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ABSTRACT 

 

Suction caissons are used widely in the petroleum industry for anchoring floating 

facilities in deep and ultra deep waters, and in the renewable energy industry as 

foundations for supporting wind turbines in shallow water regions. Caisson anchors 

are mature products for mooring offshore platforms in clayey soils with well-

established design guidelines. However, there is limited published data and no 

design guidelines on the behaviour of suction caisson anchors in calcareous soils, 

which are prevalent in sub-tropical areas of the world, such as the Arabian Gulf, 

South China Sea, and particularly the oil- and gas-producing offshore regions of 

Australia. The special characteristics of calcareous silt such as high carbonate 

content (70~95%), high compressibility, strong rate dependency, and dilation after a 

phase transition, all may influence the resistance components of a suction caisson 

during installation and under operational loadings, causing the estimation of caisson 

behaviour problematic. For supporting offshore wind turbines, the performance of 

suction caisson foundations in supporting monopod, tripod or tetrapod in clay or 

sand have been explored by many researchers. However, the performance of suction 

caisson foundations has not been extensively tested in sand-clay-sand sediments, 

which are prevalent in shallow waters of the Yellow Sea, Korea; the Gulf of Mexico; 

the Gulf of Thailand; and offshore India.   

In this thesis, a series of centrifuge tests were undertaken to provide insight into the 

behaviour of a stiffened caisson anchor during installation and monotonic pullout in 

lightly overconsolidated calcareous silt. The mudline load inclination was varied to 
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encompass various mooring configurations. For assessing anchor installation 

resistance (or suction pressure required for installing a caisson), an analytical shear 

resistance model, along with the values for friction coefficients and strain rate 

parameter, and piezocone-based direct design approaches were proposed, deriving 

end-bearing and frictional resistance from cone tip resistance and sleeve friction, 

respectively. For assessing the capacity under monotonic loading, failure envelopes 

were expressed by a design equation and plotted in terms of dimensionless vertical 

and horizontal components of caisson net resistance. An expression in the cavity 

expansion framework was proposed to calculate the regain of anchor capacity during 

the set-up period. 

To indicate the influence of cyclic loadings, three additional tests were carried out, 

varying the mudline load inclination angles at 0, 20, and 40. In each cyclic 

loading test, three episodes of loading were applied, varying mean load (average load 

in proportion to the corresponding monotonic capacity) as 30%, 50% and 70%, 

while the amplitude (defined as the maximum variation from the average load) and 

number of cycles for each episode kept constant at 20% and 50, respectively, and 

then pulled out monotonically. Interestingly, the accumulated displacement and 

excess pore pressure increased, particularly from second episode of cyclic loading, 

with decreasing mudline load inclination angle. Accordingly, the ratio of post-cyclic 

monotonic capacity to pure monotonic capacity reduced as 1.20, 1.01, and 0.90. 

The numerical simulations of caisson installation and post-installation set-up or 

dissipation of induced excess pore pressure were carried out using a coupled 

effective stress-pore pressure large deformation finite element (LDFE) approach 

incorporating the modified Cam-Clay model. The geometry of the caisson was 

varied to encompass the typical sizes of caissons. The dissipation responses at four 
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locations near the caisson tip were interpreted. A normalised dissipation time around 

caissons is proposed, by modifying the conventional expression for a cone. 

The performance of a suction caisson foundation subjected to monotonic and cyclic 

horizontal and moment loadings, along with a vertical compression or tension 

loading, in a layered loose sand-stiff clay-dense sand deposit was tested through a 

series of centrifuge tests. For assessing caisson installation resistance, a shear 

resistance based theoretical design approach and a cone penetrometer based direct 

design approach were proposed. The test results showed that using a sand blanket 

around the caisson, which is sometimes used for scour protection, increased the 

lateral capacities by 6~13% and reduced lateral displacements by 11~32%. This 

confirmed the effectiveness of a sand/gravel blanket and indicated how the capacity 

of a suction pile can be optimised using a known measure. 
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NOTATION 

 

A or Abf  caisson full base area 

Abb   bottom stiffener base area 

Abt or At        caisson tip area 

Af   total inner and outer surface area of embedded caisson skirt 

Afib        caisson inner surface area below bottom stiffener base 

Afit        caisson inner surface area above bottom stiffener along faces of 

stiffeners 

Afo        caisson outer surface area 

Awall  sum of internal and external caisson wall area  

b          ring stiffener width 

ch   operative coefficient of horizontal consolidation 

cv   coefficient of vertical consolidation 

D   suction caisson diameter 

Dc  cone diameter 

Dep   object projected area equivalent diameter 

Dp,e    penetrometer area equivalent diameter 

Dr    relative density 

d10    particle size at 10% finer 
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d50    average particle size 

db    bottom stiffener base penetration depth 

dh   horizontal displacement 

dq    depth factor for overburden pressure 

dt    caisson tip penetration depth 

dz   vertical displacement 

d   depth factor for unit weight of soil 

e   void ratio 

eN  void ratio at p' = 1 kPa on virgin consolidation line 

emax    maximum void ratio 

emin    minimum void ratio 

ex   loading eccentricity in X direction 

ey   loading eccentricity in Y direction 

F   caisson penetration resistance (Chapter 4) 

F          pullout resistance (Chapter 3) 

FA   cyclic load amplitude 

Fbb         end bearing resistance at bottom stiffener base 

Fbf         end bearing resistance at caisson full base 

Fbt         end bearing resistance at caisson tip 

Fcyc      pullout resistance under cyclic loading  

Fe         extraction resistance  
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Fe,max        maximum extraction resistance  

Ff   frictional resistance 

Ffib   inner caisson wall-soil friction below bottom stiffener base 

Ffit   inner soil-soil friction above bottom stiffener base along faces of 

stiffeners 

Ffo   outer caisson wall-soil friction 

FM   cyclic mean load 
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CHAPTER 1. INTRODUCTION AND LITERATURE 

REVIEW 

 

1.1 Introduction 

1.1.1 Development of offshore oil and gas industry 

The world’s escalating demands for energy, combined with the continued depletion 

of oil and gas reserves in shallow waters, has resulted in offshore oil and gas 

developments moving beyond the immediate continental shelf into deeper waters and 

untested environments (Randolph et al., 2011). Developments have progressed to 

deep and ultra deep (in excess of 3000 m) water depths in the Gulf of Mexico, West 

Africa, and offshore Brazil (Andersen et al., 2005). Australia ranks 12th in the world 

in terms of proven natural gas reserves (APPEA, 2016). This, paired with Asia’s 

increasing demand for energy, provides an ongoing opportunity for export growth 

and necessitates unlocking Australia’s stranded deep water (in excess of 1000 m) oil 

and gas reserves. These deep water oil and gas developments are based on floating 

facilities such as tension leg and SPAR platforms, floating production storage and 

offloading (FPSO) and recently introduced floating liquefied natural gas (FLNG) 

units, which are moored at the seabed via an anchoring system (see Figure 1-1). 

Deep water anchors are connected to the floating facilities through mooring chains 
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(see Figure 1-1) and hence they experience a significant component of monotonic 

and cyclic uplift load. 

 

Figure 1-1. Schematic diagram of deep water anchoring system 

In addition to offshore developments moving towards deeper waters and untested 

environments, the size of the emerging floating concepts, including FLNG facilities, 

become longer and wider. For instance, the Prelude FLNG is 488 m long (Figure 1-

2), compared to FPSOs are around 200~340 m long, creating requirement for an 

optimal anchoring arrangement to support about 8 times greater anchor load (40 MN 

for FLNG vs 5 MN for FPSOs; O’Loughlin et al., 2015). For instance, it can be seen 

from Table 1-1 that with the increase of load, the size of caisson anchors increases. 
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Figure 1-2. Artistic impression of Prelude FLNG and its subsea system (after 

Shell, 2018) 

Table 1-1. Example of large suction caissons 

Project Diameter 

(m) 

Penetration 

(m) 

Weight 

(MN) 

Design Load 

(MN) 

Laminaria 5.5 12.2 0.5 7.8 (25°) 

Diana 6.4 30.5 2.2 - 

Mad Dog 5.5, 7.6 25.9, 16.4 1.5, 1.8 11.1 (37°) 

Proprietary 8 18 8.6 11.8 (80°) 

 

Deep water seabed sediments consist of mostly fine grained soils. This thesis focuses 

on calcareous silt prevalent in sub-tropical areas of the world, such as the Arabian 

Gulf, South China Sea, and particularly the oil- and gas-producing offshore regions 

of Australia. 

1.1.2 Development of offshore renewable energy industry 

Offshore renewable energy covers a diverse range of technologies and include the 

fundamentals of harnessing wind, wave and tidal power and turning it into useable 

electricity interfaced with the onshore grid (Helix, 2018). Offshore wind dominates 
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the industry, covering all aspects of marine construction and will involve more and 

more offshore contractors to fulfill the needs of this growing industry. After covering 

offshore Europe and the Gulf of Mexico, the offshore wind energy development has 

progressed to offshore Korea and Australia.  

In shallow waters, the wind turbines are generally supported by either monopod, 

tripod or tetrapod sub-structure resting on piles or suctions caissons (see Figure 1-3), 

and seabed deposits more generally consist of sandy or stratified sediments. This 

study focuses on the response of a suction caisson of a tripod sub-structure in loose 

to medium dense sand-stiff clay-dense sand deposit as it is encountered around the 

world including the Gulf of Mexico (Watson et al., 2006) and the Yellow Sea, Korea 

(Choo and Kim, 2016).  In contrast to deep water anchors, foundations experience a 

combination of vertical-horizontal-moment loading during operation of the 

supported structure. 

1.1.3 Suction caisson anchors for floating facilities   

Currently, there are four anchoring solutions: somewhat traditional piles, suction 

caissons, plate anchors (either suction embedded or dragged in anchors) and recently 

developed dynamically installed anchors. Suction caissons have been proven as a 

cost-effective alternative to more traditional anchoring solutions such as piles and 

drag anchors. As such, suction caissons have been chosen for this study. 
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                                        (a)                                       (b) 

Figure 1-3. Schematic of offshore wind turbine: (a) monopod sub-structure; (b) 

tripod or tetrapod sub-structure (after Sun et al., 2012) 

Suction caissons are large diameter steel cylinders (see Figure 1-4), open ended at 

the bottom and closed at the top, typically 3~30 m long and with an aspect ratio L/D 

in the range 2~7. The caisson is installed by pumping water from inside the caisson 

after it is allowed to penetrate under its self-weight. The difference between the 

hydrostatic water pressure outside the cylinder and the reduced water pressure inside 

provides a differential pressure, or suction, that acts as a penetration force (Figure 1-

5). The padeye of the installed caisson is linked to the floating facility by a mooring 

line (chain; see Figure 1-1). 



6 

 

 

Figure 1-4. Suction caisson anchors (after Bull, 2017) 

 

Figure 1-5. Schematic diagram of suction installation 



7 

 

Operational loadings are commenced after a set-up period, during which the soil 

regains strength. Loading angle (and padeye position) is critical and varies with 

mooring type. For catenary and taut leg mooring the padeye remains below the 

seabed and the mooring angles at the mudline are respectively 10°~25° and 30°~60° 

to the horizontal (Figure 1-1). For tension leg platforms the padeye is attached at the 

top of a caisson and the loading is quasi-vertical. The installed caisson is subjected to 

monotonic tension loading at an angle imposed by the mooring line. The mooring 

systems are also subjected to short and long term cyclic loading of variable 

amplitude and frequency from wind and waves particularly during storm. 

1.1.4 Suction caisson foundations for wind turbines   

Operational loadings that are imposed on a suction caisson foundation of a wind 

turbine during the design life include (i) vertical compression or tension loading 

from the weight of the structure, and (ii) both monotonic and cyclic lateral loadings 

and moments from wind, wave and current. Owing to the geometric configuration of 

a wind turbine (i.e. height of the tower), lateral loading, moment and corresponding 

foundation responses dictate the capacity as opposed to the domination of vertical 

loading and corresponding response as is the case for example offshore jack-up rigs. 

Under these loadings, excessive (beyond the tolerable limit) lateral and/or rotational 

displacements of a caisson foundation may lead to buckling of sub-structure, 

ineffectively decommissioning the turbine, or may even result in toppling of the 

turbine. As such, at any site, if the likelihood of excessive displacements is predicted 

prior to installing the sub-structure of a turbine or excessive displacements occur 

during operation of a turbine, a measure for reducing the displacements may be 

warranted. 
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1.2 Literature review 

1.2.1 Suction caisson anchors for floating facilities 

For normal clayey sediments, caisson anchors installation and performance have 

extensively been investigated through FE analysis, model testing and field trials (e.g. 

Deng and Carter, 2002; Randolph and House, 2002; Supachawarote et al., 2004; 

Houlsby et al., 2005; Zhou and Randolph, 2006; Vásquez et al., 2010; Zhou et al., 

2016). LDFE analyses capturing induced excess pore pressure were carried out by 

Vásquez et al. (2010). True installation mechanisms for stiffened caissons were 

exposed and an analysis method was developed by Zhou et al. (2016) through LDFE 

analyses. The corresponding design guidelines are therefore well established. 

Calculation methods were given by Andersen and Jostad (1999); Randolph and 

House (2002); DNV (2005); Houlsby and Byrne (2005a); Zhou et al. (2016). During 

installation, the resisting forces from the soil comprise (i) end bearing at the skirt tip, 

and (ii) side friction along the skirt’s outer and inner walls. Selection of operational 

shear strength, appropriate friction factors, , and end bearing factor, Nc are 

therefore critical. The capacity under operational loadings, and for various load 

inclinations at the mudline, are commonly presented in terms of vertical-horizontal 

failure envelopes. Historically, Andersen, Clukey, Colliat, Dendani, Jostad have 

contributed to this area sharing their experiences and thoughts through reporting 

field data and have confirmed the applicability of the calculation methods (e.g. 

Dendani and Colliat, 2002; Dendani, 2003; Andersen et al., 2005). As of 2005, more 

than 550 caissons have been installed in water depths nearly to 2000 m.  
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The effects of cyclic loading have rather been limitedly explored. The current cyclic 

or dynamic analysis for suction caisson is entirely based on the results of short-term 

static capacity, and the corresponding failure mode and the factor of safety (API RP 

2SK, 2005). However, sustained and cyclic loadings can disturb the surrounding soil 

and change the drainage conditions under an inclined loading. The influences of 

cyclic loading episodes on the performance of suction caissons in clay have been 

explored by e.g. Clukey et al. (1995); El-Gharbawy & Olson (1999); Chen & 

Randolph (2007); Anderson (2015); Guo et al. (2018). They concluded that these 

influences greatly affect the suction caisson’s failure mode. Along with the cyclic 

loading parameters (i.e. mean load, amplitude, number of cycles), consolidation or 

loss of suction during cyclic loading episodes is the dictating factor in deciding if the 

capacity would be higher or lower than the pure monotonic capacity. It is critical to 

identify if there is a potential of forming and development of a gap on the trailing 

face of the caisson that will accelerate the rate of loss of suction. 

For calcareous silt, only some sporadic centrifuge tests on skirted foundations 

(Watson and Randolph, 1997; Watson et al., 2000) and on suction caissons 

(Randolph et al., 1998) have been carried out. Due to this lack of corresponding 

extensive investigation, thus far, only 9 caisson anchors were installed, all around 19 

years ago for mooring the Laminaria FPSO in 340 m water depth. The calcareous 

soils are identified as ‘problematic’ due to the special characteristics e.g. high 

carbonate content (70~95%), high compressibility, strong rate dependency, and 

dilation after a phase transition (Mao and Fahey, 2003; Coop et al., 2004; Sharma 

and Ismail, 2006; Boukpeti and White, 2011; Miao and Airey, 2013).  

In terms of dissipation or set-up after the completion of installation, numerical 

analyses have been carried out for piezocone and piezoball in clay (Mahmoodzadeh 
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et al., 2014, 2015) and for suction caissons in clay (Vasquez et al., 2010). However, 

no analyses have been carried out for suction caissons in calcareous silt. 

This study therefore has focused on the performance of suction caisson anchors in 

calcareous silt during installation (through centrifuge tests and LDFE analysis) and 

under operational loadings (through centrifuge tests). 

1.2.2 Suction caisson foundations for wind turbines  

A number of investigations have been carried out on suction caisson or bucket 

foundation response through field trials, model testing, and numerical analyses. The 

majority of them are either on clay (e.g. Martin, 2001; Houlsby et al., 2005, 2006; 

Kelly et al., 2006; Gourvenec and Barnett, 2011; Gourvenec and Mana, 2011; Barari 

and Ibsen, 2012; Bienen et al., 2012; Hung and Kim, 2012, 2014; Kourkoulis et al., 

2014; Vulpe et al., 2013, 2014; Vulpe, 2015) or on sand (e.g. Byrne and Houlsby, 

2004; Houlsby et al., 2006; Andersen et al., 2008; Villalobos et al., 2009; LeBlanc et 

al., 2010; Achmus et al., 2013; El Safti and Oumeraci, 2013; Zhu et al., 2013; Cox et 

al., 2014; Ibsen et al., 2014; Thieken et al., 2014; Choo and Kim, 2016; Park et al., 

2016) or on clay and sand (Iskander et al., 2002).  

Investigations on the performance in layered soils are very limited e.g. in dense silty 

sand-sandy silt (Kim et al., 2013) and in sand-clay (Park and Park, 2017). To the 

author’s knowledge, no attention was paid to explore the performance of a suction 

caisson in three layer sand-clay-sand deposit apart from presentation of six 

installation data by Watson et al. (2006). As such, this study focused on the 

performance of a suction caisson foundation in three layer sand-clay-sand deposit 

during installation and under operational loadings. Of particular interest was to 
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propose a measure for reducing lateral displacements of suction caisson. This stream 

has been performed through centrifuge tests. 

1.3 Objective of this thesis 

This background information has led to identify the following objectives for this 

thesis: 

1. Installation: Understand the behaviour of suction caisson anchors during 

installation and under operational loadings in calcareous silt.  

2. Installation: Propose design approaches for assessing suction caisson anchors’ 

penetration resistance or suction pressure required to install a caisson. 

3. Set-up: Propose non-dimensional normalised excess pore pressure vs 

normalised time curves for assessing the influence of the set-up period on the 

gaining of shear strength of the disturbed soil and hence anchor capacity. 

