 

As seen previously, the highly stressed triangular wedge beneath the spudcan has 

influenced the fault to bifurcate and divert around this region towards the edges of the 

footing. There is a considerable amount of plastic deformation diffused beneath the 

footing but thanks to the connectivity to the remainder of the structure the failure of the 

foundation system would probably not cause rig failure. It would certainly require 

operations to cease and structural inspections as there are likely to be severe bending 

moments within the legs. We shall investigate this at a later stage in this section. 
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At this S/D, in the strip footing analyses of (Anastasopoulos et al., 2009) (Figure 5:26) 

the footing began to rotate in the opposite direction (clockwise), contrary to the natural 

tendency for rotation towards the hanging wall. This was as a result of being situated 

mostly upon the hanging wall. In this case, the bow spudcan does sit mostly on the 

hanging wall but is connected to the rest of the structure, which remains mostly on the 

footwall and thus restricts this opposing rotary response. As a result. the structure and 

footing, pitch again in an anticlockwise fashion towards the hanging wall. In the 

centrifuge the hull pitched -4.9° and numerically in the Spring model by -5.2° which 

shows again how the analysis performs exceedingly well in capturing the response of the 

structure in the centrifuge to these fault mechanisms. 

Progressing through the S/D positions we switch to reverse faults, where at S/D = 0.8 (R3) 

and S/D = 1.0 (R4) the reverse centrifuge tests were conducted, as shown in Figure 5:30. 

Differing from normal faults, reverse faults cause the rig to pitch positively (clockwise) 

(Figure 5:17, page 136) in response to the hanging wall displacing upwards and to the 

right. In the centrifuge tests, after the full fault application the rig had pitched by 0.2° in 

test R3 and by 0.4° in R4. Numerically, the analyses captured the pitch well, in both cases 

the FE slightly overpredicted the pitch by 0.9° and 0.7° respectively. It is possible that 

the soil at the surface of the model was slightly denser than in the centrifuge, which could 

have been a result of the experimental pluviation procedure and positioning of the 

strongbox onto the centrifuge which may have loosened the soil. Whereas obviously the 

stiffness in the numerical model is more consistent. If the soil were looser at this location 

it may explain how the structure rotated less as structures typically displace and rotate 

less in looser soils given that the propagation and rupture at the surface is typically more 

diffused in looser soils (Bray et al., 1994a). 
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Figure 5:30 Reverse fault centrifuge experiments in dense HST95 sand for tests a) R3 at S/D = 0.8 and b) 
R4 at S/D = 1.0. Both faults were diverted and significant bifurcation occurred in test R4.  

 

The FE models both perform very well in recreating the complicated faulting mechanisms 

taking place within the centrifuge experiments (Figure 5:30). In the analyses of both R3 

(Figure 5:31b) and R4 (Figure 5:31c), shear band S1 propagated and was diverted around 

the front of the bow spudcan avoiding the highly stressed region directly beneath the 

footing. This fault diversion in the centrifuge measured -8 m in test R3 and -10 m in R4 

and was the same in both numerical simulations, in each case rupturing around the left 

edge of the bow spudcan. In each case the spudcan acted as a rigid barrier about which 

the fault needed to divert. Because the rig pitched positively (clockwise), the front of the 

bow spudcan was lifted and the back of the spudcan plunged slightly deeper into the soil. 

The fault caused the soil to strain at the front of the footing, pushing the spudcan up and 

to the right which in turn forced the soil at the back of the spudcan to displace towards 

the stern. Consulting the free-field centrifuge test (Figure 5:31a) one can see how shear 

band S2 did not rupture at the surface, however it did in test R4 and the corresponding 

numerical analysis (Figure 5:31c).  
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Figure 5:31 Propagation of multiple reverse fault shear bands in a) free-field centrifuge test R1, compared 
with spring model analyses of reverse faults showing superimposed plastic shear strain representing the 
fault traces and the red dashed line representing the free-field fault trace for rig position b) S/D = 0.8 and 
c) S/D = 1.0. Both FE faults were diverted from the free-field fault trace by the spudcan presence and 
significant bifurcation occurred at S/D = 1.0 where the strain accumulates along shear band S2. 

 

In the analysis of R4, initially the fault strains the soil along shear band S1 but has to 

divert and propagate more steeply towards the hanging wall (left) than in the simulation 

of R3, given how the fault starting position (Focus) in R4 is closer to the stern of the rig. 

Given how the natural tendency of a reverse fault reduces in dip as it approaches the 
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surface (shown in Figure 5:31a), as the fault throw increased, the uplifting fault was not 

able to overcome the downwards force of the structure and hence after a 2 m throw the 

fault had been forced away from this large bearing pressure towards the stern, forming a 

new slip-line, S2. This was also observed within the centrifuge investigations (Figure 

5:30). Interestingly, the centrifuge S2 shear band diverted all the way to the soil strained 

by the pitching stern spudcans (approximately 14 m from the free-field fault trace). The 

diversion within the FE Spring model was not as extensive (wide), given that springs 

replaced the stern spudcans and so the fault mechanisms at these spudcans were not 

captured here. Instead, in the analysis S2 progressively propagated to the surface, bending 

gradually around the highly stressed region beneath the bow spudcan.  

At this stage it would be useful to compare this diversion mechanism in the Spring model 

with the Global FE model which has three spudcans, rather than stern springs. Towards 

the end of this section is a comparison of the Spring and Global parametric analyses in 

order to address FRSFSI taking place around the stern spudcans, but for now just the 

aforementioned fault diversion and bifurcation mechanisms are compared for the reverse 

fault at this rig position (S/D = 1.0/ centrifuge test R4). Figure 5:32 compares the Spring 

and Global analyses of R4 where both show the diversion of shear band S2. In each case 

the diversion from the free-field fault trace is the same (6.8 m). This is much less than 

observed in the centrifuge (approx. 14 m). The numerical analyses do not account for the 

preload procedure undertaken in the centrifuge whereby the rig is embedded under twice 

its operating weight. Instead, numerically it is wished in place to an equivalent depth. 

This may also account for some variance between the numerical models and the 

centrifuge surface outcrop as, in the centrifuge the soil would have been stiffer in the soil 

beneath the spudcan (as shown in Figure 5:33) and hence may have caused further 

diversion of the fault towards the stern spudcan, which ultimately acted as a rigid barrier 

forcing the fault to outcrop at the surface.  
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Figure 5:32 Comparison of a) Spring and b) Global model in capturing diversion of shear band S2 away 
from bow spudcan towards the stern of the rig. S/D = 1.0 (R4). 
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Figure 5:33 Increased stress within the soil around the spudcans with increasing fault throw at a) h = 0 m stressed soil beneath spudcans resulting from footing bearing 
pressure, b) h = 0.5 m, c) h = 1.0 m  and d) h = 2 m. Global FE model, reverse fault, dense HST95 sand, S/D = 1.0. 
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Continuing with the Spring model parametric analyses considering hull pitch (Figure 5:17 

on page 136), when the normal fault ruptured approximately halfway between the bow 

and stern legs, at S/D = 1.6, a two-metre throw caused -11.4° of pitch at the hull. Beyond 

this position, the rate of change appeared to start to decrease, as at S/D = 2.2, the 

maximum pitch had only increased by 0.4°. This is the most problematic rig position in 

terms of hull pitch, representing the worst-case scenario. As shown in Figure 5:34, 

comparisons made with the free-field centrifuge test show extensive fault diversion, 

bifurcation and propagation of multiple shear bands in the FE models. Figure 5:34a shows 

the free-field normal fault investigation whereby three shear bands propagated from the 

Focus but only two shear bands ruptured at the surface, S1 propagates and steeply dips 

towards the hanging wall, S2 propagates roughly half-way up the model before S3 

ruptures at the surface. In the numerical analysis of the Spring and Global models the 

strain accumulates along these shear bands. Given that S1 already steeply dips towards 

the hanging wall in the free-field, it is not difficult for the shear to divert further to the 

left in order to avoid the highly stressed region of soil beneath the footing. This causes 

pitching of the spudcan which causes the downwards propagation of a shear band at the 

right edge of the bow spudcan (as seen in Figure 5:22). Eventually, with continued fault 

throw this downwards shear connects with the upwards propagating shear band S2. As 

the throw increases the rest of the strain accumulates along S3 which propagates between 

the legs of the rig, and in the case of the Global model (Figure 5:34), is diverted by the 

stern spudcans.  