4. Capacity: Establish V-H failure envelopes for assessing capacity under 

various mooring angles at the mudline. 

5. Capacity: Indicate the influence of cyclic loading episodes on the pure 

monotonic loading capacity. 

1.4 Thesis outline 

Following the University of Western Australia Graduate Research School guidelines, 

this thesis is presented as a series of papers that has been published (Chapters 2 and 

4), submitted (Chapter 3) or prepared to be submitted (Chapter 5), except for the first 



12 

 

and final chapters. The first chapter (Chapter 1) provides an introduction and 

literature review. The concluding chapter (Chapter 6) gathers the major findings of 

the thesis and presents recommendations for future work. The outline of the thesis is 

listed as follows. 

Chapter 2 presents an experimental study to assess the installation and 

monotonic holding capacity of a stiffened caisson anchor in lightly 

overconsolidated calcareous silt. The effects of installation method, 

reconsolidation time, and mudline loading angle on the caisson 

performance are explored.  

Chapter 3 experimentally explores the performance of a stiffened caisson under 

cyclic loading episodes in calcareous silt. The generation or 

dissipation (reconsolidation) of excess pore pressure during each 

cyclic loading episode is measured. The influence of cyclic loading 

episodes on the post-cyclic monotonic capacity, compared to pure 

monotonic capacity, is indicated. 

Chapter 4 describes a numerical analysis to assess the dissipation of excess pore 

pressure around caisson after installation in normally consolidated 

clay and calcareous silt. An expression for normalised dissipation 

curve is established based on parametric study of various caisson 

geometries. 

Chapter 5 explores the performance of a caisson under monotonic and cyclic 

loadings in a layered loose sand-stiff clay-dense sand deposit through 

centrifuge tests. A method for reducing caisson displacement and 
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increasing holding capacity is proposed. 

Chapter 6 summarises the results of the work outlined in the thesis and provides 

suggestions on issues requiring further investigations. 
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CHAPTER 2. INSTALLATION AND MONOTONIC 

PULLOUT OF A SUCTION CAISSON ANCHOR IN 

CALCAREOUS SILT 

 

Abstract 

This chapter reports results from a series of model tests undertaken to provide insight 

into the behaviour of a stiffened caisson anchor during installation and monotonic 

pullout in lightly overconsolidated calcareous silt. The tests were carried out in a 

beam centrifuge, varying the installation process (jacked in or jacked in followed by 

suction assisted installation), and the consolidation period prior to anchor pullout. 

The mudline load inclination was also varied to encompass various mooring 

configurations.  

The centrifuge data were used to calibrate analytical installation and vertical pullout 

capacity models, based on conventional bearing and frictional resistance factors but 

with strain rate dependent and strain softened undrained shear strength for the soil. 

Piezocone based direct design approaches were also proposed, deriving end bearing 

and frictional resistance from cone tip resistance and sleeve friction, respectively. 

Holding capacity of suction caisson under inclined loading was presented as failure 

envelopes expressed in terms of dimensionless vertical and horizontal components of 

caisson net resistance, which agreed well with a plastic limit analysis based envelope 
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developed for suction caissons in clay. The regain of anchor capacity was found to 

be in good agreement with predictions based on the cavity expansion framework.  

2.1 Introduction 

Suction caissons were first used some 30 years ago and nowadays are the most 

widely used anchor for floating facilities in deep water. They have been proven as a 

cost-effective alternative to more traditional anchoring solutions such as piles and 

drag anchors. In addition to use as anchors for floating facilities, e.g. floating 

production systems, tension leg and SPAR platforms, they are also used extensively 

for pipeline manifolds and end terminals, and as the foundation for riser towers (e.g. 

Sparrevik, 2002).  

Suction caissons are large diameter steel cylinders, open ended at the bottom and 

closed at the top, typically 3~30 m long and with an aspect ratio (length to diameter, 

L/D) in the range 2~7 (Andersen et al., 2005). These are thin-walled (thickness, t ≤ 

50 mm), with D/t exceeding 150, and thus prone to buckling during installation or 

distortion under the anchoring load. As such, horizontal ring stiffeners at intervals 

along the inner wall of the thin skirt are employed with local thickening of the wall 

in the vicinity of the padeye, with or without transverse struts. 

The caisson is installed by pumping water from inside the caisson after it is allowed 

to penetrate under its self-weight. The difference between the hydrostatic water 

pressure outside the cylinder and the reduced water pressure inside provides a 

differential pressure, or suction, that acts as a penetration force (Andersen et al., 

2005). The padeye of the installed caisson is linked to the floating facility by a 

mooring line (chain). Operational loadings are commenced after a set-up period, 
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during which the soil regains strength. Operational loading angle (and padeye 

position) is critical and varies with mooring type. For catenary and taut leg mooring 

the padeye remains below the seabed and the mudline load inclinations (0) are 

respectively 10°~25° and 30°~60° to the horizontal (Figure 2-1a). For tension leg 

platforms the padeye is attached at the top of a caisson and the loading is quasi-

vertical. 

The majority of deep water developments, mooring floating facilities by caisson 

anchors, have occurred in clayey seabeds. As such, suction caissons are now a 

mature product in clay, with well-developed analysis procedures covering both 

installation and loading (Andersen et al., 2005; Randolph et al., 2011). Historically, 

examples of notable contributors to this area are Andersen, Clukey, Colliat, Dendani, 

and Jostad who reported field data and shared their experiences and thoughts (e.g. 

Dendani and Colliat, 2002; Dendani, 2003; Andersen et al., 2005). For installation, 

recent advances have been resulted from FE analysis, model testing and field trials 

(e.g. Andersen and Jostad, 2002; Randolph and House, 2002; Andersen and Jostad, 

2004; Jeanjean et al., 2006; Zhou and Randolph, 2006; Chen and Randolph, 2007; 

Vásquez et al., 2010; Gaudin et al., 2014; Zhou et al., 2016). Design methods for 

assessing caisson penetration resistance or underpressure required for caisson 

installation were given by Andersen and Jostad (1999); Houlsby and Byrne (2005a). 

Capacity of suction caissons under monotonic vertical and inclined loadings has 

been addressed through centrifuge model tests, FE analyses and upper bound 

solutions (e.g. Andersen and Jostad, 1999; Deng and Carter, 2002; Randolph and 

House, 2002; Aubeny et al., 2003a, 2003b; Supachawarote et al., 2004; Vásquez et 

al., 2010). Recommendations for installation, operation and removal in clay are 

provided by API (2005) and DNV (2005). 
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However, little data exist for caisson in calcareous soils, which are prevalent in many 

seabed deposits, particularly in the oil and gas producing offshore regions of 

Australia. It is identified that only a few suction caisson anchors installed in 

calcareous seabed, compared to more than 500 caissons (as of 2005) installed around 

the world mostly in clayey seabeds in water depths to nearly 2000 m (e.g. the Gulf of 

Mexico, North Sea, offshore West Africa and Brazil; Andersen et al., 2005). For 

instance, 9 suction caissons were installed in Australia’s calcareous seabed around 

17 years ago for mooring the Laminaria FPSO in 340 m water depth, with the 

installation data reported by Erbrich and Hefer (2002). Data from centrifuge model 

tests include bucket foundations (L/D = 0.4~0.5) on calcareous silt (Watson et al., 

2000), and a suction caisson (L/D = 2.35) on silty clay (Randolph et al., 1998). 

Estimation of caisson behaviour in calcareous deposits, both during installation and 

operation, is identified as problematic. This is due to the characteristics of the 

calcareous sediments such as high carbonate content, high in-situ void ratio, and high 

sensitivity. These factors may potentially affect all the resistance components 

including mobilised end bearing, operational shear strength, friction factor, and 

caisson-soil interface behaviour. As such, research outcomes established for clay 

may not be applicable for calcareous soils, and indeed Erbrich and Hefer (2002) 

identified significant over estimation of underpressure (or penetration resistance) 

comparing lower bound estimations using the design methods established for clay 

and recorded data from caisson installation at the Laminaria field.  

This chapter addresses this gap by reporting centrifuge data on a stiffened caisson in 

lightly overconsolidated calcareous silt, addressing the effects of installation method, 

reconsolidation time and mudline loading angle on caisson performance. The data 
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are used to examine the merit of design tools for predicting underpressure required 

for caisson installation and capacity under monotonic loading. 

2.2 Centrifuge modelling 

2.2.1 Experimental program 

The experimental program comprised centrifuge modelling of installation and 

monotonic pullout of a stiffened caisson anchor in calcareous silt. The work was 

carried out at 200 g in the beam centrifuge at the University of Western Australia 

(Randolph et al., 1991). It has a swinging platform radius of 1.8 m with a nominal 

working radius of 1.55 m. The platform supports a standard rectangular ‘strongbox’, 

which has internal dimensions of 650 (length) × 390 (width) × 325 (depth) mm, 

representing a prototype test bed of up to 130 m long by 78 m wide by 65 m deep at 

200 g. The various scaling relationships for modelling at enhanced accelerations 

were reported by Schofield (1980) and Garnier et al. (2007). 

In a centrifuge the acceleration level increases with radius. The acceleration level of 

200 g for testing was set at one-third of the sample height, measured from the sample 

surface, or half of the caisson installation depth. The influence of the non-uniform 

acceleration field was accounted for in the interpretation of the caisson tests. 

2.2.2 Model caisson 

Tests were performed using a model stiffened, cylindrical caisson of 40 mm in 

diameter, 120 mm skirt length, 0.4 mm wall thickness (D = 8 m, L = 24 m, t = 0.08 

m in prototype scale at 200 g), as shown in Figure 2-1b. The model consisted of five 
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2.5 mm   1 mm inner ring stiffeners spacing equally at 20 mm centre to centre, with 

the bottom stiffener centre at a distance of 20 mm from the skirt tip. The model was 

machined from a full block of duraluminium. Table 2-1 summarises the anchor 

geometry in model and prototype scale. The overall geometry and dimensions in 

prototype scale are similar to the suction caissons used to anchor riser towers at Site 

C of Block B17, offshore Angola (Colliat et al., 2007), although the skirt was 

slightly thicker, 0.08 m compared to 0.05 m, due to machining constraints.  

A pore pressure transducer (PPT) was set at the caisson lid invert to measure the 

differential pressure across the lid. The lid of the model was also equipped with a 

one-way valve (allowed the inside water to expel during caisson installation and for 

holding suction during pullout) and an opening for the syringe pump to apply suction. 

The padeye was located at about 0.7L below the caisson lid invert, as was suggested 

by Randolph and House (2002) and others to achieve the optimum capacity under 

nearly zero mudline load inclination. These are labelled in Figure 2-1. 

 

(a) 
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(b) 

Figure 2-1. Suction caisson anchor: (a) Schematic representation of installed 

suction caisson anchor and idealised seabed strength profile (PPT: pore 

pressure transducer; TPT: total pressure transducer); (b) Model stiffened 

caisson 



21 

 

Table 2-1. Model and prototype caisson dimensions 

Dimension Symbol Model caisson 

Model Prototype (at 200 g) 

Diameter D 40.00 mm 8.00 m 

Length L 120.00 mm 24.00 m 

Thickness t 0.40 mm 0.08 m 

Aspect ratio L/D 3.00 

Thickness ratio D/t 100.00 

Ring stiffener width b 2.50 mm 0.50 m 

Ring stiffener height h 1.00 mm 0.20 m 

Ring stiffener spacing (c/c) s 20.00 mm 4.00 m 

Distance of bottom stiffener 

base from caisson tip 

w 19.50 mm 3.90 m 

Dry weight Wd 1.50 N 12.01 MN 

Submerged weight in water Ws 1.00 N 8.05 MN 

Submerged weight in soil Wss 0.68 N 5.40 MN 

 

2.2.3 Sample preparation  

The anchor tests were performed in samples of calcareous silt (LL = 72%; PL = 38%; 

Gs = 2.67). The material was sieved through a 2 mm sieve to remove any shell 

fragments. A slurry was reconstituted by mixing the sieved material with fresh water 

at a moisture content of about 130% (about 1.5 times the liquid limit) and 

subsequently de-airing it under a vacuum. 

The slurry was then poured into the beam strongbox lined with a thin drainage sand 

layer. The strongbox was transferred to the beam centrifuge and the sample was 

consolidated in-flight at 200 g for five days. T-bar penetrometer tests were then 

conducted to ensure that the strength profile increased linearly with depth, indicating 

that consolidation was complete. The top 2 mm was then manually trimmed off at 1 
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g using a custom designed scraper, taking care to minimise disturbance to the 

remaining soil. This resulted in a perfectly flat sample surface and a mudline strength 

greater than 0 kPa. The sample was then respun to 200 g for a period of about 24 

hours before commencing further strength characterisation tests as described below. 

The final thickness of each sample prior to testing was about 200 mm (40 m in 

prototype scale). At all stages during the tests (consolidation, sample trimming and 

testing), a layer of water was maintained at the sample surface to ensure saturation. 

Two box samples were prepared, with the tests on the first box focused mainly on 

vertical penetration-vertical extraction and those on the other one on vertical 

penetration-lateral extraction. 

2.2.4 Soil characterisation   

Characterisation tests (as illustrated in Figure 2-2a) were carried out in-flight using a 

model T-bar penetrometer, with model dimensions 5 mm in diameter and 20 mm in 

length (see insert of Figure 2-2b), and a model piezocone penetrometer, with a 

diameter of 10 mm in model scale (see insert of Figure 2-2c). The T-bar and 

piezocone were penetrated and extracted at v = 1 mm/s and 1.15 mm/s respectively, 

giving a dimensionless velocity V = vDep/cv ≈ 300 > 30 (where the average 

coefficient of consolidation over the penetration distance cv = 1.2 m2/year obtained 

from separate consolidation tests), ensuring undrained conditions (Finnie and 

Randolph, 1994). Typical shear strength profiles are plotted in Figure 2-2a. In 

addition to accounting for the non-uniform acceleration field with sample depth, for 

deducing shear strength, White et al.’s (2010) method with a deep bearing factor of 

NT-bar = 10.5 was used for the measured T-bar resistance and a constant bearing 

factor of Nkt = 13.56 (Low et al., 2010) was used for the piezocone resistance data. 
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The undrained shear strength profiles deduced from the T-bar and piezocone 

penetration test data are in good agreement, and can be idealised averaging the 

profiles as su = su,p = 1.5 + 1.7z kPa. The profiles were consistent across the two 

samples and hence are not noted separately. Furthermore, T-bar tests were conducted 

before and after the anchor tests in each sample, although there were no noticeable 

differences in the strength profiles over the course of the testing. Cylindrical soil 

columns were cored from the undisturbed zones of the samples and divided along the 

depths, and water contents were measured. Effective unit weight profiles derived 

from the water content measurements increased linearly with sample depth according 

to  = 5.9 + 0.03z kN/m3. 

The T-bar was extracted after a reconsolidation period of tc = 0 (immediately after 

the completion of penetration) and 12 months (in prototype scale), and the piezocone 

was extracted after tc = 12 months. The corresponding deduced shear strength 

profiles can be averaged and idealised as su,e = 0.5 + 1.1z kPa for tc = 0 month and 

su,e = 0.5 + 1.5z kPa for tc = 12 months (see Figure 2-2a, in which ‘-ve’ indicates 

extraction).      

In addition to the standard T-bar tests, cyclic remoulding T-bar tests were conducted 

at a sample depth of either 15.7 m or 17.7 m and involved cycling the T-bar by ± 2 

T-bar diameters over around 15 cycles. The results from the cyclic T-bar tests 

provided insight into the degradation of the soil (with degradation factor signifying 

the ratio of undrained shear strength or T-bar penetration resistance after each cycle 

to that at identical depth during first penetration), as plotted against number of cycles 

in Figure 2-2b together with the theoretical degradation response calculated using the 

method suggested by Einav and Randolph (2005), which indicates that the sensitivity 

of the soil is St = 4.5~5.0.  
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A piezocone penetration test with pore pressure dissipation (measured at the u2 

position i.e. at the piezocone shoulder) was carried out at a sample depth of 15.5 and 

22.5 m. The pore pressure dissipation data (see Figure 2-2d) was used to determine 

the coefficient of (as appropriate) horizontal consolidation (ch) by matching the test 

data with the Teh and Houlsby (1991) theoretical solution 

( )
-0.45 h d

2
max r c

c tΔu
U 0.85 10T* -0.08          where  T*  

Δu I R
= = + =            (2-1) 

where U is the normalised excess pore pressure and the rigidity index Ir of ~150 

corresponding to the average shear modulus (G50) was derived from simple shear test 

data. The initial rise in pore pressure in Figure 2-2d reflects the fact of local 

equalisation of the high pore pressure gradient around the piezocone tip prior to 

dissipating (Campanella et al., 1986). However, the pore pressure response agrees 

well with the theoretical solution for T*  0.03, with the best agreement obtained 

using ch = 7 m2/year (at 15.5 m) and 14.5 m2/year (at 22.5 m).  
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(d) 

Figure 2-2. Results from soil characterisation tests using T-bar and piezocone: 

(a) Undrained shear strength profiles; (b) Undrained shear strength 

degradation during T-bar cyclic sequence; (c) Pore water pressure (u2 position) 

during piezocone test; (d) Interpretation of ch from piezocone dissipation data 

2.2.5 Caisson testing procedure 

A total of thirteen caisson installation and pullout tests were performed (see Table 2-

2). The caisson was connected to an actuator that allowed vertical movement under 
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either displacement or load control. Installation was conducted by jacking the 

caisson (with the lid vented) into the soil at a constant displacement rate of 0.4 mm/s 

using the displacement-controlled system until the measured penetration resistance 

was close to the prototype submerged self-weight of the caisson, resulting in a 

penetration of about 60 mm. Once this load was reached, the actuator was 

programmed to swap to the load-controlled system and maintain the load constant. 

Further installation for Tests T1~T4 (Table 2-2) was achieved by extracting the 

water from inside of the caisson using a syringe pump (see Figure 2-3), with the set 

flow rate equalised suction assisted penetration rate and jacking penetration rate. 

Installation by jacking (using the displacement-controlled system) up to the full 

penetration depth was carried out for Tests T5~T13 (Table 2-2). 

 

Figure 2-3. Schematic representation of experimental arrangement for caisson 

installation and pullout 
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Table 2-2. Summary of centrifuge tests conducted 

Test Installation Time allowed for 

consolidation, tc 

Extraction 

Method   Installation 

depth: m 

Maximum 

installation 

resistance, 

Fp,max: MN 

Model: 

min 

Prototype: 

month 

Extraction 

mode 

Mudline 

load 

inclination*

, 0:  

Padeye load 

inclination#, 

a:  

Holding capacity 

Fe,max: 

MN 

FN: 

MN 

F/Wd 

T1 Jacking 

+ suction 

22.40 15.50 13.14 12 Sealed 90 90 22.60 22.60 2.77 

T2 22.50 15.75 6.57 6 Sealed 21.10 21.10 2.64 

T3 22.45 15.60 2.16 2 Sealed 19.28 19.28 2.49 

T4 22.40 15.55 2.16 2 Vented 8.88 8.88 1.62 

T5 Jacking 23.20 16.17 13.14 12 Sealed 22.84 22.84 2.79 

T6 22.95 16.10 6.57 6 Sealed 21.40 21.40 2.67 

T7 22.90 16.05 3.29 3 Sealed 19.94 19.94 2.54 

T8 22.85 16.00 0.00 0 Sealed 17.08 17.08 2.31 

T9 23.00 16.15 2.16 2 Vented 9.89 9.89 1.71 

T10 22.85 16.01 13.14 12 Sealed 80 80 30.90 20.30 2.58 

T11 22.90 16.07 40 40 41.59 30.98 3.47 

T12 23.00 16.12 20 32 47.40 36.80 3.95 

T13 23.00 16.15 0 15 57.55 46.95 4.80 

*Set loading angle at the soil surface; #Calculated based on 0, assuming a catenary line, and according to Neubecker and Randolph (1995)   
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After caisson installation, the system was kept as load-controlled (for suction 

installation) or swapped from displacement-controlled to load-controlled (for jacked 

installation) to hold the load for a reconsolidation period. For vertical pullout (θ0 = 

90, Tests T1~T9; Table 2-2), a varying reconsolidation period (0, 2, 3, 6, 12 months; 

Table 2-2) was permitted before extracting the anchor at a rate of v = 0.4 mm/s 

(using the displacement-controlled system) to measure the monotonic anchor 

capacity. The same system of installation was used with no mooring line attached. 

The valve at the caisson lid was shut, allowing fully sealed extraction. Except, 

allegedly carried out vented Tests T4 and T9 to examine the corresponding loss of 

capacity. Most of the tests were aborted after achieving the peak capacity to limit the 

disturbed zone, while some tests (Tests T5, T6 and T9; Table 2-2) were continued up 

to full extraction.  

For inclined loading (θ0 < 90, Tests T10~T13; Table 2-2), the centrifuge was 

ramped down to connect the model mooring line to the actuator in preparation for the 

caisson pullout. The mooring line connected the padeye to the actuator via a pulley, 

and the mudline load inclination was adjusted (see Figure 2-3). Anchor capacity was 

measured by a 4 kN load cell mounted in-line with the mooring line close to the 

actuator. The centrifuge was then respun to 200 g and a reconsolidation period of 12 

months was permitted before extracting the anchor at a rate of v = 0.4 mm/s with the 

valve at the caisson lid shut.   

The penetration rate of 0.4 mm/s, with V = v(t + b)/cv ≈ 30.5 > 30, resulting in 

largely undrained conditions (Finnie and Randolph, 1994). For sealed extraction 

(Tests T1~T3, T5~T8, T10~T13; Table 2-2), the rate of 0.4 mm/s allowed for 

achieving the dimensionless velocity, V = vD/cv ≈ 420 > 30, which was sufficient to 
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ensure undrained conditions. For vented extraction (Tests T4 and T9; Table 2-2), V 

= v(t + b)/cv ≈ 30.5 > 30 ensured largely undrained conditions.   

2.3 Results and discussion: Installation   

2.3.1 Caisson installation  

Installation resistance profiles are summarised in Figure 2-4, reported as the applied 

load (for jacking) or underpressure multiplied by the inside cross section area 

beneath the caisson lid. The profiles are somewhat consistent with little jumps at a 

penetration depth of ~4 m corresponding to the touchdown of the bottom stiffener 

base with the mudline and at a depth where the caisson lid touched the surface of the 

free water layer. The results lead to the following comments. 

1. The effect of installation method on the penetration resistance profile 

including the maximum resistance at the final penetration depth (i.e. the 

underpressure required for installation) is trivial. This is consistent with 

stiffened and unstiffened caisson installation in normal clay (Westgate et al., 

2009; Gaudin et al., 2014). 

2. However, for jacking installation, the caisson final penetration depth 

(22.85~23.20 m compared to 22.4~22.50) is slightly higher or in another 

word the soil heave inside the caisson (0.8~1.15 m vs. 1.5~1.6 m) is greater 

for jacking + suction installation. Again, this is consistent with the results in 

normal clay (Zhou and Randolph, 2006; Westgate et al., 2009). 
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3. In this calcareous silt with undrained shear strength su = 1.5 + 1.7z kPa, the 

caisson maximum installation resistance narrowly ranges from 15.5 to 16.17 

MN. The equivalent range for the required underpressure is 321~335 kPa.   

 

Figure 2-4. Installation resistance profiles and theoretical upper and lower 

bound predictions 

2.3.2 Installation mechanism     

The degree of soil backflow into the gaps between the embedded stiffeners and 

trapping of softer material at the base of the bottom stiffener during stiffened caisson 

0

0.5

1

1.5

2

2.5

3

0

4

8

12

16

20

24

0 4 8 12 16 20

N
o

rm
a
li
s
e
d

 p
e
n

e
tr

a
ti

o
n

 d
e
p

th
, 

d
t/D

P
e
n

e
tr

a
ti

o
n

 d
e
p

th
, 

d
t:

 m

Penetration resistance, Fp: MN

Theoretical prediction (Eqn 3): 

o = ib = it = 0.21; Hc = 2.5 m

 = 0.075, 0.085

Peizocone based prediction 

(Eqn 7): c = 0.8(Eqn 2-7):

(Eqn 2-3):



34 

 

penetration has implications for the resistance acting on the caisson during 

installation. In the current testing, the opacity of natural soil prevents measurement 

of the soil motion during penetration within the body of the soil sample. However, 

Zhou et al. (2016) reported results from an extensive investigation carried out 

through large deformation finite element analysis, varying the relevant range of 

various parameters related to the caisson geometry and soil strength. Three 

conclusions relevant to the current study can be extracted as: first, all gaps between 

the embedded stiffeners below a critical depth Hc will be filled by infill soil, with Hc 

can be calculated according to (Zhou et al., 2016)  

0.84

uHcc

Dγ

s
02.1

D

b
88.13

D

H


















+=                (2-2) 

 where suHc is the shear strength at Hc.  

Second, the soil movement is mostly found to be restricted towards inside of the 

caisson, with the soil outside the caisson remains more or less undisturbed. The 

strength inside the caisson is degraded as the soil is sheared. The softer soils trapped 

at the base of the bottom stiffener are from the upper layers (starting from the 

mudline). Third, the infill soils in the gaps between stiffeners move downward with 

the advancing caisson. Thus, there is no shearing between the infill soil and the inner 

skirt wall, but between the infill and adjacent soils. The undrained shear strength 

mobilised along the soil-soil sliding plane is much lower than the intact strength of 

the soil. No end bearing is mobilised at the base of any individual stiffeners above 

the bottom one. In this study, post-test inspection confirmed that (a) softer soil was 

trapped at the base of the bottom stiffener, and (b) soil flowed back in the gaps 

between the embedded stiffeners.  
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These findings lead to a simple mechanism, as illustrated in Figure 2-5, for caisson 

installation in soil with low mudline strength intercept.   

 

Figure 2-5. Simplified installation mechanism (after Zhou et al., 2016; see also 

Equations 2-2 and 2-3) 

2.3.3 Theoretical solutions     

Conventionally used shear resistance method and piezocone based direct design 

approach are discussed below. The centrifuge test results will be calibrated against 
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these design methods with the aim of back calculating the range of strain rate 

parameter, , and reduction factor for sleeve friction, c, respectively.   

2.3.3.1 Shear resistance method 

For assessing caisson penetration resistance, a shear resistance method is commonly 

adopted (e.g. Andersen and Jostad, 1999; Houlsby and Byrne, 2005a), with 

variations on the inclusion and formulation of the various resistance forces. Adopting 

a similar approach, and following Figure 2-5, an expression can be proposed here as 

( ) ( )

( ) ( )bbbbbu,0bbc,bttbtu,0ttc,fefitu,ititfibu,ibibfoou,off

bbbtfefitfibfoffp

AdγAsNAdγAsNRAsαAsαAsαR     

FFRFFFRF

++++++=

++++=

                   
(2-3) 

The frictional resistance is comprised of outer caisson wall-soil friction (Ffo), inner 

caisson wall-soil friction below the bottom stiffener (Ffib) and inner soil-soil 

(neglecting faces of the embedded stiffeners) friction above the bottom stiffener (Ffit), 

whereas the bearing resistance is comprised of end bearing at the base of the skirt 

(Fbt) and bottom stiffener (Fbb) (Figure 2-5). u,os  is the average undrained shear 

strength over the caisson tip penetration depth (dt), and o and Afo are the 

corresponding friction factor and surface area. Similarly, u,ibs  and u,its  are the 

average undrained shear strength over inner caisson wall below the bottom stiffener 

and over the bottom stiffener base penetration depth (db) respectively. Nc,t is the 

bearing capacity factor of caisson tip, and su,0t and Abt are the corresponding local 

undrained shear strength at the caisson tip level and bearing area respectively. 

Similarly, su,0b and Nc,b are the undrained shear strength and bearing capacity factor 

of the bottom stiffener. 
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Natural fine grained soils exhibit strain-rate dependency and also soften as they are 

sheared and remoulded. The term Rf (representing both Rff and Rfe) is therefore 

introduced in Equation 2-3. The strain rate dependency is typically modelled using 

either semi-logarithmic, power or inverse hyperbolic sine function, with the power 

function adopted here. The softening is accounted for using the Einav and Randolph 

(2005) model, with parameter Rf expressed as  

( ) 95

β

3ξ/ξ

f rem rem

ref

γ
R δ 1 δ e

γ

− 
 = + −   

 
               (2-4) 

where γ  is the operative shear strain rate, and refγ  is the reference strain rate at 

which the undrained shear strength was measured. The first bracketed term has to be 

≥ 1. 

During caisson penetration, the operative shear strain rate varies through the soil 

body, but it is reasonable to assume that at any given location the operational strain 

rate may be approximated by the normalised velocity, v/(t + b). Equation 2-4 can 

therefore be expressed as  

( ) 95

β

3ξ/ξ

f rem rem

ref

v

t b
R n δ 1 δ e

γ

−

  
  +    = + −  

 
 

              (2-5)  

n is introduced to account for the greater rate effects for caisson surface resistance 

compared to tip resistance. This is due to the higher strain rate at the cylindrical 

surface involving curved shear bands, which can be estimated to be 20~40 times v/D 

using a rigorous energy approach maintaining equilibrium (Einav and Randolph, 

2006). Therefore, n is taken as 1 for Fbt and Fbb, and following the expression below 

for Ffo, Ffib and Ffit (Zhu and Randolph, 2011; Chow et al., 2014) 
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1
1

n
n 2 n 2

β

 
= + − 

 
                   (2-6) 

with n1 = 1 for axial loading.  

Although the shear strength was measured using T-bar or cone penetration tests, 

involving v/D of 0.12 to 0.2 s-1, the resistances are also affected by strain softening, 

so that T-bar and piezocone bearing capacity factors of 10.5 or 13.56 used for 

deducing the shear strength are essentially consistent with a laboratory strain rate of 

~110-5 /s (e.g. Zhou and Randolph, 2009). As such, refγ  was taken as ~110-5/s.  

The caisson penetration resistance profiles were calculated using Equations 2-3~2-6 

and are shown in Figure 2-4. Due to geometrical similarity between the stiffener and 

the (half) T-bar penetrometer, Nc,b = 10.5 was selected, whereas the caisson tip was 

considered analogous to deeply embedded strip footings and as such Nc,t = 7.5 was 

taken (Andersen and Jostad, 1999; Gaudin et al., 2014). rem = ~0.21 (from Figure 2-

2b) and for this quasi-static penetration,  = ~1.8 and 95 = ~15 (Erbrich, 2005) were 

considered. For caisson-soil shearing and for end bearing, with less disturbance of 

adjacent soil and no trapping of soil from the surface layers, i.e. for calculating u,os ,

u,ibs  and su,0t undisturbed soil strength (su,p) was used. For soil-soil shearing and for 

end bearing, with significant disturbance of adjacent soil due to soil flow and 

dragging of softer soil from the surface layers, i.e. for calculating u,its  and su,0b soil 

strength deduced from T-bar extraction data (su,e) was used (see Figures 2-2 and 2-5). 

Equation 2-2 gives Hc = 2.5 m, with the soil infill in the gaps between the embedded 

stiffeners were confirmed through observation of the caisson after extraction.  
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If the interface friction ratios 0, ib and it are considered as equal and taken as the 

inverse of the soil sensitivity (1/~4.75 = 0.21) following Andersen and Jostad (1999) 

and Andersen et al. (2005), the best match between Equation 2-3 and measured data 

provided rate parameter  = 0.075~0.085 (see Figure 2-4). The average  = 0.08 

corresponds to frictional resistance that is about 40% of the total penetration 

resistance. 

Erbrich and Hefer (2002) reported field data from installation of 9 stiffened caissons 

in calcareous silty clay (Laminaria field, St = 3.33). For back calculation for these 

data, rem = ~0.3;  = 1.8; 95 = 15; 0 = ib = it = 1/St = 0.3; su,p = 10 + 1.8z kPa; 

su,e = 10 + 0.8z kPa; refγ  = 110-5 /s; vp = 0.0005 m/s (Erbrich and Hefer, 2002; 

Erbrich, 2005) were used. The back-figured upper and lower bound profiles are 

included in Figure 2-6a, with  = 0.001 and 0.01 respectively (average total frictional 

resistance = 62~64% of the total penetration resistance). Gaudin et al. (2014) 

reported data from centrifuge model tests on a stiffened caisson installing in Gulf of 

Guinea clay. Calibration of Equation 2-3 against these data using rem = ~0.59; 95 = 

15; 0 = ib = it = 1/St = 0.59; su,p = 1.5 + 1.2z kPa; su,e = 0.75 + 0.9z kPa; refγ  = 

110-5 /s; vp = 0.4 mm/s (Gaudin et al., 2014) provides  = 0.001 (average total 

frictional resistance = ~62% of the total penetration resistance), as shown in Figure 

2-6b.   
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(b) 

Figure 2-6. Theoretical predictions for existing data: (a) Field data of stiffened 

caisson installation in calcareous silty clay (Erbrich and Hefer, 2002) and 

theoretical upper and lower bound predictions; (b) Centrifuge test data of a 

stiffened caisson installation in Gulf of Guinea clay (Gaudin et al., 2014) and 

theoretical prediction 
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2.3.3.2 Piezocone based direct design method 

This is a direct design approach in which net tip resistance, qcnet, and sleeve friction, 

fs, from a piezocone (apex angle = 60) penetration test (as plotted in Figure 2-7) are 

used for calculating end bearing, Fbt, Fbb, and frictional resistance, Ff0, Ffib, Ffit, 

respectively. This can be expressed as  

( ) ( )p c s,o fo s,ib fib s,it fit cnet,t bt t bt cnet,b bb b bbF α f A f A f A q A γ d A q A γ d A = + + + + + +         (2-7) 

where s,of , s,ibf , s,itf  are the average sleeve friction over the caisson tip penetration 

depth (dt), inner caisson wall below the bottom stiffener and over the bottom 

stiffener base penetration depth (db) respectively. qcnet,t and qcnet,b are the net tip 

resistance at the caisson tip and bottom stiffener base level. Expressed in equivalent 

prototype scale, the piezocone penetrometer diameter of 2 m is significantly greater 

than t = 0.08 m or b = 0.5 m and hence qcnet was not averaged over a number of 

diameters below the piezocone shoulder. In the field, an averaging of qcnet may not 

be necessary for end bearing at caisson wall base but at the bottom stiffener base, as 

the diameter of the commonly used cone penetrometer (0.0357 m) is similar to 

caisson wall thickness of ≤ 0.05 m, but relatively smaller than bottom stiffener width 

of 0.1~0.4 m. For the simplicity, sleeve friction from piezocone penetration test was 

used for both caisson-soil ( s,of , s,ibf ) and soil-soil friction ( s,itf ). This concept is 

consistent with the method proposed by Nottingham (1975) and Schmertmann (1978) 

for assessing pile capacity in clay, and recently adopted for back calculating torpedo 

anchor vertical pullout capacity in calcareous silt (Hossain et al., 2015).  
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Figure 2-7. Profiles of net tip resistance, qcnet, and sleeve friction, fs, from 

piezocone test  

Calibration of the piezocone penetration data (Figure 2-7) against measured 

installation resistance profiles provides a range of c = 0.95 to 1.05. However, the 

concave predicted profile results a significant discrepancy for 4~20 m penetration 

depth. This can be improved by using the concept proposed by Erbrich and Hefer 

(2002). The undrained shear strength deduced from the T-bar penetration test data 

(su,p, T-bar) was divided by a factor (0.65) to match with the sleeve friction profile at 

deep penetration depths (> ~20 m) (see Figure 2-7), and then that profile was used 
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for back-calculation instead of the sleeve friction profile. This approach has led to 

reduce the discrepancy for intermediate depths and values of c to ~0.8. The back-

figured curve with c = 0.8 is shown in Figure 2-4. The range of back-figured c = 

0.8 to 1.05 is within the much wider range, c = 0.2~1.25 as reported for piles in clay 

(Nottingham, 1975; Schmertmann, 1978). 