Between S/D = 2.2 and S/D = 3.0 (Figure 5:35) the pitch decreased rapidly as the fault 

displacement was ‘absorbed’ by the structure, causing a more diffused interaction with 

the rig.  
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Figure 5:34 Extensive normal fault diversion around the bow spudcan when S/D = 2.2: a) free-field 
centrifuge test N1, b) Spring model showing strain accumulations along three shear bands and c) Global 
model similarly showing strain accumulations along three shear bands and diversion of shear band S3 away 
from the stern spudcans. 

 



   
 

158 
 

 

Figure 5:35 Zone of load redistribution between legs when normal fault outcrops between S/D = 2.2. and 
3.0. The pitch reduces between these positions, having peaked when S/D was 2.2. 

 

This was observed in the other response mechanisms discussed later (axial force, bending 

moments and displacements). This may be the result of differential settlement taking 

place, whereby the stern legs are able to share the load whereas when the fault ruptures 

around the bow spudcan the bow leg is forced to absorb most of this interaction. 

Similarly with the reverse fault cases (Figure 5:17), the change in hull pitch increased as 

the fault outcropped towards the stern of the rig, but the rate of change was much more 

gradual and consistent than observed for the normal faults. The pitch reached its peak at 

S/D = 2.5, after which it quickly reduced back to zero. For both fault types, as the outcrop 

location gets closer to their respective ‘worst-case’ positions (S/D = 2.2 for normal and 

2.5 for reverse), the pitch becomes increasingly sensitive to the magnitude of fault throw.  

In order to investigate the FRSFSI taking place at the stern spudcans (and further validate 

the Spring model), the response of the structure in the Global FE model is compared with 

the Spring model and centrifuge experiments. To this end a small parametric analysis was 

conducted using the Global model and this is compared with the Spring and centrifuge 

pitch data for the normal and reverse fault cases in Figure 5:36. As the S/D increased 
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beyond 3.0 the normal fault pitch became constant in the Spring model. This revealed a 

limitation in how the Spring model could be applied. The spudcan-soil interface was 

modelled allowing the soil to come into contact anywhere along the spudcan, thus 

enabling detachment and slippage between the two surfaces.  

 

Figure 5:36 Spring model, centrifuge (cent) and Global model comparison of a) normal fault and b) reverse 
fault.  
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Inspired by Anastasopoulos and Kontoroupi (2014), the springs within the model were 

calibrated against footing pushover tests creating force-displacement curves allowing 

response mechanisms to be replicated when the structure itself moves. This was 

conducted with a single-footing model in sand with the same properties as used in the 

simulations. Therefore, it is not possible to model detachment and slippage from the soil 

at the stern using the Spring model. The springs induced an artificial rotation because 

they remained relatively fixed in place compared with the spudcans modelled in the 

complete Global model. This was noted for both the normal and reverse faults but is more 

significant for normal faults. Observing both faulting cases and at what point the 

centrifuge and numerical analyses begin to differ suggests that this limitation starts to 

become apparent at S/D ≈2.4 and beyond. From this point forward the results of the 

Global model (Figure 5:36) will be included in the discussions as this highlights a 

limitation in the application of the Spring model.  

What is interesting and revealed by the Global model, and specifically only with normal 

faults, is the contradictory pitch in the opposite direction at large S/D positions. This is 

when the normal fault surface outcrop ruptured beyond the stern of the rig (e.g. S/D = 5.0, 

Figure 5:37). This caused the rig to pitch in the opposite direction (clockwise), well 

beyond the design limits of the structure. As discussed earlier, this pitching mechanism 

was also prevalent with caisson, piles and strip foundation investigations (respectively 

Loli, et al., 2012; Anastasopoulos et al., 2012 & 2009) when the footing was situated 

wholly on the hanging wall. Finally, now at this large S/D position this mechanism occurs 

seen as the whole of the structure is positioned on the displacing hanging wall, similarly 

with just the single foundation (as was investigated by the previously mentioned authors). 

The mechanism is thought to be particularly pronounced given that it influenced both of 

the stern spudcans equally, afforded by their parallel position relative to the fault (Figure 

5:37). It is believed this mechanism occurs as a result of fault diversion towards, and 
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bifurcation around the stern footings (Figure 5:38) and hence it is postulated the pitch 

would not be as bad if it were to occur around one footing (if the fault crossing angle 

differed from the one simulated here).  

 

Figure 5:37 Contradictory pitching mechanism: a) Hull pitch in opposite direction at large S/D position 
(S/D = 5.0). Fault is diverted -6 m towards the stern spudcans. 

 

Within Figure 5:37 and Figure 5:38 at the stern spudcans, one can observe the most 

significant fault diversion and bifurcation seen so far. The fault mechanisms occurring at 

all three spudcans are shown in Figure 5:38 where the soil is visually removed to reveal 

the interaction between the fault and the footings. At the bow spudcan Figure 5:38 there 

is a loss of contact between the soil and front of the footing and in accord with the 

clockwise pitching of the rig, the front of the footing is lifted whilst the back of the footing 

is plunged deeper into the soil. The spudcan plunges asymmetrically into the soil by 2 m. 
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This highlights the importance of modelling the whole structure, rather than a single 

footing which would have failed. Similarly at the stern the footings are plunged deeply 

into the soil, but by 4.1 m. This plunging is more significant at the stern footings given 

that the fault diverts and bifurcates around both of these spudcans (Figure 5:39).  

This creates a significant bearing failure mechanism as the spudcans pitch and displace 

within the soil. Again, downwards shearing from the edges of the spudcans is prominent 

and joins with the bifurcated fault shear band which propagates from the Focus to the left 

edge of the footing. These downwards shears typically align with regions of lower stress 

within the soil as shown Figure 5:40. Initially the symmetrical stress induced in the 

ground is from the structural self-weight (602 kPa) (Figure 5:40a), yet after a small 

amount of fault throw (0.5 m) there are extensive fault mechanisms within the soil (Figure 

5:40b); the fault has been diverted, it has bifurcated, and two shear bands have formed 

around the edges of the spudcan and propagate downwards. For the remainder of the fault 

loading the strain accumulates along these pre-existing slip-lines and eventually, after the 

full 2 m throw the fault is able to force its way through the highly stressed region beneath 

the footing to connect all shear bands, forming continuous and extensive shear bands 

within the soil around the footing. 
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Figure 5:38 Soil cut revealing normal fault mechanisms in Global model around the bow spudcan at S/D = 5.0. Superimposed plastic shear strain contours showing fault 
propagation and diversion at the stern footings. Significant loss of soil contact and support at bow footing in accordance with the clockwise pitching rig. 
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Figure 5:39 Superimposed plastic shear strain contours showing normal fault propagation and diversion at 
the starboard spudcan. S/D = 5.0. 