2.4 Results and discussion: Caisson holding capacity   

2.4.1 Measured vertical pullout resistance  

The extraction response from the caisson ‘sealed’ vertical pullout tests are presented 

in terms of load resistance, Fe, as a function of normalised pullout displacement, dt/D 

in Figure 2-8, with capacities from all tests tabulated in Table 2-2. The profiles in 

Figure 2-8 show a consistent trend, characterised by a sharp increase in load to an 

ultimate holding capacity within a displacement of 0.15~0.22D, before reducing, 

indicating the absence of anchor rotation under this vertical pullout. Caisson holding 

capacity increases with increasing consolidation period tc prior to anchor pullout, 

reflecting the regaining of soil strength with tc. 
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Figure 2-8. Vertical extraction resistance profile (a = 0 = 90, pullout from 

caisson top; Tests T1~T9, Table 2-2)   

2.4.2 Extraction mechanisms     

It was revealed through inspection (at 1 g) of the caisson after the completion of each 

test that a soil plug was extracted with the caisson. For vertical pullout, the plug base 

was somewhat conical. For lateral pullout with the mudline load inclination of 20, 40 

and 80, a significant rotation occurs during pullout, while for 0 = 0, the caisson 

was moved more or less laterally along the loading direction, and the plug base was 
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flat (see inset on Figure 2-10a). A camera mounted on the strongbox was allowed for 

monitoring the caisson movement during testing.    

2.4.3 Theoretical solutions for vertical loading   

Similar to installation, two methods have been considered for this quasi-static 

extraction problem, including: (a) conventional shear resistance, and (b) a direct 

piezocone based design method.  

2.4.3.1 Shear resistance method 

The ‘sealed’ vertical pullout capacity of the caisson can be calculated using a 

reorganised version of Equation 2-3 that now accounts for end bearing resistance at 

the full base of the caisson and frictional resistance along the outer wall only 

according to  

( ) ( )

( ) ( )
e ff fo fe bf

ff o u,o fo fe c,f u,0t bf

F R F R F

     R α s A R N s A

= +

= +                                                                    
(2-8) 

where Nc,f is the bearing capacity factor of caisson full base and Abf is the 

corresponding bearing area. It is assumed that the weight of the soil plug inside the 

caisson and outside of the caisson was counterbalanced. Note, the load cell readings 

were zeroed at the point where the caisson tip touched the soil surface, and hence the 

submerged weight of the anchor, Wss, was not taken off (i.e. measured resistance Fe 

= net soil resistance FN). For this circular conical-based (with trapped soil plug), 

deep bearing capacity factor, Nc,f = 9.0 (Skempton, 1951; Houlsby and Martin, 2003) 

was adopted for the base of the caisson, with due consideration given to the 

corresponding relative embedment depth of ~3D. For this axisymmetric problem,  
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= 0.04 (half of plane strain value of ~0.08 as was obtained for installation) was used 

(following Low et al., 2008).  The strength mobilised during caisson pullout will be 

different to that mobilised during caisson installation due to significant inward flow 

that causes significant effective stress changes in the soil surrounding the caisson, 

strength regain following reconsolidation (Chen and Randolph, 2007; Hossain et al., 

2015). These effects were captured by back-figuring o from the measured holding 

capacity and Equation 2-8 using the measured (intact) shear strength profile, su,p = 

1.5 + 1.7z kPa. This provides o = 0.45, 0.32, 0.21, 0.16 and 0.05 for tc = 12, 6, 3, 2 

and 0 months (Figure 2-8; rem = 0.21; 95 = 15; refγ  = 110-5 /s; ve = 0.4 mm/s), and 

leads to the following comments.  

1. The upper bound o = 0.45 corresponding to tc = 12 months matches with o 

= 0.45 (normally consolidated sample) reported by Randolph et al. (1998) 

from back analysis of data from suction caisson pullout tests after 

consolidation of 1.6 years in calcareous silt. However, it is significantly 

lower than o = 0.96 that would be obtained from Equation 2-9, which is 

commonly used for driven piles in clay (API, 2007) 

0.5

u,p

o

s
α 0.5

γ z

−
 

=   
                (2-9) 

2. The trend of increasing o (or gain in friction) with increasing reconsolidation 

time is consistent with behaviour in Gulf of Mexico clay as illustrated in 

Figure 2-9, although the rate of gaining capacity or increasing friction factor 

is much slower for calcareous silt. Note, Jeanjean (2006) reported vertical 

pullout capacity for suction caissons anchors (D = 2.9~5.5 m) installed at 

various sites (sites A, C, D and G) of the Gulf of Mexico. The seabeds 
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consisted of lightly overconsolidated clay (St = 2~4) with strength increasing 

somewhat linearly with depth. The effect of reconsolidation period on back-

figured friction factor (calculated following Equation 2-8) is featured in 

Figure 2-9 with o = 0.75~0.9 (this upper bound corresponds to 90% 

consolidation, which is reported to be taken place in 30 days for Gulf of 

Mexico clays) and 0.35~0.45 for tc = 1.7~45 and 0 months respectively. For 

Gulf of Mexico clays, Clukey et al. (2013) also reported values of o = 

0.58~0.65 and 0.25~0.35 for 90% set-up and initial (immediately after 

installation).   

3. The lower bound o = 0.05 corresponding to tc = 0 represents short term fully 

remoulded friction ratio. This value is significantly lower than o = 1/St = 

0.21, but consistent with the value of 0.05 (for T-bar strength profile) for 

Laminaria calcareous silty clay as commented by Erbrich and Hefer (2002) 

for caisson installation. However, it is significantly lower than o = 

0.25~0.45 for Gulf of Mexico clays as just noted.    

4. In contrast to installation phase, reverse end bearing resistance over the full 

caisson base corresponds to 84% of the pullout capacity for tc = 12 months, 

which increases to 95% for tc = 0 month. 

5. The loss of suction resulted in a ~50% loss of vertical pullout capacity 

(vented tests T4 and T9 compared to sealed test T3; Table 2-2 and Figure 2-

8). Analysing the data from caisson installation and retrieval in the Gulf of 

Mexico clays, Clukey et al. (2013) commented that the corresponding loss 

may be significant.              
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Figure 2-9. Effect of reconsolidation time on friction factor, o, back-figured 

from measured holding capacity  

2.4.3.2 Piezocone based direct design method 

Net tip resistance, qcnet, and sleeve friction, fs, from a piezocone extraction test 

(carried out with tc = 12 months; see Figure 2-7) are used for calculating end bearing, 

Fbf, and frictional resistance, Ff0, respectively. This can be expressed as  

( ) ( )e c s,o fo cnet,t bfF α f A q A= +               (2-10) 
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The piezocone penetrometer diameter of 2 m is significantly smaller than D = 8 m 

and hence qcnet was averaged over 0.2D below and 0.4D above the caisson base, 

being consistent with the design of pile and spudcan foundations (Schmertmann, 

1978; InSafeJIP, 2011). Calibration of the piezocone extraction data (Figure 2-7) 

against measured pullout resistance profile for tc = 12 months provides c = 0.2. The 

calculated profile is included in Figure 2-8.  

2.4.4 Effect of mudline load inclination, 0       

In the previous sections, pullout has been considered as vertical with the extraction 

carried out by means of a shaft linked between the caisson top and the actuator. The 

angle to the horizontal at the mudline was 0 = 90 (= the angle at the anchor top). 

However, it may vary with the mooring system e.g. 0 = 0~15 for catenary mooring 

and 0 = 35~55 for taut leg mooring. To investigate the effect of mudline load 

inclination, four tests were therefore carried out at 0 = 0, 20, 40 and 80 (Tests 

T10~T13; Table 2-2), with the extraction executed using a mooring chain connected 

to the padeye (0.7L below the lid). For all these tests tc was identical of 12 months. 

The extraction resistance profiles are shown in Figure 2-10a, from which it is evident 

that (a) the distance of the mooring line cutting through the soil was longer for lower 

0, and (b) the degree of rotation required for the anchor to be aligned with the 

pulling line decreases or the brittleness of failure increases with decreasing 0. For 

vertical pullouts with 0 = 90° (from the caisson top), soil disturbance was limited to 

a small zone in the immediate vicinity of the anchor. In contrast, for 0 < 90, the 

caisson rotated and underwent significant displacement in the direction of the load 
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application, disturbing a much larger zone along the anchor trajectory (both loading 

and the trailing direction). 

The holding capacities for all tests are tabulated in Table 2-2. It is seen that, for 

vertical pullout, anchoring capacity is 2.3~2.8 times the dry caisson weight (Wd). For 

0 = 0, this increased to ~4.8Wd.   

The net capacity FN (= Fe – Wss – Wp) was divided into horizontal, FN,H, and vertical, 

FN,V, components according to the loading angle at the padeye, a, which was 

calculated using the Neubecker and Randolph (1995) approach (0 = 0, 20, 40, 80 

corresponds to a = 15, 32, 40, 80 respectively; for 0  40, 0 = a owing to the 

location of the chain-pulley system). For extraction with the mooring line, the load 

cell readings were zeroed at the beginning of pullout, necessitating to negate Wss 

(given in Table 2-1) in addition to the weight of the soil plug trapped inside the 

caisson (Wp; calculated using  = 4.5 kN/m3 for the plug soil). Figure 2-10b shows 

ultimate limit states in terms of loads, indicating the size of the failure envelope in H 

(horizontal)-V (vertical) space. Following Supachawarote (2007), it is assumed that 

the net capacity for a = 90 is consistent to the vertical component FN,V for a = 80, 

and the net capacity for a = 0 is about 2.6% higher than that for a = 15. These 

data are also included in Figure 2-10b, allowing better definition of the full envelope 

(see Figures 2-10b and 2-10c). Figure 2-10c represents the maximum states 

normalised by the maximum loads, FN,v = FN,V/FN,Vmax and FN,h = FN,H/FN,Hmax, 

indicating the shape and relative size of the failure envelope.  

Randolph and House (2002) reported a failure envelope for a suction caisson (with 

length to diameter ratio of ~6 and load applied at the padeye) in clay. A power law 

can be proposed to describe the shape of the normalised failure envelope as     
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( )p q
N,v N,hF 1 F= −                (2-11) 

with p = 3 and q = 5. Failure envelopes, established using results from finite element 

analyses, were proposed for caissons (load applied at the padeye) by Cho and Bang 

(2002), Supachawarote (2007), with p = 4.5 – L/3D = 3.5 and q = 0.5 + L/D = 3.5, 

and Ahn et al. (2013), with p = 2.82 and q = 2.84. These envelopes are included in 

Figure 2-10c, where it can be seen that the best agreement with the measured data 

are with the envelope proposed by Supachawarote (2007) and Randolph and House 

(2002). 
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(c) 

Figure 2-10. Caisson capacity under inclined loading: (a) Effect of mudline load 

inclination 0 on extraction resistance (Tests T10~T13; Table 2-2); (b) Net 

holding capacity under vertical and horizontal loading; (c) Failure envelope for 

vertical and horizontal loading in normalised load space  
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2.4.5 Effect of reconsolidation time, tc after caisson installation 

Caisson installation induces excess pore water pressures that initially reduce the 

available soil strength. After installation the excess pore pressures dissipate, causing 

a regain in the strength of the soil surrounding the caisson. Figure 2-8 shows the 

results from three tests involving pure vertical loading with reconsolidation times tc 

= 0, 2, 3, 6 and 12 months (0 = 90, Tests T1~T3 and T5~T8; Table 2-2). The 

coefficient of friction, α, was shown previously to increase with tc and as expected 

this increase is also reflected in an increase in the caisson capacity. 

The rate at which reconsolidation surrounding a cylindrical caisson takes place can 

be approximated from the dissipation phase of the piezocone penetrometer test (see 

Figure 2-2c), noting that the rate of consolidation is linked to D2, and the ratio D2 

between the piezocone and the caisson is 0.063. It can be seen from Figure 2-2c that 

around 43% and 56% consolidation took place at tc = 6 and 12 months respectively.  

Following the approach adopted by Jeanjean (2006), Richardson et al. (2009) and 

Hossain et al. (2015), the relative increase in anchor capacity was determined 

through consideration of the net capacity FN relative to the immediate capacity FN,0 

and the ultimate long term capacity FN,max, and assumed linked to the degree of 

consolidation by  

N N,0

N,max N,0 max

F F Δu
1

F F Δu

−
 −

−
                (2-12) 

Figure 2-11 shows the results (with anchor capacity regain calculated using Equation 

2-12) for Tests T1~T3 and T5~T8, plotted against dimensionless time, T = chtc/D
2, 

indicating the progression of caisson capacity (due to reconsolidation) with time 

after installation. 
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Figure 2-11. Dependence of reconsolidation time after installation on caisson 

capacity  

2.4.5.1 Theoretical solution      

Richardson et al. (2009) showed that the gain in anchor capacity with 

reconsolidation time can be modelled using the cavity expansion method (CEM) for 

radial consolidation (Randolph and Wroth, 1979) following creation of a cylindrical 

cavity (simulating installation of a solid, close-ended pile). Figure 2-11 includes the 

degree of consolidation predicted by the CEM for Ir = 150 (as derived from simple 

shear test data). The theoretical solution provides a reasonable representation of the 

0

0.2

0.4

0.6

0.8

1

1.2

0.001 0.01 0.1 1 10 100 1000

A
n

c
h

o
r 

c
a

p
a

c
it

y
 r

e
g

a
in

T = chtc/D
2

Torpedo anchor 
(D = 1.07 m),

Calcaresous silt: 
Hossain et al. 

(2015)

Suction caisson 
(D = 8 m), 

Calcareous silt: 
This study

CEM: Ir = 150
(Randolph & Wroth, 1979) 

Suction caisson (D = 
2.9~5.5 m), Gulf of Mexico

clay: Jeanjean (2006)



57 

 

measured increase in capacity with time for the caisson and indicates that for the 

caisson and calcareous silt considered here (D = 8 m), approximately 27% of the 

long term anchor capacity would be available within 1 year of caisson installation. 

Figure 2-11 also illustrates that regain of capacity for a torpedo anchor in calcareous 

silt (D = 1.07 m; Hossain et al., 2015) is also accurately estimated by the theoretical 

solution. The field data of suction caissons (D = 2.9~5.5) installed in the Gulf of 

Mexico clay reported by Jeanjean (2006) are scattered showing no particular trend.   

2.5 Concluding remarks 

This chapter has reported results from centrifuge model tests investigating 

installation and monotonic pullout of a suction caisson anchor in calcareous silt. For 

assessing underpressure required for installation of a suction caisson, a conventional 

shear resistance model (Equation 2-3), accounting for strain softening and rate 

dependent undrained shear strength, was shown to be capable of predicting measured 

penetration resistance profiles with friction factor for outer and inner surfaces of 0.21 

and rate parameter of 0.075~0.085. An alternative piezocone based direct design 

approach (Equation 2-7), deriving caisson end bearing and frictional resistance from 

piezocone tip resistance and sleeve friction respectively, was also proposed and was 

seen to be capable of modelling the caisson penetration response using a reduction 

factor on sleeve friction of ~0.8. 

Caisson holding capacity under pure vertical loading (load applied at the top of the 

caisson), was shown to be well described using a shear resistance model based on 

conventional frictional and (reverse) end bearing resistance (Equation 2-8) using a 

friction factor of 0.45 (for reconsolidation period of 12 months) and rate parameter 
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of 0.04. The value of friction factor (and hence contribution from frictional 

resistance) was shown to be reduced with decreasing reconsolidation period. The 

piezocone-based direct design approach (Equation 2-10) was seen to be capable of 

predicting the caisson maximum extraction resistance using a reduction factor on 

sleeve friction of ~0.2.  

Caisson holding capacity under inclined monotonic loading was presented as a 

combined vertical and horizontal loading failure envelope, which was well 

represented by finite element and limit analysis based envelopes developed for 

embedded caissons in clay (Equation 2-11).  

The regain of caisson capacity due to reconsolidation of the soil surrounding the 

embedded anchor was shown to agree well with a cavity expansion based theoretical 

prediction. 
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CHAPTER 3. CYCLIC RESPONSE OF A SUCTION 

CAISSON ANCHOR IN CALCAREOUS SILT  

 

Abstract 

This chapter reports results from a series of model tests undertaken to provide insight 

into the behaviour of a stiffened caisson anchor under cyclic operational loading in 

lightly overconsolidated calcareous silt. Three monotonic and three cyclic loading 

tests were carried out in a beam centrifuge, varying the mudline load inclination 

angles at 0, 20 and 40. In each cyclic loading test, three episodes of loading were 

applied, varying mean load (average load in proportion to the corresponding 

monotonic capacity) as 30%, 50% and 70%, while the amplitude (defined as the 

maximum variation from the average load) and number of cycles for each episode 

kept constant at 20% and 50, respectively, and then pulled out monotonically. 

Interestingly, the accumulated displacement and excess pore pressure increased, 

particularly from second episode of cyclic loading, with decreasing mudline load 

inclination angle. Accordingly, the ratio of post-cyclic monotonic capacity to pure 

monotonic capacity reduced as 1.20, 1.01, and 0.90. 
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3.1 Introduction   

In the last few decades, suction caissons have been the most widely used anchors by 

the offshore oil and gas industry, particularly for anchoring large floating facilities in 

deep waters, but also as footings for jacket and jack-up structures and wind and 

current turbines. A number of investigations have been carried out on suction caisson 

response through field trials, model testing, and numerical analyses. The majority of 

them were on clayey seabeds (e.g. Andersen and Jostad, 2002; Randolph and House, 

2002; Aubeny et al., 2003a, 2003b; Andersen and Jostad, 2004; Jeanjean et al., 2006; 

Zhou and Randolph, 2006; Chen and Randolph, 2007; Vásquez et al., 2010; Gaudin 

et al., 2014; Zhou et al., 2016). As such, suction caissons are now a mature product 

in clay, with well-developed analysis procedures. Chapters 1 and 2 provide a 

summary of these previous studies in clay soils.  

However, little data exist for caisson in calcareous soils, which are prevalent in sub-

tropical areas of the world, particularly in the oil- and gas-producing offshore 

regions of Australia. It is identified that only a few suction caisson anchors installed 

in calcareous seabed, compared to more than 500 caissons (as of 2005) installed 

around the world mostly in clayey seabeds in water depths to nearly 2000 m (e.g. the 

Gulf of Mexico, North Sea, offshore West Africa and Brazil; Andersen et al., 2005).  

The motivation of this study has emanated directly from the need identified by the 

offshore industry in an attempt to extend the application of suction caisson in 

calcareous sediments. Estimation of caisson behaviour in calcareous deposits, both 

during installation and operation, is identified as problematic. This is due to the 

characteristics of the calcareous sediments such as high carbonate content (70~95%), 

high compressibility, strong rate dependency, and dilation after a phase transition 
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(Mao and Fahey, 2003; Coop et al., 2004; Sharma and Ismail, 2006; Boukpeti and 

White, 2011; Miao and Airey, 2013). These factors may potentially affect all the 

resistance components including mobilised end bearing, operational shear strength, 

friction factor, and caisson-soil interface behaviour. Therefore, the calculation 

methods established for clay are not applicable for calcareous soils, as typically 

highlighted by Erbrich and Hefer (2002) validating against measured field data. 

Chapter 2 presents an extensive series of model testing on a stiffened suction caisson 

in calcareous silt. Calculation methods have been established for assessing caisson 

installation, influence of set-up period, and performance under monotonic loading.   

However, as indicated by Wang et al. (2010), the force passed by the mooring line is 

not only a static tension force, due to the greater environmental loads in field.  The 

current cyclic or dynamic analysis for suction caisson is entirely based on the results 

of short-term static capacity, and the corresponding failure mode and the factor of 

safety (API, 2005). However, sustained and cyclic loadings can disturb the 

surrounding soil and change the drainage conditions under an inclined loading. The 

influences of cyclic loading episodes on the performance of suction caissons in clay 

have been explored by e.g. Clukey et al. (1995); El-Gharbawy and Olson (1999); 

Chen and Randolph (2007); Anderson (2015); Guo et al. (2018). They concluded 

that these influences greatly affect the suction caisson’s failure mode. 

This chapter addresses this gap by reporting centrifuge data on a stiffened caisson in 

lightly overconsolidated (LOC) calcareous silt, and addressing the effects of cyclic 

loading and mudline loading angle on caisson pullout performance. It should be 

noted that this chapter is a continuation of Chapter 2 that presents results from 

monotonic loading tests. The same model caisson and soil condition were considered, 
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but focused on the cyclic loading behaviour. Extensive background information 

about testing preparation and a series of results from caisson’s installation can be 

found in Chapter 2, which are not repeated here. For convenience, Figures 2-1a, 2-1b 

and 2-3 and Table 2-1 from Chapter 2 are used here, showing a typical suction 

anchor geometry defining the nomenclature adopted for the problem.   

3.2 Centrifuge modelling   

3.2.1 Experimental program  

The experimental program comprised centrifuge modelling of installation and cyclic 

pullout of a stiffened caisson anchor in calcareous silt. The work was carried out at 

200 g in the beam centrifuge at the University of Western Australia (Randolph et al., 

1991). It has a swinging platform radius of 1.8 m with a nominal working radius of 

1.55 m. The platform supports a standard rectangular ‘strongbox’, which has internal 

dimensions of 650 (length) × 390 (width) × 325 (depth) mm, representing a 

prototype test bed of up to 130 m long by 78 m wide by 65 m deep at 200 g.  

Tests were performed using a model stiffened, cylindrical caisson of 40 mm in 

diameter, 120 mm skirt length, 0.4 mm wall thickness (D = 8 m, L = 24 m, t = 0.08 

m in prototype scale) as summarised in Table 3-1. The overall geometry and 

dimensions in prototype scale are similar to the suction caissons used to anchor riser 

towers in Site C of Block B17, offshore Angola (Colliat et al., 2007), although the 

skirt was slightly thicker, 0.08 m compared to 0.05 m, due to machining constraints. 

A pore pressure transducer (PPT) was set at the tip of the model caisson to measure 
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generation and dissipation of excess pore pressure during loading. The padeye was 

located at about 0.7L below the caisson lid invert. These are labelled in Figure 3-1.  

Table 3-1. Model and prototype caisson dimensions 

Dimension Symbol Model caisson 

Model Prototype (at 200 g) 

Diameter D 40.00 mm 8.00 m 

Length L 120.00 mm 24.00 m 

Thickness t 0.40 mm 0.08 m 

Aspect ratio L/D 3.00 

Thickness ratio D/t 100.00 

Ring stiffener width b 2.50 mm 0.50 m 

Ring stiffener height h 1.00 mm 0.20 m 

Ring stiffener spacing (c/c) s 20.00 mm 4.00 m 

Distance of bottom stiffener 

base from caisson tip 

w 19.50 mm 3.90 m 

Dry weight Wd 1.50 N 12.01 MN 

Submerged weight in water Ws 1.00 N 8.05 MN 

Submerged weight in soil Wss 0.68 N 5.40 MN 

     Note, the diameter of the mooring line was 2.5 mm in model scale 

 

 

(a) 
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(b) 

Figure 3-1. Suction caisson anchor: (a) Schematic representation of installed 

suction caisson anchor and idealised seabed strength profile (PPT: pore 

pressure transducer; TPT: total pressure transducer); (b) Model stiffened 

caisson 

To prepare a sample of calcareous silt (LL = 72%; PL = 38%; Gs = 2.67), a slurry 

was reconstituted by mixing the sieved material with fresh water at a moisture 

content of about 130% (about 1.5 times the liquid limit) and subsequently de-airing 

it under a vacuum. The sample was then consolidated in-flight at 200 g. The 

Mooring line 
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undrained shear strength of the consolidated sample was deduced from T-bar and 

piezocone penetration tests as su = 1.5 + 1.7z kPa. The cyclic T-bar tests also 

indicated the sensitivity of the soil is St = 4.5~5.0.  

3.2.2 Testing procedure    

A total of six caisson installation and pullout tests were performed (see Table 3-2). 

The centrifuge test set-ups for both caisson installation and pullout are shown in 

Figure 3-2. After the completion of installation, the centrifuge was ramped down, a 

model mooring line connected the padeye of the caisson to the actuator via a pulley, 

and the mudline load inclination was adjusted (0 = 0, 20 or 40; see Figure 3-2). 

The centrifuge was then respun to 200 g and a reconsolidation period of 12 months 

was permitted before extracting the anchor. Anchor capacity was measured by a 4 

kN water proof load cell mounted in-line with the mooring line close to the actuator.  

 

Figure 3-2. Schematic representation of experimental arrangement for caisson 

installation and pullout
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Table 3-2. Summary of centrifuge tests conducted 

Test 

Installation Pullout* 

Method 
Installation 

depth (m) 

Mudline load 

inclination, 

0 () 

Monotonic Cyclic Post-cyclic 

Fmon (MN) 

/ Fmon/Wd  

Mean load, 

FM 

(%) 

Amplitude, 

FA 

(%) 

Numbers, 

N 
U 

(m) 

Fcyc (MN) 

/ Fcyc/Wd 

Capacity ratio, 

Fcyc / Fmon 

M1 

Jacking 

22.90 0 57.55 / 4.8 - - - - - 

- M2 23.00 20 47.40 / 3.95 - - - - - 

M3 23.00 40 41.59 / 3.47 - - - - - 

C1 22.90 0 - 

30 

20 

50 0.87 
52.12 / 

4.34 
0.9 50 50 1.01 

70 50 2.17 

C2 23.00 20 - 

30 

20 

50 0.68 
48.33 / 

4.02 
1.01 50 50 0.82 

70 50 1.28 

C3 23.00 40 - 

30 

20 

50 0.37 
45.80 / 

3.81 
1.10 50 50 0.39 

70 50 0.41 
*Time allowed for consolidation, tc = 12 months (prototype scale) 
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For the monotonic inclined pullout tests (θ0 = 0, 20 and 40; tests M1~M3; Table 

3-2), a constant pullout rate of v = 0.4 mm/s was adopted with V = vD/cv  ~420 > 30, 

which was sufficient to ensure undrained conditions (Finnie and Randolph, 1994). 

Three cyclic inclined pullout tests were conducted, again varying θ0 = 0, 20 and 

40 (tests C1~C3; Table 3-2). The mean load (FM) and amplitude (FA) of the cyclic 

loads were specified as proportions of the maximum capacity measured in the 

corresponding reference monotonic loading test (Fmon). The mean load refers to the 

average load imposed on the anchor during the cyclic loading sequence, whilst the 

cyclic load amplitude is defined as the maximum variation from this average load. 

Each cyclic load test involved an initial monotonic loading state using the 

displacement-controlled system at 0.4 mm/s before starting the cyclic loading 

episodes. Three episodes of cyclic loadings were then applied using the load-

controlled system as (see Figure 3-3): (i) episode 1: FM = 30% (FA = 20%, meaning 

the cyclic loading was applied between 10% and 50% of the monotonic capacity) up 

to around 50 cycles; (ii) episode 2: FM = 50% (FA = 20%, meaning the cyclic loading 

was applied between 30% and 70% of the monotonic capacity) up to around 50 

cycles; (iii) episode 3: FM = 70% (FA = 20%, meaning the cyclic loading was applied 

between 90% and 50% of the monotonic capacity) up to around 50 cycles. The 

anchor was subsequently loaded monotonically using the displacement-controlled 

system at 0.4 mm/s to measure the post-cyclic monotonic capacity. 

The model anchor was subjected to one-way cyclic tensile loading only to represent 

mooring lines for single floating unit. The cyclic loading tests were performed using 

a sinusoidal wave form at a frequency of 0.25 Hz. The frequency of 0.25 Hz was 

selected based on the maximum speed of the used loading actuator. 
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Figure 3-3. Schematic diagram of cyclic loading profiles 

3.3 Results and discussion   

During anchor installation, the skirt penetration depths ranged 95~96% of the total 

skirt length due to soil heaving inside the caisson. More detailed discussion about the 

installation can be found in Chapter 2. 

3.3.1 Monotonic pullout test results 

Figure 3-4 shows that the resistance, F, profiles from all the monotonic loading tests 

consistently increase with increasing normalised drag distance, U/D, up to the local 

peak and then decline (tests M1~M3; Table 3-2). The distance of the mooring line 

cutting through the soil is longer for lower 0, and the degree of rotation required for 
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the anchor to be aligned with the pulling line decreases or the brittleness of failure 

increases with decreasing 0. This is because more lateral translation resulted in a 

formation of a gap at the trailing face (at least in the upper half; see inset on Figure 

3-4). As the mooring angle reduces, the pure monotonic capacity (Fmon; the peak 

resistance) increases, which can be calculated as 3.47, 3.95 and 4.80 times the dry 

caisson weight (Wd = 12.01 kN) for 0 = 40, 20 and 0.  

 

Figure 3-4. Results from monotonic loading tests (tests C1~C3; Table 3-2) 
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3.3.2 Cyclic pullout test results 

This section analysed the caisson pullout performance under cyclic loading. As 

shown in Figure 3-3, sequential cyclic loading episodes were imposed varying mean 

load (FM = 30%, 50% and 70%), but keeping the other cyclic parameters such as 

load amplitude (FA = 20%) and number of cyclic (N = 50) constant (tests C1~C3; 

Table 3-2). 

3.3.2.1 Pullout behaviour during cyclic loading 

Figure 3-5 shows the pullout resistance profiles for both cyclic and corresponding 

monotonic tests with different pullout angles at the midline (0 = 0, 20 and 40). 

The normalised pullout resistance, F/Fmon (where Fmon from the corresponding 0 

monotonic pullout test) is presented as a function of U/D. The resistance profiles 

before applying cyclic loading are consistent with the ones from monotonic loading. 

Clearly, the accumulated displacement during the cyclic loading episodes, more 

profoundly in the last episode, is higher or the resistance profile is steeper for lower 

0. The ratio of the post-cyclic monotonic capacity, Fcyc, to Fmon also reduces with 

decreasing 0 as 1.20 (although the chain was parted, it is estimated based on the 

results presented in Figure 3-6), 1.01 and 0.90 (for 0 = 40, 20 and 0).          

To provide more insight during the sequential cyclic loading episodes, the 

corresponding accumulated displacement and excess pore pressure are presented in 

Figure 3-6a and Figure 3-6b, respectively. It is evident from Figure 3-6a that 

accumulated displacement (U) increases with number of cycle, N, in a stronger rate 

for lower 0 (for each loading episode or FM), and in an even stronger rate for higher 

FM. The very steep or sharp response for 0 = 0 (test C1) in the last cyclic loading 
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episode with FM = 70% (or cyclic loading between 90% and 50% of the monotonic 

capacity) indicates that a gap was formed between the outer upper trailing part of the 

caisson and the adjacent soil (see the inset in Figure 3-6a). 

 

Figure 3-5. Pullout resistance-distance profiles (tests M1~M3 and C1~C3; Table 

3-2) 
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(a) 

 

(b) 

Figure 3-6. Results from cyclic loading tests (tests C1~C3; Table 3-2): (a) 

Accumulated displacement; (b) Excess pore pressure at caisson tip 
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Figure 3-6b shows that the excess pore pressure at the caisson tip, utip, increases 

with increasing FM and 0. In each loading episode, the excess pore pressure tends to 

dissipate, which is more profound for FM = 70% (i.e. in the last episode). This 

specifies that a degree of partial re-consolidation took place. For instance, the 

accumulated displacement after total 150 cycles (the total duration is 300 s in model 

scale) for test C1 (0 = 0), C2 (0 = 20) and C3 (0 = 40) was 4.06, 2.78, and 1.17 

m respectively (see Figure 3-6a), leading to an equivalent normalised velocity V = 

vDA/cv of 4.42, 2.93 and 1.5. All the normalised extraction velocities fall within the 

range of partially drained conditions of 0.1~10, as suggested by Han et al. (2016), 

indicating reconsolidation occurred during the cyclic loading episodes. The 

generation of excess pore pressure is remarkably low for 0 = 40 (test C3), and in 

each episode it starts to dissipate from the beginning, leading to steeper capacity and 

higher Fcyc/Fmon.        

3.3.2.2 Post-cyclic pullout capacity 

Generally, the change of an anchor capacity during or after cyclic loading is usually 

evaluated according to 

cyc mon

c

mon

F F
R 100  (%)

F

−
=                   (3-1) 

where Rc is named as capacity ratio, Fcyc and Fmon are the anchor capacity under 

post-cyclic loading monotonic and pure monotonic loading, respectively. The 

increase of capacity is caused by reconsolidation during the partially drained cyclic 

loading episodes, as noted previously. However, large amount of soil remoulding 

and accumulated displacement during the cyclic loading episodes (i.e. cyclic 
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degradation effect) also have allowed to reduce of the anchor pullout capacity. 

Hodder et al. (2013) explained this as a reduction in effective stress due to the 

generation of excess pore pressure. During the cyclic loading episodes, the mobilised 

soil strength was affected by reconsolidation and accumulated cyclic degradation 

simultaneously. In this study, capacity ratio Rc reduces with reducing . For 

example, for  = 40, the capacity was increased by 20%, which reduced to -10% 

for  = 0. It can be explained that the effects of cyclic degradation were dominant 

for low pullout angle (e.g.   = 0), while the effects of reconsolidation were 

dominant for high pullout angle (e.g.   = 40). For  = 20, both effects almost 

compensated each other (Rc = 1%). 

3.3.3 Comparisons with previous cyclic pullout tests 

For comparison, the performance of some anchors and foundations under cyclic 

loading in clay and calcareous silt are summarised in Table 3-3, and schematically 

presented in the Figure 3-7. For suction caissons under vertical cyclic loading (0 = 

90), Clukey et al. (1995; D = 15 m, L/D = 2.0, FM and FA = 13.6~43.4%, N = 500 at 

each cyclic loading episode) and Chen and Randolph (2007; D = 3.6 m, L/D = 4.0, 

FM and FA = 22~47.5%, N = 50 at each cyclic loading episode) reported that the 

capacity in clay decreases, with capacity ratio Rc being -11~-39% and -14~-28%, 

respectively. This was due to the degradation of the strength of the soil surrounding 

the caisson during the cyclic loading and corresponding displacement of the caisson. 

In addition, a decrease in reverse end-bearing capacity owing to the loss of “passive” 

suction below the caisson prevented full end-bearing capacity to be developed at the 

caisson tip. In essence, for the caisson anchor with the lid at the soil surface (see 

Figure 3-7), shallow soil failure mechanisms and cyclic degradation dominated the 
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behaviour. There is no vertical cyclic loading data for suction caissons in calcareous 

silt. 

In contrast, for a plate anchor and a spudcan foundation embedded deeply to a depth 

of three times the anchor width or spudcan diameter (Chen, 2017; Kohan et al., 2016; 

see Figure 3-7), the post-cyclic monotonic pullout capacity has been found to be 

greater than the pure monotonic capacity in clay. For examples, the values of Rc has 

been reported as 10~27.9% for the plate anchor (Chen, 2017; 0 = 45, FM = 45%, FA 

= 10~28%, N = 500; Table 3-3) and 50% for the spudcan (Kohan et al., 2016; 0 = 

90, FM = 35%, FA = 11~48%, N = 5000; Table 3-3). This increase of capacity was 

thought to be caused by the mobilisation of deep failure mechanisms around the 

deeply embedded plate anchor or spudcan (see Figure 3-7).  

 

Figure 3-7. Typical size and embedment conditions of offshore foundations and 

anchors  

 

Seabed
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1.3L
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Table 3-3. Comparisons with previous cyclic pullout tests of offshore foundations 

Foundation 

type 
Soil 

0 

() 

FM 

(%) 
FA (%) N* 

Rc 

(%) 
Remarks 

Suction caisson Clay 

90 13.6~43.4 13.6~43.4 500 -11~-39 

- Vertical pullout 

- High FA 

- Clukey et al. (1995) 

90 22~47.5 22~47.5 50 -14~28 

- Vertical pullout 

- High FA 

- Chen and Randolph (2007) 

Plate anchor Clay 45 45 10~28 500 10~27.9 
- Deep embedment depth 

- Chen (2017) 

Spudcan 

foundation 
Clay 90 35 11~48 5000 50 

- Deep embedment depth 

- Kohan et al. (2016) 

Dynamically 

installed anchor 

Clay 90 65~75 15  -2~5 
- High FM 

- Richardson et al. (2008) 

Calcareous silt 

0 

35/50/65 15 100 14 
- Cyclic load applied after keying. 

- Chang et al. (2018) 
50 15 1000 19 

50 15 50 1 

90 

35, 50, 65 15 200 2~20 
- Cyclic load applied before keying. 

- Chang et al. (2018) 
50 5 200 9 

50 25 200 -20 
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Foundation 

type 
Soil 

0 

() 

FM 

(%) 
FA (%) N* 

Rc 

(%) 
Remarks 

Suction caisson Calcareous silt 
0 

35/ 

45/ 

55 

25/ 

35/ 

45 

100/ 

200/ 

16 

- 

- NC soil 

- High FA 

- Chain was parted. 

- Randolph et al. (1998) 

27.5/ 

37.5/ 

42.5 

22.5/ 

32.5/ 

37.5 

100 - 

- OC soil 

- High FA 

- Anchor was failed during cyclic loadings. 