 

 

Figure 5:40 Change in vertical stress throughout the normal fault application a) prior to fault application 
where the stress induced in the ground is from the structural self-weight (602 kPa); b) when h = 0.5 m the 
fault diverts,  bifurcates and shear bands propagate downwards from the spudcan edges typically through 
looser regions of soil; as fault application continues the strain accumulates along these slip-lines at c) when 
h = 0.5 m, before d) b) when h = 0.5 m. S/D = 5.0. 
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5.2.2 Summary of Pitch and Ground Mechanisms 

Comparing the Spring and Global models, the Spring analyses captured the rig interaction 

mechanism, strain accumulations and bifurcation of the faults remarkably well. The 

Spring FE model performed very well relative to the centrifuge and Global simulations 

at low-mid S/D locations, but it is important to state that the Global model should be used 

to accurately capture the influence of the stern spudcans on FRSFSI. When the fault 

outcropped closer to the stern of the rig the Spring model typically produced non-

conservative estimates of the pitching mechanisms. The springs to an extent held the stern 

legs in place when the Global model redistributed the pitch as differential settlement 

through slippage and detachment of the spudcans from the soil, this is an obvious 

limitation of the Spring model.  

Generally speaking, when a reverse fault ruptures in the vicinity of the rig it causes the 

structure to pitch in a clockwise (positive) manner and vice versa with normal faults 

where it pitches anticlockwise (negatively). However, in the normal fault case when the 

surface rupture went beyond the stern of the rig (e.g. when S/D = 5.0), leaving the rig 

positioned wholly on the displacing hanging wall, this caused the rig to pitch in the 

opposite direction (clockwise), well beyond the design limits of the structure. This 

symbiotic phenomenon between the fault and the structure manifested as a bearing 

capacity problem due to the intense soil yielding (and hence softening) associated with 

the nearby fault rupture zone. Consequently, leading to the loss of support around the 

stern spudcans. Again, this would not be visible in the Spring model as the springs are 

not able to respond to surrounding soil loss, rather they only respond to the behaviour of 

the structure.  

Of course, the footings in this parametric analysis (and in the pushover calibration 

procedure of the springs) are situated on the surface of the soil. Under a different scenario 
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whereby the spudcans are embedded more deeply one can expect the footings to displace 

less, as shown in Figure 5:5 (section  5.1). Here when S/D = 0.6 the hull only pitched -2°, 

whereas in the parametric analyses when the spudcans were situated on the surface the 

pitch was -5°. With similar properties to HST95 the sand used here was calibrated against 

dense (Dr = 80%) Fontainebleau sand (d50 = 0.3 mm) (ϕp = 45°, ϕres = 30°, ψp = 18° and 

ψres = 2°) but given the similarities to HST95 a general comparison can be made. 

Typically, when embedded more deeply the foundation of the structure reaches soils of 

enhanced stress, the foundation acts stiffer in the soil and the structure experiences 

reduced settlement than when positioned on the surface. The situation modelled in this 

thesis is therefore considered the worst-case scenario when considering the embedment 

of the foundations. 

 

5.2.3 Hull Displacements  

The displacements of the hull emulated the rotational response. As the rig pitched 

anticlockwise during normal faulting, the hull surged to the left and heaved downwards. 

The normal fault displacements of the Spring and Global model analyses are compared 

in Figure 5:41. The negative surge (left) and positive (downwards) heave align with the 

anticlockwise pitching hull response. For low to mid S/D positions, when the pitch was 

lower, the Spring model performed better at capturing Global displacements. Up to S/D 

= 3.0, the Spring model performs well in predicting the trend of the behaviour recorded 

in the Global model, yet does slightly overpredict the hull displacements recorded in the 

Global model up to this position. Given that the Spring model overpredicted the pitch, it 

is logical to expect an element of displacement associated with this. The non-linear 

springs are causing the stern legs to be too fixed within the soil and are causing an 
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overprediction of the pitch (and associated displacement), rather than modelling the 

slippage of the stern spudcans along the soil.  

 

 

Figure 5:41 Hull displacements against rig position for normal faults, comparison of the Spring and Global 
models.  
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Similarly with the pitch, the rig location which experienced the most displacement was 

S/D = 2.2. As discussed previously with the hull pitch, the Spring model is limited in its 

application beyond S/D = 3.0 where the displacements appear to remain unchanged with 

increasing S/D. Yet the Global model again shows the phenomenon towards the tail-end 

of the S/D locations investigated where given the substantial clockwise pitching of the rig 

towards the footwall (right), it also surged to the footwall.  

As the S/D increased and the fault outcrop became closer to the stern of the structure it 

meant that a larger proportion of the rig was situated on the moving hanging wall soil 

block (schematically shown in ). At higher S/D positions (≥ 3.0), the rig moves as one 

with the downthrown block of the hanging wall. Considering a simplified normal (and 

reverse) imposed fault wedge that has a dip angle of 60° and a vertical component (throw) 

of 2 m (Figure 5:42), the lateral rupture width, or horizontal component of displacement 

is approximately 1.15 m.  

 

Figure 5:42 Hanging wall component of displacement experienced by the rig. With no pitch, no fault-
spudcan interaction and when the rig is positioned wholly on hanging wall, it displaces an amount 
associated with the imposed normal and reverse ‘simplified’ fault wedge geometry. Not to scale. 
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When the hull heave and surge are similar to the displacement components of this fault 

wedge and critically there is no significant pitch, one can conclude that the displacements 

recorded at the hull are associated with the hanging wall components of displacement, 

rather than faulting interaction with the spudcans.  

These conditions were met when S/D was 6.0, there was no significant pitch (0.02°), but 

the structure heaved (2.02 m) and surged (-1.12 m) an amount associated with the 

displacing hanging wall. Hence this location represents the point where the rig is no 

longer being influenced at the spudcans by the fault and forms the end of the non-

operation zone for normal faults. 

The Spring model performs well in capturing the reverse fault Global displacements for 

S/D positions lower than 3.0 (Figure 5:43). For more detrimental rig positions the Spring 

model is more sensitive than the Global model and overestimates the displacements 

slightly, this is associated with the overestimation of the pitch as noted with normal faults. 

Comparing normal and reverse cases, shear failure occurs when the level of stress on one 

element is at or over 95% of its shear strength and tensile failure occurs when the principal 

stress is negative (Bray, 1990). Bray found that normal faults produced greater stress 

reduction and thus more extensive tension zones than reverse faults. Given the nature of 

how a reverse fault propagates, reducing in dip and bending over the footwall as it 

approaches the surface, a wider zone of soil at the surface is influenced by the displacing 

hanging wall block than during a normal faulting event. 
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Figure 5:43 Hull displacements vs rig position for reverse fault. Spring and Global model comparisons. 
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This is apparent in Figure 5:43, after comparing the hull displacements observed during 

the normal fault cases, they are more subtle for the reverse fault cases. The maximum 

absolute displacements imposed by the fault for example at S/D = 1.6 were: 

 Surge: normal 19.24 m/ reverse 8.23 m  

 Heave: normal 3.75 m/ reverse 0.27 m 

This was also the case for Loli et al., (2011, 2012), who investigated normal and reverse 

faults and caissons and found normal faults to induce more foundation distress than 

reverse faults, both numerically and in the centrifuge. Similarly with normal faults at large 

S/D positions there is a second peak of upwards heave. This represents the displacement 

of the rig as one with the displacing hanging wall block on which it is now wholly situated, 

rather than straddling over the hanging wall and footwall as it does at lower S/D positions. 

The lack of pitch supports this observation and hence position, S/D = 5.0 represents the 

upper bound of the non-operation zone for reverse faults.  

  

5.2.4 Axial Force and Bending Moment in the Legs 

The influence of the normal fault on the hull pitch and displacements were in accord with 

the change in axial force, ΔP observed at the base of the legs. As the rig pitches forwards 

(anticlockwise) the rig experiences an increase in axial load (increasing compression) at 

the bow and a reduction in load (increasing tension) at the stern legs as they lift upwards. 