- Randolph et al. (1998) 

0, 20, 40 30/50/70 20 50 -10~20 - This study 

*Note: N = number of cycle at each loading episode 
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This is also consistent for a fish anchor dynamically embedded to 1.33 times the 

anchor length of 11 m in lightly over consolidated calcareous silt with su = 1 + 2.1z 

kPa (Chang et al., 2018; see Figure 3-7). Single episode of cyclic loading was 

applied, and in this way three tests were performed varying FM = 35%, 50%, 65%; 

but maintaining FA = 15% and N = 200. The post-cyclic monotonic capacity of the 

embedded fish anchor in calcareous silt was in general higher than the pure 

monotonic capacity (Rc = 2~20%; except 1 test with FM = 50%, FA = 25% and N = 

200 where the anchor failed with Rc = -20%), meaning reconsolidation outweighed 

the effect of degradation in calcareous silt.    

For 0 = 0, Randolph et al. (1998) reported two series of cyclic pullout tests for a 

suction caisson anchor (D = 5.5 m, L/D = 2.3) in: (a) normally consolidated 

calcareous silt with su = 2.2z kPa; and (b) overconsolidated calcareous silt with su = 

15 + 1.25z kPa. For normally consolidated silt, three episodes of cyclic loading were 

exerted, varying N = 100, 200, and 16 (the chain was parted after); FM = 35%, 45%, 

55%; and FA = 25%, 35% and 45%, respectively. In this study, test C1 was 

conducted at 0 = 0 (lightly overconsolidated calcareous silt, su = 1.5 + 1.7z kPa), 

and three episodes of cyclic loading were employed, varying FM = 30%, 50%, and 

70%, but keeping FA = 20% and N = 50 in each episode. Figure 3-8a shows the 

comparison in terms of normalised pullout resistance, F/Fmon, and normalised drag 

distance, U/D. Note, for the result from Randolph et al. (1998), the initial drag 

distance during the chain cutting through the soil was removed, and as such the 

response starts from 0 in the horizontal axis. Regardless of the variation in soil 

strength, caisson size, and cyclic loading parameters, the caisson responses are 

consistent, with the displacement rate increased markedly in the last cyclic loading 

episode. 
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(a) 
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(b) 

Figure 3-8. Comparison results with previous caisson tests in calcareous silt: (a) 

Comparison with response in normally consolidated soil; (b) Comparison with 

response in overconsolidated soil 

For overconsolidated calcareous silt, the caisson was experienced three episodes of 

cyclic loading; with FM = 27.5%, 37.5%, 42.5%; and FA = 22.5%, 32.5% and 37.5% 

(N = 100 in each episode). The displacement increased significantly in the last 
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episode, and the anchor failed after 10 cycles of loading. Figure 3-8b displays the 

results in comparison with those from test C1. In contrast to the responses in 

normally and lightly overconsolidated calcareous silt, interestingly, the pullout 

response in overconsolidated calcareous silt was ductile (see Figure 3-8b), with no 

sudden softening on the resistance profile. Randolph et al. (1998) concluded that this 

was because a gap opened up behind the caisson right from the start of failure, in 

both monotonic and cyclic loading tests.  

Chang et al. (2018) also carried out a lateral (0 = 0) cyclic loading test on the fish 

anchor embedded dynamically by 1.24 times the anchor length in lightly over 

consolidated calcareous silt with su = 1 + 2.1z kPa. Very similar to this study, three 

episodes of cyclic loading were exerted with FM = 35%, 50% and 65% (FA = 15%, N 

= 100). Figure 3-9a shows the comparison in terms of normalised pullout resistance, 

F/Fmon. Unlike the caisson tests, the cyclic episode of fish anchor test started at 

around the lowest resistance point after the 1st resistance peak from the reference 

horizontal pure monotonic test (Figure 3-9a), because the horizontal anchor capacity 

will be dictated by the anchor behaviour after the keying (Chang et al., 2018). 

Immediately after the cyclic episodes, a significant rise of pullout capacity was 

observed. This 2nd resistance peak is due to the effect of soil consolidation on the 

capacity. With further extraction, the pullout resistance drops, as the anchor moves 

out the consolidated zone, and then gradually increases again until the end of the test, 

indicating anchor diving. For the suction caisson anchor with the lid at the soil 

surface (see Figure 3-7), it was more susceptible to form a gap along the top part of 

the anchor under 0 = 0 loading, while for the embedded fish anchor (see Figure 3-

7), it was less likely the anchor trailing face was detached from the adjacent soil. As 
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such, the post-cyclic monotonic capacity of the fish anchor was higher compared to 

the pure monotonic capacity, but that is lower for the suction caisson anchor.  

To provide more insight, the corresponding development and dissipation of excess 

pore pressure are plotted in Figure 3-9b. For the fish anchor, the excess pore pressure 

dissipates quickly after applying the first cyclic loading episode with FM = 35% and 

then becomes stable reflecting the balance between generation (by cyclic loading) 

and dissipation (by consolidation) of the excess pore pressure. However, for the 

suction caisson, the larger accumulated displacement during the cyclic loadings 

resulted in the development of higher excess pore pressure, which led to higher 

cyclic degradation effect and hence lower anchor capacities. Note, during loadings, 

the failure mechanism of the fish anchor (i.e. keying and diving) and suction anchor 

(i.e. rotate and gradually lifting off) were different, which also affected the loading 

response..  
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(b) 

Figure 3-9. Comparison with fish anchor tests in calcareous silt: (a) Pullout 

resistance-distance profile; (b) Excess pore pressure profile 

Generally, anchor capacity ratio (Rc) depends on mean load (FM), load amplitude (FA) 

and number of cycle (N). If the applied mean load (FM) or load amplitude (FA) is 

higher, higher excess pore pressure will generate due to the large displacement, 

which leads to lower effective stress and hence lower anchor capacities (Chang et al. 

2018). Figure 3-10 shows the values of Rc for dynamically installed anchors 

(Richardson, 2008; Chang et al., 2018) and suction caisson anchor from this study. It 
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is clearly shown that higher load amplitude (FA) and lower pullout angle (o) lead to 

reduce Rc. However, further tests are required to quantify the difference between Rc 

values in clay and calcareous silt. 

 

Figure 3-10. Effect of cyclic loading parameters on pullout capacity ratio 

3.4 Concluding remarks 
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insight into accumulation of displacement and evolution of excess pore pressure 

during cyclic loading episodes, in lightly overconsolidated calcareous silt. In each 

cyclic loading test, three episodes of one-way loading were applied varying mean 

load, but keeping amplitude and number of cycle constant. In addition, existing 

reports on the performance of suction caisson, fish anchor, plate anchor, and spudcan 

foundation in clay and calcareous silt have been assembled and compared with the 

results from this study. The following conclusions can be drawn.  

1. The pure monotonic capacity of the caisson increased with decreasing 

mooring inclination at the mudline to the horizontal. 

2. The post-cyclic (three episodes) monotonic capacity for 40 mooring 

inclination was 20% greater than the pure monotonic capacity, but that 

reduced to 1% for 20 inclination and -10% for 0 inclination, meaning the 

values of capacity ratio Rc were 20%, 1% and -10% as 0 decreased 40, 20, 

and 0. Reconsolidation dominated behaviour for 0 = 40, and cyclic 

degradation for 0 = 0.     

3. Under vertical mooring inclination (0 = 90), the post-cyclic capacity of 

suction caissons (with the lid at the soil surface) in clay was lower than the 

pure monotonic capacity, whereas that of embedded spudcan, plate anchor 

and fish anchor in clay and calcareous silt were higher compared to pure 

monotonic capacity. 

4. Under horizontal mooring inclination (0 = 0), the post-cyclic capacity of 

suction caissons (with the lid at the soil surface) in normally consolidated, 

lightly overconsolidated, and overconsolidated calcareous silt were lower 

than the pure monotonic capacity, whereas that of an embedded fish anchor 
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in calcareous silt were significantly higher compared to the pure monotonic 

capacity.  
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CHAPTER 4. NUMERICAL SIMULATION OF 

CAISSON INSTALLATION AND DISSIPATION IN 

KAOLIN CLAY AND CALCAREOUS SILT 

 

Abstract 

Caissons are widely used to support fixed platforms in shallow water or moor 

floating platforms in deep water. Although the installation and pullout behaviours of 

caissons have been explored extensively, few studies are on the dissipation of excess 

pore pressures induced by installation of the caisson. The pull-out capacity or 

bearing capacity of the caisson under undrained conditions is enhanced by 

dissipation of excess pore pressure, given the caisson is installed in normally 

consolidated cohesive soil. This chapter reports numerical simulations of caisson 

installation and the subsequent dissipation. The analyses were carried out using a 

coupled effective stress-pore pressure large deformation finite element (LDFE) 

approach incorporating the modified Cam-Clay model. The robustness of the LDFE 

model was validated by comparing the penetration resistance with centrifuge testing 

data and the guidelines. Caissons in two fine grained soils, kaolin clay and 

calcareous silt, were explored. The geometry of the caisson was varied to encompass 

the typical sizes of caissons. The dissipation responses at four locations near the 
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caisson tip were interpreted. A normalised dissipation time around caissons is 

proposed, by modifying the conventional expression for a cone.  

4.1 Introduction 

Caissons have been widely used as foundations for fixed platforms or as anchors for 

offshore floating facilities. Since the first successful application in the Gorm field 

(Senpere and Auvergne, 1982), caissons are increasingly used for tension leg 

platforms, taut leg moorings, and catenary moorings at major offshore oil-producing 

areas of the world (Tjelta, 2001; Andersen et al., 2005). In addition, caissons have 

been used to support riser towers, subsea templates, and pipeline manifolds 

(Sparrevik, 2002). 

Caissons are thin-walled large-diameter steel cylinders, open-ended at the bottom 

and closed at the top, typically 3~8 m in diameter (D) with an aspect ratio (L/D, L is 

the length of caisson) in the range of 2~6 and thickness ratio (D/t) ranging between 

80~300 (Andersen et al., 2005). The installation of a caisson is achieved by 

penetration under the self-weight of the caisson, followed by application of suction if 

necessary. Suction is generated from the difference between the reduced water 

pressure inside the caisson and the hydrostatic water pressure above the caisson. 

Prior to the commencement of operational loadings, the excess pore pressures 

generated during installation may dissipate partially or fully, so that the caisson can 

regain its enhanced holding capacity (Andersen and Jostad, 1999).  

The installation of caissons in clays has been investigated through model tests and 

numerical simulations. The previous experimental studies include Olson et al. (2003), 

Chen and Randolph (2004), Thorel et al. (2010), and Gaudin et al. (2014). The 
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penetration resistance was observed to increase non-linearly with depth while 

average interface friction factors were reported in the range of α = 0.22~0.37. The 

interface friction factor or shear strength factor is a reduction factor to account for 

the remoulding of soil adjacent to the caisson skirt wall, and is related to the 

undrained shear strength of clayey soil, which will be detailed later. Chen and 

Randolph (2004) reported resistance profiles of 10 installations (4 jacked 

installations and 6 suction installations) in centrifuge, concluding that there was no 

consistent difference induced by the installation method. Through numerical 

simulation, the entire installation process cannot be reproduced with conventional 

small strain finite element (FE) approaches since the soil elements around the 

caisson tip become severely distorted. A limited number of large deformation finite 

element (LDFE) analyses were thus conducted, using an approach termed 

‘Remeshing and interpolation technique by small strain (RITSS)’ developed at the 

University of Western Australia (UWA) or Coupled Eulerian-Lagrangian (CEL) 

approach available in the commercial FE package Abaqus (Zhou and Randolph, 

2006; Jostad et al., 2015; Zhou et al., 2016). However, these LDFE approaches 

consider total stress analysis, which is incapable of capturing excess pore pressures 

generation during a caisson installation.  

Apart from the penetration resistance, the dissipation of excess pore pressures, 

induced by the installation process, during the set-up period is another concern in the 

design of the capacity of caissons under operation loadings. The dissipation was 

studied by Andersen and Jostad (2002) and Vásquez et al. (2010), using coupled 

effective stress–pore pressure FE approaches. Andersen and Jostad (2002) performed 

small strain analyses in which the caisson was wished-in-place (i.e. the penetration 

was not simulated) and vertical loads were applied on the caisson until the bearing 
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capacity was reached. Dissipation analysis was then conducted on the full caisson 

model or on a simplified circular disk model. For practical applications, the 

measured radial distribution of the initial pore pressures outside the caisson after 

penetration might be input to the simplified disk model. From parametric analyses on 

6 different clays using the simplified model, it was found that the time to 90% pore 

pressure dissipation at 0.33L above the caisson tip was generally less than 60 days. 

Vásquez et al. (2010) simulated the caisson installation process by employing a 

‘seam line’ below the caisson tip that separated the soil inside and outside of the 

caisson. The clayey soil was described by a bounding-surface plasticity model and 

dissipation analysis was conducted following caisson installation. Although good 

agreements were observed between the FE analyses and model tests under 1g, the 

results cannot be scaled to predict field performance since the stress levels were 

much lower than the in situ ones.  

Compared to clays, there were fewer data available for caissons in calcareous soils 

which are prevalent in oil and gas projects in the Caribbean, Bahamas, Persian Gulf 

and Offshore Australia (Angemeer et al., 1973; Murff, 1987). A case history of 

caisson installation at the Laminaria field was reported by Erbrich and Hefer (2002) 

and physical model tests were conducted in geotechnical centrifuge by Randolph et 

al. (1998) and Koh et al. (2017, Chapter 2). The characteristics of calcareous soils 

such as high friction angle, high sensitivity and high in situ void ratio may affect the 

resistance components of a caisson including mobilised end bearing, operational 

shear strength, friction factor, and caisson-soil interface behaviour. 

The aim of this chapter is to simulate the installation of caisson and subsequent 

dissipation of excess pore pressures, using the RITSS approach within the 

framework of effective stress. For simplicity, it is assumed that the caissons are 
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jacked to targeted depth, without considering the suction installation. Two types of 

fine grained soil were considered – kaolin clay which has been widely used in the 

centrifuge tests at UWA; and a calcareous silt commonly found in the North-West 

Shelf of Western Australia. The soil is normally consolidated, regarded as the 

modified Cam-Clay (MCC) material. The numerical model was validated by 

comparison with the existing centrifuge tests and the Recommended Practice by Det 

Norske Veritas (DNV, 2005). The dissipation response after installation of caisson is 

discussed. A normalised dissipation time factor which includes the effects of the 

caisson length, diameter and thickness is proposed with the aim at assessing the 

dissipation of pore pressures induced by caisson installation.  

4.2 LDFE strategy 

The LDFE analyses of caisson installation and excess pore pressure dissipation were 

carried out using the coupled RITSS approach. The RITSS approach was presented 

by Hu and Randolph (1998) for total stress analysis. It was later combined with 

Abaqus and expanded to effective stress analysis by Wang et al. (2008, 2015). In 

RITSS analyses, the installation of the caisson was divided into a number of 

incremental steps in which a sufficiently small displacement of caisson was applied 

to avoid severe distortion of soil elements around the caisson. After each incremental 

step, the deformed soil was remeshed, followed by mapping of field variables from 

the old mesh to the new mesh. Then the small strain calculation was conducted for 

the next incremental step. Abaqus was called to conduct mesh regeneration and 

updated Lagrangian calculation in each step, with the caisson displacement being 

selected as 0.5t (t represents the wall thickness of caisson). The detailed description 
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of coupling the RITSS strategy and Abaqus can be found in Wang et al. (2008, 2010, 

2013, 2015).  

4.2.1 FE mesh and boundary conditions 

The installation of the caisson and subsequent dissipation was simulated as an 

axisymmetric problem. The soil domain was modelled as 5D in radial extension with 

roller constraints at the sides and 8D in vertical extension with pinned constraint at 

the base. Both the sides and base of the soil domain were taken as impermeable. The 

caisson was simplified as an impermeable rigid body. The caisson was pre-

embedded at a depth of 0.5D and then jacked to the final penetration depth L. Three 

aspect ratios, L/D = 2, 3 and 4, were investigated. 

The soil was discretised with 8-node axisymmetric quadrilateral elements with 

reduced integration (termed CAX8RP in Abaqus). Typical element size along the 

caisson wall was 0.04D but with 3 elements specified at the caisson tip (Figure 4-1). 

The typical mesh size was selected to balance computational effort and accuracy, 

based on comparison with a finer element size of 0.02D which yielded similar excess 

pore pressures and reasonably close penetration resistances during installation. The 

caisson-soil interaction was modelled using ‘hard’ normal contact and penalty 

tangential contact. The shear stress at the caisson-soil contact was specified in terms 

of normal effective stress and a friction coefficient. The friction coefficient was 

taken as a function of the internal friction angle and soil sensitivity (St) as 

t

0.3tan

S


 =                   (4-1) 
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(a) 
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(b) 

Figure 4-1. Initial mesh for LDFE analysis of caisson installation: (a) Whole 

mesh; (b) Close-up around the tip 

The friction coefficient calculated from Equation 4-1 were 0.051 for kaolin clay and 

0.049 for calcareous silt based on the soil properties in Table 4-1.  

Table 4-1. Characteristics of the soil 

Properties Kaolin    

clay 

Calcareous 

silt 

Friction angle,  23° 38° 

Void ratio at p' = 1 kPa on virgin consolidation line, eN 2.252 2.285 

Slope of normal consolidation line, λ 0.205 0.165 

Slope of swelling line, κ 0.044 0.015 

Poisson’s ratio, ν 0.3 0.3 

Sensitivity, St 2.5 4.8 

Submerged density, ρ' 690 kg/m3 650 kg/m3 

 

During installation, dissipation was allowed through both the soil surfaces inside and 

outside of the caisson, since the valve on the caisson top was open (as is the case in 
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the field). After the installation, the caisson was subjected to the self-weight of the 

entire platform which was simplified as a fixed vertical force applied. A typical 

magnitude of the fixed force, half of the penetration resistance at the end of 

installation, was taken in the following studies. The excess pore pressures 

accumulated during installation were dissipated gradually, under the fixed vertical 

force imposed on the caisson. The porous water was flowed out only through the soil 

surface outside of the caisson, since the valve on the caisson top was shut (as is the 

case in the field) at the operational stage.  