The distribution of total axial force (including self-weight) throughout the legs is shown 

in Figure 5:44a. At the position (S/D = 0.7, centrifuge test N4) and indeed throughout all 

the positions investigated, the moment at the base of the legs (Figure 5:44b) is much lower 

than observed at the upper legs. It is lower at the base seen as the load is being applied at 

the bottom of the legs (i.e. the fault in the soil) and much larger at the top given the large 

leg length and the significant hull displacements and pitching motion taking place relative 
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to the spudcans. This, alongside any differential settlement taking place contributes to a 

larger moment at the upper legs (Bienen, 2007). In this thesis, the bending moment 

experienced at the lower legs was so insignificant compared to the upper leg and in terms 

of the utilisation rate (discussed later), and thus only the upper bending moment is 

discussed in the following section. For perspective the largest moment recorded in the 

normal and reverse fault centrifuge investigations was 438.04 MN.m which occurred at 

the upper bow leg in test N4 and came to 7.1% of the utilisation rate whereas at the lower 

leg, the largest moment was 112.87 MN.m in the bow leg during test N4 and came to 

1.8% of the leg capacity.  

The upper moment is taken from the same location of the strain gauge positioning in the 

centrifuge (highlighted on Figure 5:44). The normal fault induced change in axial force, 

ΔP (with the self-weight removed) at the bow, starboard and port leg bases are shown in 

Figure 5:46, Figure 5:47 and Figure 5:47 respectively. The legs in the centrifuge and both 

FE models are well aligned with one another in capturing the change in compression and 

tension relative to one another with increasing normal fault throw. Similarly, the upper 

leg bending moment is presented in Figure 5:48 (bow); Figure 5:49 (starboard) and Figure 

5:50 (port) where the change of in-plane bending moment, My (about the Y-axis) is 

recorded. 
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Figure 5:44 The leg reactions after 2m normal fault throw at S/D = 0.7 in dense (Dr = 80%) HST95 sand. 
Simulation of centrifuge test N4: a) total axial force (including rig self-weight) throughout the legs and b) 
change in bending moment, My about the Y-axis. Hull visually removed and locations of upper leg bending 
gauge in centrifuge tests are highlighted. 
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Figure 5:45 Effect of rig position, S/D on the change in bow leg axial force, ΔP with normal fault 2 m 
throw. Centrifuge, Spring and Global results shown. HST95 sand (Dr ≈ 80%). 

 

 

Figure 5:46 Effect of rig position, S/D on the change in starboard leg axial force, ΔP with normal fault 2 m 
throw. Centrifuge, Spring and Global results shown. HST95 sand (Dr ≈ 80%). 
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Figure 5:47 Effect of rig position, S/D on the change in port leg axial force, ΔP with normal fault 2 m throw. 
Centrifuge, Spring and Global results shown. HST95 sand (Dr ≈ 80%). 

 

 

Figure 5:48 Effect of rig position, S/D on the change in upper bow leg bending moments, My with 2 m 
normal fault throw in HST95 sand (Dr ≈ 80%). 
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Figure 5:49 Effect of rig position, S/D on the change in upper starboard leg bending moments, My  with 2 
m normal fault throw in HST95 sand (Dr ≈ 80%). 

 

 

Figure 5:50 Effect of rig position, S/D on the change in upper port leg bending moments, My with 2 m 
normal fault throw in HST95 sand (Dr ≈ 80%). 

 



   
 

177 
 

Generally, as the rig pitches more negatively (anticlockwise, Figure 5:36) throughout the 

S/D positions to S/D = 3.0 , the bow and stern legs increase and decrease in axial force 

respectively creating a normal distribution with increasing S/D, until the point where the 

rig pitch begins to decrease (from S/D = 2.2 to 3.0). Between S/D = 2.2 and 3.0 the 

changes in compression and tension also decrease. Beyond S/D = 3.0 , the response of the 

rig reverses, as it did with the pitch and displacements. Again, at the second peak in pitch 

(S/D = 5.0) whereby the rig is positioned wholly on the hanging wall () the pitch reverses 

again, causing the axial forces to change direction too.  

Mostly the bending moment in the stern legs (Figure 5:49 and Figure 5:50) increases and 

decreases with increasing S/D, forming a relatively normal distribution, however the bow 

moment trends negatively at lower S/D before aligning with this normal distribution. 

At low S/D positions (< 0.1) there is little change in axial force or leg bending moment, 

and it is not until the rig begins to pitch that the legs start to experience a significant 

change in axial force and bending moment. In centrifuge test N3 (when S/D= 0.1), as the 

rig pitches anticlockwise and the hull displaces to the left, the bow leg compresses 

downwards and the upper bow leg moment becomes increasingly negative, this is shown 

schematically in Figure 5:51a. The upper bow leg beam deflects towards the stern and the 

moment becomes increasingly negative in a manner to counter this. The FE captures the 

negative moment of the bow but not to the same magnitude. The stern legs are deflected 

with the translating hull and the moment trends positively, this is captured very well in 

the FE by both models.  
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Figure 5:51 Simplified schematic of rig response after normal fault causing compression at the bow and 
tension at the stern in centrifuge during test a) N3 and b) N4. Hull pitch, hull displacement, and leg axial 
force and upper leg bending moment are larger during N4 and notice the variance in the upper bow leg 
bending moment direction. 

 

Continuing to centrifuge test N4 (shown schematically in Figure 5:51b), there is 

anticlockwise pitch coupled with left and downwards hull displacements. The axial loads 

align with this as the bow compresses, plunging more into the soil and the stern legs 

experience tension and lifting. The Spring and Global models align well with the changes 

in axial force. The bow compression is underestimated by the Spring model. In this 

experiment the starboard and port legs varied slightly in their change in tension, given 

that the FE models did not vary greatly from the centrifuge when predicting the rig pitch, 

it is possible that there may be more settlement at the bow and starboard leg. If the 

starboard leg did slightly settle more this could explain how the port leg experienced uplift 

(increased in tension). The starboard leg did carry the instrumentation cable routing and 

whilst an attempt had been made to remove the associated weight it is possible this could 

explain the small additional compression in this leg relative to the port leg. This could 
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also possibly be explained by a slightly non-symmetrical placement of the rig onto the 

sand about the expected fault plane and would also affect the axial change the bow would 

experience.  

Seen as the axial load measured in the centrifuge was underpredicted by the FE 

methodology there were likely to be some discrepancies in the bending moment also. In 

the centrifuge (test N4) a complicated loading scenario occurred whereby the fault caused 

an increasingly positive bending moment in the bow as the leg tried to counter the shear 

induced by the displacing spudcans at the bottom of the legs and from the significant 

anticlockwise pitching and displacements (to the left) occurring at the hull. In the FE at 

this position (S/D = 0.7), the bending moment, as with lower S/D positions, was negative. 

The change to a positive moment in the bow came a little later in the FE at S/D = 1 

whereas the centrifuge had experienced a positive moment in the bow at S/D = 0.7. The 

variance in the centrifuge and FE response could be explained in part by the structural 

non-linearities (Euler and P-Δ effects). These are likely to be influenced greatly by the 

fault propagating beneath the bow footing. Structural non-linearities are incorporated in 

the analysis, but if the hull deflections were slightly different in the FE than in the 

centrifuge this may influence the Euler beam formulations and the P-Δ effects. Given the 

long legs and large axial loads in the form of rig self-weight the P-Δ effects can play a 

part in significantly influencing flexural stiffness. The fact that the pre-load procedure 

was not incorporated into the numerical procedure may to some extent explain the 

variations between the centrifuge and the FE. It becomes a complicated problem to model 

as the hull pitch and displacements induced variable vertical loading on the legs, in turn 

causing further bending moments at the legs whilst at the base of the spudcan the fault 

has directly intercepted the spudcan and is diffusing in the soil around the footing, 

ultimately reducing the capacity of the foundation. At this position (S/D = 0.7) the fault 

has directly intercepted the bow spudcan and it is only the FE bow leg which varies from 



   
 

180 
 

the centrifuge data as the stern leg moments are predicted very well. In the FE there is 

significant diffusion and bifurcation of the fault beneath the footing (Figure 5:29), 

obviously it is not possible to see this in the centrifuge but it is possible this also varied 

as it is very difficult task to capture this numerically (whilst upholding a reasonably dense 

mesh) and given the simplification of the constitutive modelling procedure as discussed 

in 3.2.2, perhaps the way the fault is diffused beneath the footing in the centrifuge and FE 

model varies. This would also influence the footing reactions and behaviour of the beam. 

The variations of the centrifuge and numerical leg bending moment and axial loads could 

be explained by these complicated combined loading mechanisms occurring at the hull 

and the bow base.  

The trend of increasing bow compression and stern tension with increasing normal fault 

throw continues up to S/D = 2.2, where as seen previously with the pitch and 

displacements (Figure 5:36 and Figure 5:41) the rig response becomes more diffused and 

the fault seems to have less of a detrimental effect upon the rig. The same can be said for 

the bending moment, in the Global model as all three legs experience a significant 

reduction in moment from the peak when S/D was 2.2.. After S/D = 3.0, as the rig begins 

to pitch positively (clockwise), the axial force reduced at the bow (increasing in tension), 

as the bow lifted, and the compressive force at the stern legs increased, as they were 

forced downwards. The same inflection points noted for the hull pitch were obvious with 

the trend in the axial load change. Given the extensive faulting mechanisms taking place 

at position S/D = 2.2 (Figure 5:34), this position caused the most significant change in 

axial load upon the bow and stern spudcans. At this position (S/D = 2.2) the fault induced 

a downwards, compressive force of 72.70 MN on the bow leg and an upwards force on 

the starboard (-38.14 MN) and port (-38.05 MN) legs, whilst at the upper legs the bending 

moment recorded in the Spring model was 588 MN.m, 576 MN.m and 575 MN.m (bow, 

starboard and port respectively). The stern forces and moments are very similar given the 
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symmetrical loading condition considered. In reality and indeed in the centrifuge the stern 

legs are not expected to be as equal as it is unlikely that this perfectly symmetrical loading 

condition taking place in the FE would occur in reality. Given that the Global model is 

more accurate at predicting base shearing at the stern it is recommended that this model 

be utilised. The Global model takes approximately 24 hours to complete an analysis, 

whereas the Spring model takes roughly 12 hours.  

The reverse pitching mechanism at the tail-end of the higher S/D positions corresponded 

well with the reversal of the axial and bending data trend. Position S/D = 5.0 still produced 

a substantial amount of change in axial force and bending moment in the legs (Figure 

5:52) thus, it is important these larger S/D locations are not discounted as operationally 

safe even though the fault has visually outcropped beyond the structure. 

 

Figure 5:52 Reactions in the legs after 2 m normal fault throw at position S/D = 5.0: a) total axial force 
(fault induced change plus self-weight) and b) change in bending moment in the legs. Deformation factor 
= 2. 
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The upper-bound of the non-operation zone for normal faults is confirmed as S/D = 6.0 

by the lack of change in axial force and bending moment for all three legs at this position.  

The capacity of the legs is an important consideration when determining which rig is the 

most appropriate for the location of operation. As this thesis considers a rig of a simplified 

design, with tubular legs rather than the typical open-truss legs (but with equivalent 

prototype stiffness), the capacity here would not be equivalent to a prototype rig as the 

geometry varies. Here it provides a general overview of the faulting influence upon 

tubular legs that might be useful in the early stages of rig design and selection. It is not 

expected that this would replace a complete structural analysis.  

Utilisation rates (operational capacity) have been determined based on the ultimate limit 

state (ULS) yield checks of steel structural elements only (i.e. the ultimate yield strength 

of the leg). After normalising the leg reactions with the design capacities of Table 5.3, 

one can use the basic utilisation rates to assess the impact upon the legs (Equation 5.2). 

As the ultimate limit state of the material has been considered, a material safety factor 

has been determined from the DNV design codes on Structural Design of Self-Elevating 

Units (DNV, 2015). A material safety factor (SF) of 1.15 is applied to the ultimate 

capacity of the leg. Where: ΔP = fault applied (change in) axial force, q = rig self-weight, 

Vpl = cross-section plastic axial stress, l = leg length, SF = material safety factor (1.15), V 

= total vertical force and Va = allowable axial capacity of the leg. 

 

(𝑃+
𝑞

3
)

(𝑉𝑝𝑙×𝑙)𝑆𝐹
=

𝑉

𝑉𝑎
      Equation 5.2  

 

This normalisation is plotted against the rig position in Figure 5:53 for normal faults. The 

maximum change in force was recorded at S/D = 2.2, causing a utilisation rate of V/Va = 
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72.70/ 323.67 = 0.37 at the bow. This revealed that, including the rig self-weight, the bow 

axial force came to 37% of the leg utilisation rate. In this instance, the stern legs had their 

axial load reduced, due to the rig pitch and thus each reduced to 3% of the allowable leg 

capacity. As this remained well within the utilisation rate of the legs it is possible to say 

that the change in hull pitch is more problematic for the structure, than the change in axial 

force. 

 

 

Figure 5:53 Axial load normalised against allowable axial capacity plotted for each location, after the full 
2m normal throw had been applied. 

 

Similar to the axial force, a coarse examination into the bending moment is conducted. 

This by no means would replace a full structural analysis, conducted by dedicated marine 

engineers or naval architects. It is only included here as it is interesting to develop a 
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simplified understanding of how the fault can have a varying influence upon the three 

legs. In accordance with Rotter and Sadowski (2016), the plastic section modulus of the 

pipe is calculated via Equation 5.3 using the leg diameter, d and thickness, t (Figure 5:14) 

and the leg plastic moment capacity, Mp (7,132 MN.m) resolved by Equation 5.4.  

 

𝑍𝑝 =  
1

6
(𝑑3 − (𝑑 − 2𝑡)3)     Equation 5.3  

 

 

𝑀𝑝 = 𝑍𝑝  ×  𝜎𝑦   Equation 5.4  

 

By applying the aforementioned material safety factor (SF) of 1.15, the allowable 

capacity, or utilisation rate (based on material yield strength) became Ma =  6,201.76 

MN.m. The largest moment recorded in the normal and reverse fault centrifuge 

investigations was 438.04 MN.m which occurred at the upper bow leg in test N4 and 

came to 7.1% of the utilisation rate (Figure 5:54). 

Conversely at the lower leg, the largest moment was 112.87 MN.m in the bow leg during 

test N4 and came to 1.8% of the leg capacity. When it comes to the reverse fault cases, as 

the rig pitches clockwise and the hull displaces to the right and upwards (Figure 5:36 and 

Figure 5:43 respectively) the axial forces in the bow increases in tension whilst the stern 

legs increase in compression as they plunge deeper into the soil.  
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Figure 5:54 Upper leg bending moment normalised against allowable bending capacity, plotted for each 
location, after the full 2 m normal throw had been applied. 