4.2.2 Material properties 

The normally consolidated cohesive soils were taken as the MCC materials, with the 

MCC properties for kaolin clay being reported by Stewart (1992) and ones for the 

calcareous silt being from the laboratory tests. The relevant soil parameters are listed 

in Table 4-1. The coefficient of lateral earth pressure at rest was related to the 

friction angle as K0 = 1 – sin  while the slope of the critical state line in deviatoric 

stress (q) versus mean effective stress (p') space is given by ( )M 6sin 3 sin=  −  . 

The void ratio for normally consolidated soils under K0 conditions may be described 

by 

( )
( ) ( )

2

0 0 v

N 2

0

3 1 K 1 2K '1
e e ln 1 ln

1 2K M 3

 − +    
 = − − + −   

+     

           (4-2) 

where eN is the void ratio at p' = 1 kPa on the virgin consolidation line, λ is the slope 

of virgin consolidation line, κ is the slope of swelling line and σ'v is the vertical 

effective stress. The elastic shear modulus of the soil is given by 
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( )
( )

( ) ( )0 v3 1 2 1 e 1 2K '
G

2 1 3

−  + + 
=

+ 
               (4-3) 

where ν is the Poisson’s ratio. The undrained shear strength deduced from the MCC 

model may be adopted as (Wroth, 1984) 

( ) ( )
( )

12

0 v 0

u 2

0

1 2K ' 3 1 KM
s 1

2 3 M 1 2K

− 

− 

  +  −
 = +  +   

             (4-4) 

The coefficient of consolidation measured by Richardson (2007) for kaolin clay was 

fitted with v vc 1 0.14 '= +   while the coefficient of consolidation for calcareous silt 

measured from Rowe cell test was fitted with v vc 0.01 0.016 '= +  , with units of 

m2/year and kPa for cv and σ'v respectively. The permeability of the soil (k) is 

dependent on the evolvement of void ratio with depth and may be expressed as 

( )
w v

v

c
k

1 e '

 
=

+ 
                  

(4-5) 

where γw is the unit weight of water. The permeability was then expressed as a 

function of the void ratio, as deduced by Mahmoodzadeh et al. (2015).  

4.3 Verification 

For verification of the LDFE analysis, the penetration resistance was compared with 

existing centrifuge test results and the DNV (2005) guidelines. The penetration 

resistance of a caisson without stiffeners is calculated as the sum of the friction along 

the caisson walls and the caisson tip bearing capacity (DNV, 2005).  
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( )wall u c u tF A s N s 'z A=  + +               (4-6) 

where Awall is the sum of the internal and external caisson wall area, α is the shear 

strength factor normally taken as the inverse of soil sensitivity (1/St ), us  is the 

average undrained shear strength over the penetration depth, Nc is the plane strain 

bearing capacity factor of the caisson tip taken as Nc = 7.5, su here is the original 

undrained shear strength at the caisson tip level, γ' is the effective unit weight of the 

soil, z is the penetration depth of the caisson, and At is the cross sectional area of the 

caisson tip. Based on the recommendations from DNV (2005), the α value was 0.40 

for kaolin clay (St = 2.5) and 0.21 for calcareous silt (St = 4.8). For verification and 

comparison between different sources of data, the penetration resistance (F) was 

normalised by the caisson full base area (A = πD2/4) and the undrained shear 

strength of soil at the current depth of the caisson tip. 

4.3.1 Centrifuge test in kaolin clay 

The penetration resistance from the LDFE analysis was compared with Equation 4-6 

and the centrifuge results from Chen and Randolph (2004). The series of centrifuge 

tests was carried out at an acceleration level of 120 g to investigate the installation 

performance of the caissons in normally consolidated kaolin clay. The caisson used 

was 14.4 m long and 3.6 m in diameter (L/D = 4) in prototype dimensions. The wall 

thickness of the caisson was 0.06 m, which was increased to 0.18 m and 0.12 m in 

the vicinity of the padeye and to accommodate total pressure transducer (Chen and 

Randolph, 2004). The increase in wall thickness, which resulted in a 7% increase of 

penetration resistance at the final penetration depth, was not considered in the LDFE 

analysis.  
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The undrained shear strength gradient measured from T-bar tests varied from 1.0 

kPa/m initially to 1.3 kPa/m by the end of the testing series. The shear strength 

intercept at the mudline was zero for normally consolidated clays, generating 

unreasonably large resistances near the soil surface when normalising the penetration 

resistance. The undrained shear strength gradient derived from Equation 4-4 was 

1.65 kPa/m, which was larger than those measured in the centrifuge (Chen and 

Randolph, 2004). This is possibly due to two reasons: (a) the internal friction angle 

measured from triaxial compression tests is higher than those at other shear states; 

and (b) the soil sample was prepared from slurry through spinning in the centrifuge 

with an acceleration of 120 g for 5 days (Chen, 2005), however, the soil may not be 

fully consolidated (Zhao et al., 2016). Therefore, in the following discussions, the 

penetration resistance of caissons are to be expressed in a normalised form related to 

the undrained shear strength at the current depth of the caisson tip. 

The caisson installation response with depth is presented in Figure 4-2 in a 

normalised form. The installation results from the centrifuge tests were scattered in a 

relatively large range with normalised resistances at the final penetration depth (z/D 

= 4) ranging from 6.5 to 8.2. The shear strength factor in Equation 4-6 was selected 

based on the average friction factor (α = 0.37) reported by Chen and Randolph 

(2004), which is close to the DNV (2005) recommended shear strength factor of 0.40. 

The penetration resistance predicted by the LDFE analysis lie within the range of 

resistances measured in the centrifuge tests, and agrees reasonably well with the 

prediction using Equation 4-6. 
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Figure 4-2. Normalised penetration resistance in kaolin clay (St = 2.5) 

4.3.2 Centrifuge test in calcareous silt 

The LDFE analysis of caisson installation in calcareous silt was validated with 

Equation 4-6 and centrifuge tests carried out at 200 g. The model caisson in the 

centrifuge (L = 24 m, D = 8 m and t = 0.08 m in prototype dimensions) was installed 

by jacking. In the tests, initially only the bottom half of the caisson was submerged 

in water due to limitation in height of the strongbox. The top half of the caisson was 

left exposed in air (Figure 4-3). The limitation resulted in a sudden increase of 
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penetration resistance at a normalised depth of z/D = 0.8~0.9 when the caisson lid 

sealed with a one-way valve touched the free water surface. Since the soil sample 

was prepared by filling the slurry twice, the transitional region between the two 

layers was reflected in a slight drop in undrained shear strength (z ≈ 16 m in Figure 

4-4). The penetration resistance was thus reduced at a depth exceeding the base of 

the top layer (z/D ≈ 2 in Figure 4-5). The undrained shear strength of the calcareous 

silt measured from T-bar test was su = 1.5 + 2.4z kPa (Figure 4-4), while the MCC 

undrained shear strength gradient derived from Equation 4-4 was 2.18 kPa/m. 

 

Figure 4-3. Centrifuge test of caisson in calcareous silt 
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Figure 4-4. Undrained shear strength and soil sensitivity measured from cyclic 

T-bar test in calcareous silt 

Figure 4-5 compares the caisson penetration resistance in calcareous silt from the 

LDFE analysis with Equation 4-6 and the centrifuge test results. The shear strength 

factor was selected based on the back-calculated friction factor (α = 0.3) from 

centrifuge tests of caisson installation in Gulf of Guinea clay reported by Gaudin et 

al. (2014). Compared to α = 0.21 obtained from the inverse of soil sensitivity, the 

adopted value of α = 0.3 was a better representation of caisson-soil interface. Overall, 
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the penetration resistance obtained from the LDFE analysis was in good agreement 

with both the prediction from Equation 4-6 and the measured resistances. 

 

Figure 4-5. Normalised penetration resistance in calcareous silt (St = 4.8) 

4.4 Results and discussion 

The dissipation of installation-induced excess pore pressures outside a cylindrical 

caisson is somewhat similar to that around a piezocone, while the soil surface inside 

the caisson is impermeable during consolidation stage. One of the most commonly 
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used dissipation solutions for a piezocone was proposed by Teh and Houlsby (1991) 

with the dissipation time factor expressed as 

* h d

2 0.5
c r

c t
T

D I
=                   (4-7) 

where ch is the operative coefficient of consolidation, td is the dissipation time, Dc is 

the cone diameter and Ir is the rigidity index given by Ir = G/su. Taking into account 

the size of the caisson which includes the caisson length (L), diameter (D) and 

thickness (t), the dissipation time factor for the caisson is proposed in a normalised 

form as 

h d
c 0.95 0.05 0.25

r

c t
T

L Dt I
=                  (4-8) 

The exponents of 0.95 for the length, unity for the diameter and 0.05 for the 

thickness of the caisson were selected by fitting the dissipation graphs into an almost 

unique curve. The exponent of 0.25 for the rigidity index was selected as one quarter 

of the exponent for the caisson diameter, consistent with the expression for a cone 

(Teh and Houlsby, 1991). Following Mahmoodzadeh et al. (2014), the operative 

coefficient of consolidation may be expressed as 

( ) ( )
h 1

w

3 1 1 e p' k
c

1  −

− +
=

+   
                (4-9) 

where β is a weighting factor for elastic and plastic behaviour deduced as β = 0.75 

(Mahmoodzadeh et al., 2015).  

The excess pore pressure during consolidation may be normalised as 

max

Δu
U

Δu
=                 (4-10) 
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where ∆umax is the idealised back-extrapolated maximum excess pore pressure at the 

beginning of dissipation using the Taylor’s root time method as described in Sully et 

al. (1999). Table 4-2 summarises the nine cases C1~C9 considered. Typical caisson 

aspect ratios (L/D = 2, 3 and 4) were selected for dissipation in both kaolin clay and 

calcareous silt. Three caisson diameters, D = 3.6, 5.0 and 8.0 m, were studied, 

covering thickness ratios of D/t = 60, 100 and 200. The dissipation response was in 

terms of the outer surface of the caisson wall, at a distance of 0.02L, 0.05L, 0.1L and 

0.2L above the caisson tip as shown in Figure 4-6.  

Table 4-2. Summary of LDFE analyses 

Parameter Cases C1~C3 Cases C4~C6 Cases C7~C9 

Un-

stiffened 

caisson 

Diameter, D (m) 3.6 8.0 5.0 

Thickness, t (m) 0.060 0.080 0.025 

Length, L (m) 7.2, 10.8, 14.4 16.0, 24.0, 32.0 10.0, 15.0, 20.0 

Aspect ratio, L/D 2, 3, 4 2, 3, 4 2, 3, 4 

Thickness ratio, 

D/t 

60 100 200 

Soil type Kaolin clay Calcareous silt Calcareous silt 
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Figure 4-6. Dissipation locations along outer surface of caisson wall 

The dissipation curves near the caisson tip are plotted in Figure 4-7 in dimensional 

form for cases C1~C9. When the dissipation curves at a particular position along the 

caisson wall are normalised, the normalised curves converge together and form a 

unique line (see Figure 4-8), which can be presented according to  

( )
0.75

c c50

1
U

1 T T


+
                (4-11) 

with the nondimensional time factor for 50% pore pressure dissipation (Tc50) fitted as 

0.007, 0.010, 0.015 and 0.024 for the positions of 0.02L, 0.05L, 0.1L and 0.2L above 

the caisson tip respectively. The dissipation time factors (Tc) at various stages of 

dissipation for different locations along the caisson wall are shown in Table 4-3.  

L

0
.2

L

0
.1

L

0
.0

5
L

0
.0

2
L

A

B

C

D



107 

 

 

(a) 

0

10

20

30

40

50

60

70

80

90

100

1 10 100 1000

E
x
c
e

s
s
 p

o
re

 p
re

s
s
u

re
, 


u

: 
k
P

a

Time, td: days

Cases C1~C3:
Kaolin clay
D = 3.6 m
D/t = 60

L/D = 2, 3, 4



108 

 

 

(b) 

0

20

40

60

80

100

120

140

160

180

200

220

240

1 10 100 1000

E
x
c
e

s
s
 p

o
re

 p
re

s
s
u

re
, 


u

: 
k
P

a

Time, td: days

Cases C4~C6:
Calcareous silt

D = 8.0 m
D/t = 100

L/D = 2, 3, 4



109 

 

 

(c) 

Figure 4-7. Dimensional dissipation curves at 0.02L above caisson tip (Location 

A in Figure 4-6): (a) LDFE dissipation response in kaolin clay (D = 3.6 m, D/t = 

60); (b) LDFE dissipation response in calcareous silt (D = 8.0 m, D/t = 100); (c) 

LDFE dissipation response in calcareous silt (D = 5.0 m, D/t = 200) 
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(d) 

Figure 4-8. Normalised dissipation curves at various locations along caisson 

wall: (a) Normalised dissipation response at 0.02L above caisson tip; (b) 

Normalised dissipation response at 0.05L above caisson tip; (c) Normalised 

dissipation response at 0.1L above caisson tip; (d) Normalised dissipation 

response at 0.2L above caisson tip 
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Table 4-3. Time factor at various stages of dissipation 

 

The dissipation response of the caisson is compared with that of the piezocone (Teh 

and Houlsby, 1991) in Figure 4-9. The caisson dissipation curves at locations of 

0.02L~0.2L above the caisson tip follow a similar trend to the cone, moving to the 

right as the distance above the caisson tip increases. However, the cone dissipation 

curves narrow down to a small range at 2.5Dc, 5Dc and 10Dc above the cone 

shoulder (Teh and Houlsby, 1991). This is not observed for the caisson dissipation 

curves as the caisson has a much shorter length (L/D = 2~4 in this study) compared 

to a cone shaft which often may be longer than 10 times the cone diameter. This 

means that the piezocone dissipation test is conducted at sufficiently large depth and 

distance away from the soil surface with zero excess pore pressure, but the effect of 

soil surface is not minimal for caisson dissipation. Another reason for the difference 

observed in Figure 4-9 is the presence of significant excess pore pressures inside the 

caisson while the cone is solid. 

Degree of 

consolidation 

Dissipation location above caisson tip 

A 

0.02L 

B 

0.05L 

C 

0.1L 

D 

0.2L 

20% 0.001 0.002 0.002 0.004 

30% 0.002 0.003 0.005 0.008 

40% 0.004 0.006 0.009 0.014 

50% 0.007 0.010 0.015 0.024 

60% 0.012 0.017 0.026 0.041 

70% 0.022 0.031 0.046 0.074 
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Figure 4-9. Fitted dissipation curves for caisson and normalised dissipation 

curves for cone 

4.5 Concluding remarks 

This chapter has reported the results from the large deformation finite element 

(LDFE) simulations of caissons, investigating the installation and subsequent 

dissipation of installation-induced excess pore pressures in kaolin clay and 

calcareous silt. The penetration resistances predicted by the LDFE approach are in 

reasonable agreement with the centrifuge test results and design guidelines. A 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0.0001 0.001 0.01 0.1 1 10

N
o

rm
a

li
s
e

d
 e

x
c

e
s

s
 p

o
re

 p
re

s
s

u
re

, 
U

Normalised time, Tc (caisson) or T* (cone) 

Caisson
Locations
A, B, C, D
in Fig 4-6

(This study)

Cone
Locations
0Dc, 2.5Dc, 
5Dc, 10Dc

above cone
shoulder

(Teh & Houlsby,
1991)



116 

 

normalised dissipation curve for caissons using a time factor that accounts for the 

effects of caisson length, diameter and thickness was proposed. It is found that the 

normalised dissipation curves at a particular position along the outer circumference 

of the caisson are nearly unique and the fitting equations for four typical positions 

were presented. 

In practice, the proposed dissipation curves can be used to predict the degree of 

dissipation of excess pore pressure induced during installation during a set-up period 

after the completion of installation. This can provide an indication in terms of regain 

of strength of the adjacent soil. 
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CHAPTER 5. SAND BLANKET FOR REDUCING 

SUCTION CAISSON’S DISPLACEMENTS AND 

INCREASING CAPACITY UNDER MONOTONIC AND 

CYCLIC LOADINGS  

 

Abstract 

The focus of this chapter is on the performance of a suction pile subjected to 

monotonic and cyclic horizontal and moment loadings, along with a vertical 

compression or tension loading, in a layered loose sand-stiff clay-dense sand deposit. 

The loading conditions and tested seabed profile were targeted based on those 

typically withstand by the piles of a tripod sub-structure supported offshore small 

(e.g. 3MW) wind turbine in shallow water depths. The behaviour of the suction pile 

was explored through a series of model tests in a beam centrifuge. The main 

objectives were to (a) quantify the capacities and displacements of the suction pile 

under targeted loads; and (b) suggest a potential measure for increasing the capacity 

and reducing the displacements. For assessing caisson installation resistance, shear 

resistance based theoretical design approach and cone penetrometer based direct 

design approach were calibrated against test data. The test results show that using a 

sand blanket around the caisson, which is sometimes used for scour protection, 

increased the lateral capacities by 6~13% and reduced lateral displacements by 
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11~32%. This confirms the effectiveness of a sand/gravel blanket and indicates how 

the capacity of a suction pile can be optimised using a known measure. 

5.1 Introduction   

5.1.1 Suction caisson foundation for offshore wind turbine  

Suction caissons are used widely in offshore oil and gas industry and renewable 

energy industry as foundations for supporting jacket structures and wind turbines in 

shallow water depths, and as anchors for mooring floating platforms in deep and 

ultra deep waters. In shallow waters, the wind turbines are generally supported by 

either monopod, tripod or tetrapod sub-structure resting on piles or suctions caissons, 

and seabed deposits more generally consist of sandy or stratified sediments. This 

study focuses on the response of a suction caisson of a tripod sub-structure in loose 

to medium dense sand-stiff clay-dense sand deposit as it is encountered around the 

world including in the Gulf of Mexico (Watson et al., 2006).  

Suction caissons are large diameter steel cylinders, open ended at the bottom and 

closed at the top, and are installed by pumping water from inside the caissons after 

they are allowed to penetrate under its self-weight. Operational loadings that 

imposed on a suction caisson foundation of a wind turbine during the design life 

include (i) vertical compression or tension loading from the weight of the structure, 

and (ii) both monotonic and cyclic lateral loadings and moments from current, wave 

and wind. Owing to the geometric configuration of a wind turbine (i.e. height of the 

tower), lateral loading and moment and corresponding foundation responses dictate 

the capacity as opposed to the domination of vertical loading and corresponding 
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response as is the case for e.g. offshore jack-up rigs. Under these loadings, excessive 

(beyond the tolerable limit) lateral and/or rotational displacements of a caisson 

foundation may lead buckling of sub-structure, ineffectively decommissioning the 

turbine, or may even result in toppling of the turbine. As such, at any site, if the 

likelihood of excessive displacements is predicted prior to installing the sub-structure 

of a turbine or excessive displacements occur during operation of a turbine, a 

measure for reducing the displacements may be warranted.    