 

The reverse fault leg axial loads and bending moments were all generally lower at the 

same S/D position than in the normal fault cases. Indeed, they were lower in every form 

of rig response as shown in in Table 5.4. 
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Figure 5:55 The leg reactions after 2m reverse fault throw at S/D = 1.0  in dense (Dr = 80%) HST95 sand. 
Simulation of centrifuge test R4: a) total axial force (including rig self-weight) throughout the legs and b) 
change in bending moment, My about the Y-axis. Hull visually removed and locations of upper leg bending 
gauge in centrifuge tests is highlighted. 
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Table 5.4 Comparison of Spring model rig response under 2m throw normal and reverse fault loading for 
rig position S/D = 1.6 

Rig response Normal Fault Reverse Fault 

Pitch (°) - 11.4 4.6 

Hull surge (m) -19.24 8.23 

Hull heave (m) 3.75 -0.27 

Bow leg change in axial force (MN) 69.23 -28.12 

Starboard leg change in axial force (MN) -36.35  13.69 

Port leg change in axial force (MN) -36.18 13.71 

Bow leg change in bending moment (MN.m) 368.69  118.58  

Starboard leg change in bending moment (MN.m) 643.82 -387.15 

Port leg change in bending moment (MN.m) 641.28 -386.97 

 

In the reverse fault cases investigated, with increasing fault throw the axial force in the 

bow decreased (increasing tension) whilst the stern legs increased (increasing 

compression) (respectively bow, starboard and port: Figure 5:56, Figure 5:57 and Figure 

5:58). The change in axial force with increasing S/D was much more linear in the reverse 

case than for normal faults. This was similarly the case at the stern legs for the bending 

moment, however the bow fluctuated more with increasing S/D in a non-linear manner 

(respectively bow, starboard and port: Figure 5:59, Figure 5:60 and Figure 5:61). 

 

Figure 5:56 Effect of rig position, S/D on the change in axial force, ΔP with reverse fault throw, at the bow 
leg. Centrifuge, Spring and Global results shown. HST95 sand (Dr ≈ 80%).  
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Figure 5:57 Effect of rig position, S/D on the change in axial force, ΔP with reverse fault throw, at the 
starboard leg. Centrifuge, Spring and Global results shown. HST95 sand (Dr ≈ 80%). 

 

 

Figure 5:58 Effect of rig position, S/D on the change in axial force, ΔP with reverse fault throw, at the port 
leg. Centrifuge, Spring and Global results shown. HST95 sand (Dr ≈ 80%). 
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Figure 5:59 Effect of rig position, S/D on the change in upper leg bending moments with reverse fault throw 
at the upper bow leg. HST95 sand (Dr ≈ 80%). 

 

 

Figure 5:60 Effect of rig position, S/D on the change in upper leg bending moments with reverse fault throw 
at the upper starboard leg. HST95 sand (Dr ≈ 80%). 
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Figure 5:61 Effect of rig position, S/D on the change in upper leg bending moments with reverse fault throw 
at the upper port leg. HST95 sand (Dr ≈ 80%). 

 

A schematic of the centrifuge rig beam/leg deflections and associated bending moment 

are shown in Figure 5:62a, alongside the axial forces observed at the bases of the legs.  

 

Figure 5:62 Fault induced changes in hull displacement, axial load and leg deflections with corresponding 
bending moment at the upper legs after 2 m reverse fault in dense (Dr = 80%) HST95 sand. Spring analysis 
of a) centrifuge tests R3 and R4 and b) the worst-case position in the reverse case when S/D = 2.5. 
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The analyses performed equally well in the predictions of the centrifuge tests. Both 

models tended to slightly overpredict the axial loading of the legs at S/D = 0.8 and at 1.0 

(test R3 and R4 respectively). Given that the numerical analyses slightly overestimated 

the hull pitch in test R4, it is expected to see a variance in the axial force comparisons 

too. This highlights how sensitive the axial force changes are to hull pitch. The pitch 

overestimation was only by 1.5°, yet this in turn caused an overestimation in the axial 

force changes by 10 MN at the bow and 4 MN at the stern legs. Nonetheless the 

overprediction is relatively small compared with the axial forces observed throughout the 

S/D positions and the simulations produced reasonable results.  

As the predicted axial loads are more closely aligned at the bow with the centrifuge results 

so too are the predictions in the upper leg bending moments, but at the stern the analyses 

overpredict the negatively trending moment at both legs, with the Global model 

performing slightly better. Interestingly at the upper bow leg (Figure 5:59), the moment 

at a relatively low S/D (1.3) reverses direction in both the Global and Spring models and 

increases negatively until S/D = 3.5. The reversal in moment at the upper bow leg can be 

visualised by comparing the beam deflections in Figure 5:62a and b. At low S/D positions 

the rig is able to partly counter the induced forces imposed by the fault and this force is 

accumulated in the bow leg, but as the S/D increases the outcrop location becomes 

increasingly closer to the stern forcing more of the structure to be situated on the hanging 

wall. With increasing S/D the fault prevails and is able to force the rig further to the 

footwall, causing increased pitching, displacements, negative bending moments in all 

legs. During this time the axial forces in the bow become increasingly negative forcing 

the bow to uplift and plunge at the stern as the legs are forced into increasing compression. 

The plastic hinge that may develop in the leg with such a failure mechanism may be 

comparable to the way a spudcan experiences punch-through, whereby the footings 

unexpectedly penetrate through layered soils from denser sands into less stiff clays. For 
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rig response it is important to also consider multi-layered soils when carrying out site-

specific assessments, these layers may also influence the way in which the fault 

propagates as it passes through mediums of varying density and stiffness. 

Again, position S/D = 2.5 (shown schematically in Figure 5:62b) caused the most 

significant change in axial load upon the bow and stern legs and bending moment at the 

upper stern legs, in the Global model. Here, the bending experienced by the bow was 

significantly less, compared with the stern legs. This is likely due to level of compression 

and tension experienced in the legs. Legs under increased compression (carrying more of 

the self-weight resulting from the pitching motion) experienced a larger amount of 

bending moment. The bow and stern legs also recorded worst-case positions at different 

S/D locations. For the bow this was S/D = 3.5 (when the pitch was 4°) and for the stern 

legs this was S/D = 2.5 (5.5°). This is an indication once more that the pitching mechanism 

of the rig prevails as an indicator of structural distress, as seen by other authors 

investigating FRSFSI with different structures. Position S/D = 5.0 signifies the end of the 

non-operation zone  for reverse faults given the rig response has returned no changes in 

axial load nor bending moment in the upper legs.  

A small summary section is provided next before a conclusions section follows which 

provides an overview of the findings, the limitations and makes recommendations for 

further study. 

 

5.3 Results and Discussion Summary 

After considering the structural response in terms of hull pitch and displacement, and the 

leg axial load and bending moment, the pitch of the structure was shown to be the 

prevailing mechanism influencing structural distress. The way that the fault is drawn back 

to the footings and towards the hanging wall is a phenomenon only occurring with normal 



   
 

193 
 

faulting at higher S/D positions and this consequently extends the operational envelope 

within which the rig could safely operate. Using results from the Spring, Global calibrated 

by centrifuge data a non-operation envelope has been defined based on the overturning 

limits of the structure, which was +/-0.2°. The non-operation zone varies for normal and 

reverse faults, as the influence upon the structure is very different for the different 

pressure regimes, with the normal fault typically producing more structural distress than 

reverse faults. In the normal fault case, the zone within which it would not be safe to 

operate ranges from S/D = -0.3 to 6.0 and for the reverse case it is S/D = 0.5 to 5.0. 

Classified by the overturning limits, these locations define the basis of an operation 

envelope, however they must be used with caution as it is very difficult to accurately 

predict the location of an outcropping fault. At (and in between) these positions the 

structure pitched beyond the overturning limits and hence it would not be safe to operate 

at (and in between) these locations shown in Figure 5:63 for normal faults and Figure 

5:64 for reverse faults. The structural rotations are also shown schematically in these 

figures.  

It is thought that these zones may also be similar for different structures which induce 

similar bearing pressures onto the soil. Slab and raft-like foundations are likely to have 

smaller non-operation zones than piles for example as they are more capable of diverting 

the fault away from the structure. Structures situated in looser soil may undergo reduced 

distress from fault interaction given that the fault dislocation is typically ‘absorbed’ by 

the looser material, resulting in smaller vertical surface offsets. As always, accurate 

modelling of the specific foundation type, bearing pressures and soil properties should 

always take place. 

 



   
 

194 
 

 

Figure 5:63 Non-operation envelope and structural rotations zones (positive and negative) for normal fault. 
Dense (Dr ≈ 80%) HST95 sand. Using data from the centrifuge, Spring and Global FE models. Caution 
must be exercised as it is very difficult to accurately predict the location of an outcropping fault. 

 

Figure 5:64 Non-operation envelope and positive structural rotation zone for reverse fault. Dense (Dr ≈ 
80%) HST95 sand. Using data from the centrifuge, Spring and Global FE models. Caution must be 
exercised as it is very difficult to accurately predict the location of an outcropping fault. 
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In order to appreciate the influence of a pre-existing fault on the rig, a detailed 

probabilistic seismic hazard assessment (PSHA) must be conducted which incorporates 

the fault data. Where data is available this should include the palaeoseismic data alongside 

the slip rate of the fault. Of particular interest would be the fault type and dip angle, as 

well as the fault length which can be used to help inform magnitude-frequency 

distributions.  

The next chapter summarises the thesis and highlights the key points determined from the 

numerical and experimental investigations. 
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6 Conclusions 

The motivation for this thesis was to develop centrifuge-validated simplified screening 

processes, in order to assess the influence of dip-slip faults on a generic jack-up rig in 

sand. Two finite-element models (Spring and Global) were developed to this end which 

model the propagation of the fault through the ground and the ensuing interaction with 

the structure (if present). The findings of the Spring and Global parametric analyses are 

used critically to determine zones of non-operation within which rig operation is not 

recommended. Depending on the problem investigated both finite-element models could 

be utilised to some extent at the early stages of rig design or site-specific rig selection. 

This chapter summarises the main conclusions of the literature and the findings of the 

parametric investigations conducted in this thesis to investigate the influence of fault-rig 

spacing on structural distress. 

 

6.1 Conclusions from the Literature 

 Jack-ups fitted with conical spudcans, rather than flat footings, are less stiff for given 

horizontal loads. The spudcans provide less moment capacity than flat footings. 

 The global response of a jack-up is highly sensitive to foundation behaviour and load 

redistribution between the footings can take place. Failure of one foundation does not 

necessarily imply failure for the whole system. 

 Given the long slender nature of the legs, structural non-linearities (Euler and P-Δ 

effects) are required in order for the rig response to be modelled with a reasonable 

degree of accuracy. 

 Since a detailed structural assessment of individual members of the rig was not the aim 

of the thesis, an explicit FE discretisation of the rig using finite plate, shell and strut 
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elements was not appropriate, instead the modelling technique of equivalent structural 

members was used with rigid attachments. This was also to align with what was 

realistically possible to fabricate for centrifuge testing. 

 Harsh environment jack-ups under dynamic earthquake loading suffered member 

stresses which would cause operations to cease. Leg members failed due to 

elastoplastic buckling and plastic hinge formations. The spudcan foundations reached 

yield and the hull displaced horizontally. 

 Consequently, a simplified seismic screening process has been developed to ascertain 

the suitability of a rig for utilisation in seismically active regions. 

 Factors such as fault type (normal, reverse or strike-slip) magnitude of displacement, 

depth, geometry and nature of the soil, and age of fault development (if it is a pre-

existing fault) influence the propagation and rupture of the fault through the soil. 

 Normal and reverse faults refract at the rock-soil interface, increasing and reducing 

(respectively) in dip as they propagate though the soil to the surface. 

 The pre- and post-yield behaviour of a fault can be simply described using a Mohr-

Coulomb failure criterion and by applying strain softening to the peak strength and 

dilation. It is a simplification of a complex matter and predicts with sufficient accuracy 

both the location of fault outcropping and the displacement profile at the ground 

surface.  

 Increasing the strength and dilation angles increase the fault dip angle in the normal 

case, whereas in the reverse case the fault dip angle decreases. 

 It is important to have a sufficiently dense mesh in the vicinity of fault propagation 

and around the spudcan in order to model the shear localisation and diffusion beneath 

the footing.  
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 Fault-rupture-soil-foundation-structure interaction (FRSFSI) occurs between a fault 

and an overlying structure and is influenced largely by the type and rigidity of the 

foundation system.  

 Strip or continuous (mat) foundations can divert the rupture, spreading and diffusing 

the deformation around the footing. It may rotate as a rigid body without experiencing 

significant distress or at least undergoes reduced distress compared with the response 

of buildings situated on isolated footings. Isolated footings can divert the rupture 

locally, but the structure still experiences significant distress. Structures with piled 

foundations perform very poorly under FRSFSI, the fault can still be diverted but the 

structural distress remains more significant than for other foundation types. 

 Finally, structures with larger surcharge loads are capable of causing more significant 

fault diversion than lighter structures. This is due to the increased soil bearing pressure 

in the vicinity beneath the footing, the fault bends and bifurcates to avoid this highly 

stressed region.  

 

6.2 Conclusions from the FE-Centrifuge Validation 

Overall, the developed FE models performed reasonably well in predicting the rig 

response observed in the centrifuge. They should not replace a full structural investigation 

but rather serve as preliminary design analyses. It is recommended that the Global model 

could be used when little information is known about the site and knowledge of fault 

history and outcrop locations is limited. Given that this model has three spudcans, it is 

capable of providing a reasonable prediction of FRSFSI when the fault ruptures anywhere 

within the vicinity of the structure. When more detailed information about the site is 

available, with knowledge of the existing faults in the field, the Spring model could be 

used to conduct preliminary investigations of bow spudcan interactions, spaced at a 
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known distance from a specific fault. Given that the Spring model has non-linear springs 

replacing the stern spudcans it is not possible for this model to accurately simulate soil-

structure interaction at the stern and so is limited in its application in this sense. The 

Spring model is most accurate at S/D positions lower than 2.2, for both fault types. It can 

be accurately used to replace a single-footing model when it is important to include the 

whole structure in the analysis but not necessary to understand the local interaction 

mechanisms taking place at all spudcans simultaneously. Seen as the Global model takes 

24 hours to run and the Spring model takes 12 hours, it is recommended that the Global 

model be used to accurately model the soil-structure interaction at all spudcans.  

The way the fault and structure interacted was a symbiotic phenomenon. The fault 

propagated through the sand and was diverted and bifurcated by the presence of the 

footing where the soil beneath the foundation was highly stressed. Relative to the 

surrounding soil, the fault diverted towards weaker soil zones forming a ‘minimum-work’ 

slip line. As the fault throw increased, so too did the interaction mechanism with the 

structure. The rig responded with pitching and spudcan displacements, further disrupting 

the soil, and additionally influencing the fault.  

The Global and Spring models performed well in predicting the centrifuge hull pitch, this 

was critical in order to determine the non-operation envelopes. When the fault ruptured 

close to the footings a complicated loading scenario was generated. The presence of the 

structure caused extensive fault bifurcation and diffusion around the footing which in turn 

influenced the distribution of axial force and bending moment in the legs. Both Global 

and Spring analyses performed reasonably well when capturing the centrifuge forces and 

moments in the bow leg and were even better at predicting the response recorded at the 

stern legs, which were not directly intercepted by the fault in these tests. Structural non-
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linearities (Euler and P-Δ effects) were modelled in this thesis, this was important given 

the long, slender nature of the jack-up legs.  

Given the simplification of the employed constitutive model (Mohr-Coulomb failure 

criterion with isotropic strain softening), both numerical procedures performed well in 

predicting the propagation and rupture of the multiple shear bands associated with normal 

and reverse fault types. With a sufficiently dense mesh the analyses were able to model 

the shear band reasonably well, given that the shear band width in the FE is determined 

by the element size the width was slightly larger in the FE than the centrifuge, but the 

outcrop location was accurately modelled, nonetheless. There was minimal difference in 

the way the two FE models simulated how the fault was diffused beneath and diverted 

around the spudcan. Comparisons with the surface outcrops in the centrifuge tests provide 

confidence in the ability of the models to accurately simulate how the fault behaves 

around the footing. In the centrifuge and both FE models when there was direct fault-

spudcan interaction there was significant diversion, bifurcation and diffusion of the shear 

bands beneath and around the footing. Given the large bearing pressure associated with 

the structure (150 MN self-weight), both faults were diverted locally but only to the edges 

of the footing and hence the fault still caused significant distress to the rig that would 

cease all operations.  

 

6.3 Conclusions of the Parametric Investigations of Fault-Rupture-Soil-Foundation-

Structure Interaction (FRSFSI) 

Once the numerical Spring procedure had been validated against centrifuge investigations 

and against the three-footed Global model, a parametric analysis was conducted using the 

Spring model to investigate FRSFSI with normal and reverse faults. Specifically of 

interest was the influence the fault-rig spacing, S/D had upon the structural response and 
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vice versa how the presence of the structure could influence the fault propagation 

mechanisms (diversion, bifurcation and diffusion of the fault). A smaller parametric 

analysis was also conducted with the Global model as a means of further validating the 

Spring model and to investigate the FRSFSI taking place at the stern spudcans. Very few 

investigations have been conducted to investigate this problem, the novel findings of this 

thesis could help structural engineers, geologists, geotechnical engineers and marine 

warranty surveyors make informed decisions on the positioning and selection of jack-ups 

rigs in seismically active environments. The thesis should of course be used with caution 

as it is very difficult to predict the location of an outcropping fault, however the findings 

may highlight that the current guidance and standards are overly conservative in simply 

recommending avoidance, and similarly the industry practice of avoiding by 

approximately 200 m may also be overconservative. The main findings of the combined 

parametric analyses are presented below: 

 Several rig response mechanisms were investigated: the hull pitch, the hull 

displacement, the axial force at the base of the legs and the bending moment at the 

upper legs. The prevailing mechanism which was the best indicator of likely structural 

distress was the hull pitch. The onset of hull pitch was the first indication of  FRSFSI, 

and it was not until the rig began to pitch that the structure began to experience the 

other response mechanisms. The maximum axial force and bending moment 

experienced by the leg, for both fault types, remained within the capacities of the leg. 

The pitch limits were however quickly breached with small amounts of fault throw. 

 When the spudcans were positioned on the surface of the dense sand (Dr = 80%) and 

subjected to a normal fault (2 m throw), the hull experienced an increase in pitch of 

approximately -3° compared with spudcans embedded to 5 m below the sea floor. The 

former scenario was modelled in the parametric analysis and the latter modelled during 

the validation of the Spring model against the Global model. The additional soil above 
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the spudcan served to minimise the fault-induced pitch. The scenario modelled in the 

FE procedure is wished-in-place and so does not account for soil disturbance (stiffness 

reduction) nor does it account for a pre-load procedure which increases the stress in 

the soil beneath the footing. Both of these factors would influence the way the fault 

propagates through the soil and the response of the structure. The situation investigated 

in the parametric analyses whereby the spudcans are situated on the surface, rather 

than embedded into the sand is considered a worst-case scenario. 

 Normal faults typically cause more structural distress at the same S/D position than 

reverse faults. The hull pitched far greater with normal faults than it did for reverse 

faults at the same S/D location. 

 Moving from a low to high S/D position, the normal fault induces structural distress 

much sooner than reverse faults and it requires the fault to propagate much further 

away from the stern of the rig (i.e. a larger S/D position) for there to be no rig distress.  

 Consequently, the non-operation zone is larger for normal faults than reverse. For 

normal faults the non-operation zone ranges from S/D = -0.3 to 6.0 and for reverse 

faults this zone ranges from S/D = 0.5 to 5.0. This criteria is based on the overturning 

limits of the structure (+/- 2° operations limit). Normal faults induce positive and 

negative structural rotations for the positions investigated whereas for reverse faults, 

only positive rotations are observed. 

 The Spring model is limited in its applicability for S/D positions beyond 2.2 where 

both faults begin to have an influence on the stern spudcans in the Global model. 

Beyond this point, the Global model should be used rather than the Spring as the non-

linear springs are not capable of recreating the fault-foundation interaction 

mechanisms at the stern. 

 With increasing S/D to 3.0, there is typically a normal bell-shaped distribution in the 

extent of changes of hull pitch, hull displacement, leg axial load and leg bending 
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moment for both fault types. As the rig pitches, the displacements, axial load and 

moments change accordingly until reaching S/D = 3.0 which is the point where the 

free-field fault would directly intercept the centre of the stern legs. 

 Of the locations investigated, the worst S/D position for normal faults was situated at 

S/D = 2.2 and for reverse this was S/D = 2.5, this is when the structure experienced the 

most significant pitch. When the fault ruptures at the left edge of the stern footings this 

represents position S/D = 2.5. This indicates that the rig experiences the most structural 

distress when the fault ruptures at, or just in front of the stern footings. 

  

6.4 Future Investigations 

There are a number of ways this research could be progressed, these are discussed below:  

 This research considers a homogenous layer of dense sand. Rig operators may be 

interested in applying these FE methods to multi-layered soils. Intermittent layers of 

sand, clay and pockets of gravel would change the way the fault propagated through 

the ground. The model can easily be adapted to incorporate these multi-layered soils 

which would represent how the rig performed in different locations across the globe. 

 More experiments and in a larger centrifuge strongbox would allow more S/D 

positions to be investigated, where the interaction at the stern footings could receive 

more attention.  

 It would be interesting to assess rig response to a fault intercepting the spudcans at a 

different angle. The scenario assessed here simulated a fault with a strike parallel to 

the stern footings and as a result the reactions at the stern legs were almost identical. 

By varying the orientation of the rig about the fault and changing the S/D, one would 

capture more rig response mechanisms to improve understanding of the problem 
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investigated. This would probably induce a degree of differential settlement at the 

legs and cause variable moments in the legs and hull with normal and reverse faults. 

 A different fault type could also be studied. Dip-slip faults are considered here but 

strike-slip faults could be analysed too. This would probably induce an element of 

structural twist/ overturning about the Z-axis. Again this could be done relatively 

easily within the model and would require a change in the applied boundary 

conditions (representing strike-slip as opposed to dip-slip displacement). 

 By incorporating the pre-loading of the jack-up into the FE procedure, and indeed 

increasing the amount of pre-load and hence stress in the soil beneath the footings, 

one might find that the structure can divert the fault further away or diffuse it more 

favourably. 

 The Spring and Global models could be advanced to incorporate a more detailed leg 

design. Specifically using the Spring model this would allow a very quick analysis 

of the faulting impact upon the structural members within the leg which are critical 

components of the structure. This could be used to highlight members which may 

need strengthening in order to increase the survivability of the structure under certain 

loading conditions (different fault magnitude).
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