5.1.2 Previous work on suction caisson or bucket/skirted foundations  

A number of investigations have been carried out on suction caisson or bucket 

foundation response through field trials, model testing, and numerical analyses. The 

majority of them are either on clay (e.g. Martin, 2001; Houlsby et al., 2005, 2006; 

Kelly et al., 2006; Gourvenec and Barnett, 2011; Gourvenec and Mana, 2011; Barari 

and Ibsen, 2012; Bienen et al., 2012; Hung and Kim, 2012, 2014; Kourkoulis et al., 

2014; Vulpe et al., 2013, 2014; Vulpe, 2015) or on sand (e.g. Byrne and Houlsby, 

2004; Houlsby et al., 2006; Andersen et al., 2008; Villalobos et al., 2009; LeBlanc et 

al., 2010; Achmus et al., 2013; El Safti and Oumeraci, 2013; Zhu et al., 2013; Cox et 

al., 2014; Ibsen et al., 2014; Thieken et al., 2014; Choo and Kim, 2016; Park et al., 

2016) or on clay and sand (Iskander et al., 2002). Investigations on the performance 

in layered soils are very limited e.g. in dense silty sand-sandy silt (Kim et al., 2013) 

and in sand-clay (Park and Park, 2017). To the authors’ knowledge, no attention was 

paid to explore the performance of a suction caisson in three layer sand-clay-sand 

deposit apart from presentation of six installation data by Watson et al. (2006). 
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5.1.3 Measures for reducing displacements of caisson or bucket/skirted 

foundations 

In order to reduce lateral or rotational displacements, the length of the skirt can be 

extended to a deeper depth and stronger layer, requiring a number of stiffeners for 

ensuring structural integrity. A second option may be adding a shorter skirt around 

the primary skirt (referred to as hybrid foundation; Bienen et al., 2012), which may 

not be suitable for a tripod sub-structure due to the limitation of caisson to caisson 

distance avoiding interference. In addition, both of these options require a significant 

amount of steel and may adversely create installation issues e.g. penetration refusal 

of a longer skirt, uneven seabed, uneven installation of both skirts of a hybrid 

foundation.  

An alternative option may be using a ‘mud-liner’ as proposed by Keaveny et al. 

(1994) to prevent the formation of a tension crack along the active side of an inclined 

loaded suction caisson anchor (opposite side of loading direction). From the results 

of field tests on a pair of tangentially connected suction caissons (of diameter 0.7 m 

and penetration depth 1.4 m), it was showed that a ‘thin and flexible’ liner (with no 

further details given in terms of the material) improved the static, quasi-horizontal 

capacity by up to 50% compared with an equivalent test without a liner, in which a 

tension crack was formed. It was believed that the liner inhibited the tension crack 

by preventing a supply of water (and thereby lose suction) between the soil and the 

caisson.  

Alternatively, the use of a ‘gap arrester’ around the periphery of a foundation as 

proposed by Mana et al. (2013) for reducing the adverse effect of gapping at the 

skirt/soil interface on the undrained and sustained uplift capacity of shallow skirted 
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foundations in clay. A circular flexible latex membrane attached to the outer 

periphery of a skirted foundation was projected 0.3D (although noted that it was 

chosen to be as large as possible while maintaining sufficient stiffness to achieve 

clean mating with the seabed without creasing or folding) from the foundation 

periphery at the base level of the foundation lid. On the projected surface of the 

membrane, a thin cellulose acetate sheet was glued on the upper surface to prevent 

folding or creasing during installation, and sand coat was provided on the under 

surface to achieve a rough contact surface with the soil and to make the membrane 

heavy enough not to float in water. The results showed that the gap arrester enabled 

suction to be maintained for larger foundations displacements under short term and 

sustained uplift, compared with the case of a gapped interface without an arrester. 

For shallow embedment of 0.1D, the presence of the gap arrester resulted in an uplift 

resistance similar to the intact skirt/soil interface case. However, the degree of this 

influence of the arrester reduced with increasing embedment ratio e.g. 0.2D. 

Based on the above discussion, in this study, it was decided to use a circular sand 

blanket, around the periphery of the caisson, which is commonly used for 

mitigating/reducing scour around a caisson or pile or mudmat skirt in a deposit with 

a surface sand layer. This was to achieve double benefit of easing scouring and 

reducing lateral/rotational displacements. 
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5.2 Centrifuge modelling   

5.2.1 Experimental program  

The experimental program was carried out at 150 g in the beam centrifuge at the 

University of Western Australia (Randolph et al., 1991). It has a swinging platform 

that supports a standard rectangular strongbox, which has internal dimensions of 650 

(length) × 390 (width) × 325 (depth) mm, representing a prototype test bed of up to 

97.5 m long by 58.5 m wide by 48.75 m deep at 150 g. The various scaling 

relationships for modelling at enhanced accelerations were reported by Schofield 

(1980) and Garnier et al. (2007). In a centrifuge the acceleration level increases with 

radius. The acceleration level of 150 g for testing was set at half of the caisson 

installation depth. The influence of the non-uniform acceleration field was accounted 

for in the interpretation of the caisson tests. 

5.2.2 Model caisson foundation   

Tests were performed using a model caisson of 40 mm in diameter and 80 mm skirt 

length, 0.5 mm wall thickness (D = 6 m, L = 12 m, t = 0.075 m in prototype scale at 

150 g), as shown in Figure 5-1. The model was machined from a full block of 

stainless steel. 0.5 mm is the minimum thickness of skirt that can technically 

achievable with steel. The thickness of the lid was 10 mm to accommodate a pore 

pressure transducer. The shaft size was 12 mm in diameter and 45 mm long. The 

shaft allowed the model caisson to connect to the vertical loading actuator, and also 

consisted of six holes facilitating application of horizontal forces with various 

eccentricities from the base of the lid (i.e. application of horizontal forces and 
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moments together). Table 5-1 summarises the caisson geometry in model and 

prototype scale.  

 

Figure 5-1. Schematic diagram of installed model suction caisson (PPT: pore 

pressure transducer)   

 

 

 

 

 

 

 1 
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Table 5-1. Model and prototype caisson dimensions 

Dimension Symbol 

Caisson 

Model 
Prototype 

(at 150 g) 

Diameter D 40.00 mm 6.00 m 

Length L 80.00 mm 12.00 m 

Thickness  t 0.500 mm 0.075 m 

Aspect ratio  L/D 2.00 

Thickness ratio  D/t 80.00 

Tip area At 62.05 mm2 1.40 m2 

External skirt area Af,ex 10053.10 mm2 226.19 m2 

Internal skirt area Af,in 9801.77 mm2 220.54 m2 

Dry weight Wd 1.63 N 5.49 MN 

Submerged weight in water Ws 1.39 N 4.70 MN 

 

A pore pressure transducer (PPT) was set at the caisson lid invert to measure the 

differential pressure across the lid. The lid of the model was also consisted of a 6 

mm diameter hole to egress water during installation, which was shut after the 

completion of installation and prior to the application of operational loadings. 

5.2.3 Sample preparation  

Two identical three layer loose to medium dense sand-stiff clay-dense sand samples 

were prepared (Tables 5-2 and 5-3). The thickness of the layers, the targeted density 

of the sand layers and strength of the clay layers were obtained from the site 

investigation of a site (location cannot be noted due to the confidentiality) to be 

developed by wind farms. Commercially available kaolin clay (specific gravity, Gs = 

2.6; liquid limit, LL = 61%; plasticity index, Ip = 34%; consolidation coefficient, cv = 

2.6 m2/year) and superfine silica sand (specific gravity, Gs = 2.65; average particle 
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size, d50 = 0.190 mm; particle size, d10 = 0.099 mm; maximum void ratio, emax = 

0.7472; minimum void ratio, emin = 0.4485; critical state friction angle, cv = 32) 

were used to prepare the clay and sand layers respectively. Each sample was 

prepared following the procedure below. 

Table 5-2. Engineering properties of soils used in this study 

Property Super fine silica sand Kaolin clay 

Specific gravity, Gs 2.65 2.6 

Average particle size, d50: mm 0.190 - 

Particle size, d10: mm 0.099 - 

Maximum void ratio, emax 0.7472 - 

Minimum void ratio, emin 0.4485 - 

Critical state friction angle, cv 32 - 

Liquid limit, LL: % - 61 

Plastic limit, PL: % - 27 

Plasticity index, Ip: % - 34 

Consolidation coefficient (mean), cv: m
2/year - 2.6 
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Table 5-3. Soil properties for tested three-layered soils 

Box Layer Soil type 

Top 

(mm): 

model 

Bottom 

(mm): 

model 

Thickness 
Relative density 

Dr (%) 

su 

(kPa) 
Model 

(mm) 

Prototype 

(m) 

1 and  2 

1 
Loose to medium dense 

superfine silica sand 
0 17 17 2.55 

- 48% before testing 

- 43% after testing 
- 

2 Stiff kaolin clay 17 56 39 5.85 - 40* 

3 Dense superfine silica sand 56 200 144 21.6 
- 85% before testing 

- 92% after testing 
- 

*Note: su was deduced by T-bar tests (NT-bar = 10.5) 
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A 144 mm (21.6 m in prototype scale) dense sand layer was rained (using a sand 

rainer) in a centrifuge strongbox. The sand layer was saturated after weighing the 

sample. A ~100 mm thoroughly mixed and de-aired kaolin slurry was then poured on 

top of the deposited saturated sand layer, and consolidated at 1g on the laboratory 

floor under a final pressure of 465 kPa. Once full consolidation was achieved, the 

clay layer was scraped gentle to level the thickness of the clay layer to 39 mm (5.85 

m), and the weight was recorded. Finally, a 17 mm (2.55 m) loose to medium dense 

sand layer was rained above the clay layer and saturated (applying water through the 

side of the strongbox with a very small flow rate) after taking the weight. The sample 

was spun in the centrifuge at 150 g and ramped down for several times (to ensure the 

uniformity of the sand layer), and then finally spun at 150 g for about 24 hours 

before undertaking the planned soil characterisation and caisson tests. The total 

sample height was ~200 mm (30 m). A surface water layer of 80 mm was maintained 

above the sample during testing. 

5.2.4 Soil characterisation   

Characterisation tests were carried out in-flight using a model T-bar penetrometer, 

with dimensions 5 mm in diameter and 20 mm in length, model cone penetrometers 

of 7 mm and 10 mm diameter, and a model piezocone penetrometer of 10 mm 

diameter. Strength assessments were undertaken immediately before and after the 

caisson tests on each box. For characterising the clay layer, T-bar penetration tests 

were carried out in the layer by inserting a tube in the top sand layer and removing 

the sand from the tube. This was to avoid the influence of the potentially trapped 

sand layer at the base of the T-bar from the top layer. The T-bar was penetrated at a 

rate of 1 mm/s targeting a non-dimensional velocity index of V = vpDp,e/cv = 137 
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(where vp is the penetrometer penetration velocity, Dp,e is the penetrometer area 

equivalent diameter) to ensure undrained conditions in the clay layer (Finnie and 

Randolph, 1994). The deduced strength profiles using a deep T-bar factor of 10.5 

were consistent and can be idealised as su = ~40 kPa. The sensitivity of kaolin clay 

was about 2.8, as was deduced from cyclic T-bar tests. These are included in Table 

5-3. 

For the sand layers, relative densities (Dr) prior to testing were calculated from the 

absolute measured weight and volume. After the completion of all the tests on each 

box, samples were cored using a sampler tube. Moisture content and density were 

assessed, allowing for calculating relative density. The achieved relative density Dr 

for the bottom sand layer was 85% before testing and 92% after testing and for the 

top layer was 48% before testing and 43% after testing. These are given in Table 5-3.   

Cone and piezocone penetrometer tests were carried out at a rate of 1.13 and 1.61 

mm/s, respectively, to ensure undrained conditions in the clay layer (V = vpDp,e/cv = 

137; Finnie and Randolph, 1994) and drained conditions in the sand layer. The key 

aim of these tests was to establish a direct correlation between cone and caisson 

installation.  

5.2.5 Caisson testing procedure    

A total of 8 tests were performed on two boxes (4 on Box 1 and 4 on Box 2), as 

summarised in Table 5-4. The applied load ratios and eccentricities were selected 

based on typical loading conditions experienced by a caisson foundation of a tripod 

sub-structure supporting a relatively small (e.g. 3 MW) wind turbine. The vertical 

load Vz was applied in either compression or tension. Note, the equivalent weight of 
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the caisson in prototype scale was higher than the typical weight of a caisson in the 

field and hence the applied vertical load Vz was adjusted accordingly. The lateral 

monotonic or cyclic loads Hx and Hy were applied through two chain pulley systems 

with eccentricities ex and ey (from the base of the lid or the ground surface) to induce 

moments Mx and My respectively, and with angles to the horizontal to achieve 

required additional vertical load (either compression of tension) on top of the self-

weight of the caisson. Due to the limitation of the space, the achieved angles to the 

horizontal were not sufficient, requiring an additional load to be applied by an 

actuator during installation. For convenience, the schematic diagram of the applied 

various loading patterns are shown in Figure 5-2.  

           

         (a)                               (b)                              (c)                            (d) 

Figure 5-2. Schematic diagram of loading patterns: (a) X direction horizontal 

loading with compression vertical loading; (b) Y direction horizontal loading 

with compression vertical loading; (c) X direction horizontal loading with 

tension vertical loading; (d) Y direction horizontal loading with tension vertical 

loading 
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Table 5-4. Summary of centrifuge tests conducted under monotonic loading 

 

 

Test 

Installation Vertical loading (V) Horizontal loading (H) Rate of 

increase in 

horizontal 

capacity (%) 
Installation 

depth  

(m) 

Maximum 

installation 

resistance 

(MN) 

Load type 

Targeted 

load 

(MN) 

Load type 
Sand 

blanket 

Loading 

eccentricity  

(m) 

Targeted 

load     

(MN) 

Maximum 

load  

(MN) 

Direction Direction Direction Direction 

X  Y  X  Y  X  Y X Y 

1 12.30 45.51 
Compression 

-6.49 

Monotonic 

No 

4.79 

4.49 
1.50 0.77 6.22 3.39 - - 

2 12.28 42.88 -6.49 Yes 1.61 0.83 7.06 3.75 13.50 10.62 

3 12.30 48.48 
Tension 

2.57 No 
6.75 

1.32 0.34 9.37 2.46   

4 12.30 48.71 2.57 Yes 1.30 0.32 9.96 2.62 6.30 6.50 

5 12.27 50.92 
Compression 

-1.14 

Post-cyclic 

monotonic 

No 

3.23 2.93 

‒ ‒ 7.49 4.65   

6 12.30 52.13 -1.14 Yes ‒ ‒ 8.15 4.92 8.81 5.81 

7 12.30 51.09 
Tension 

1.21 No ‒ ‒ 8.27 5.07   

8 12.30 49.79 1.21 Yes ‒ ‒ 9.02 5.52 9.07 8.88 
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The test setup for installation and vertical loading, and for applying operational 

lateral loadings are shown in Figure 5-3. The installation and application of vertical 

load (in Z direction) involved one actuator and the application of lateral loads 

included two actuators. A typical testing procedure can be described as follows. The 

caisson was connected to the vertical actuator via a water proof load cell attached 

just above the caisson’s shaft to avoid any effect of potential bending. The caisson 

was set just above the soil surface and the centrifuge was spun at 150 g. Installation 

was conducted by jacking the caisson (with the lid vented) into the soil at a constant 

displacement rate of 0.4 mm/s using the displacement-controlled system until the full 

skirt penetration of 80 mm was achieved. The centrifuge was stopped momentarily 

to shut the drainage hole, and spun back to 150 g. A reconsolidation or set-up period 

of 3 months was allowed. The required vertical load was applied using the load-

controlled system and hold the penetration depth.  

The centrifuge was stopped, and the vertical loading actuator was moved. The lateral 

loading actuators and the chain-pulley systems were mounted. Two load cells were 

attached along the line and very close to the caisson to avoid any loss due to e.g. 

friction of the chain. The pulling direction was changed from an angle to vertical (the 

pulling axis of the actuator) by using a pulley located underneath the actuator. For 

monotonic tests, bi-axial monotonic loads Hx and Hy were applied using the load-

controlled system in a ratio so that the targeted loads were achieved at the same time. 

The centrifuge was stopped and the displacements of the caisson in both directions 

were measured manually (just to confirm) and then spun back to 150 g. Monotonic 

Hx and Hy were kept increasing up to a clear failure, providing information in terms 

of the failure load and patterns.  
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(a) 

 

(b) 
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(c) 

 

(d) 
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(e) 

Figure 5-3. Testing setup for installation and operational loading: (a) Pre-

installation; (b) Post-installation; (c) Attach horizontal loading arms; (d) Link 

with pulleys; (e) Operational horizontal loadings using pulleys 

For the cyclic loading tests, the loads were applied in five steps: (i) in step 1: cyclic 

loads were applied between a targeted load and a minimum value of ~2% of the 

corresponding monotonic capacity up to around 3000 cycles @ 0.25Hz; (ii) in step 2: 

cyclic loads were applied between 25% and 5% of the corresponding monotonic 

capacity up to around 3000 cycles @ 0.25Hz; (iii) in step 3: cyclic loads were 

applied between 50% and 15% of the corresponding monotonic capacity up to 

around 3000 cycles @ 0.25Hz;  (iv) in step 4: cyclic loads were applied between ~90% 

and 25% of the corresponding monotonic capacity up to around 3000 cycles @ 

0.25Hz and then the centrifuge was spun down momentarily to measure the 

displacements manually; (v) in step 5: the loads were applied monotonically up to 

the failure. 
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Identical both monotonic and cyclic loading tests were carried out placing a sand 

blanket (as discussed below) on the soil surface around the periphery of the installed 

caisson prior to applying lateral loads (i.e. after the completion of applying the 

vertical load). 

5.2.6 A measure for reducing displacement and scouring     

A sand blanket (sand put in a geo-fabric blanket) of width 0.5 caisson diameter (80 

mm outer diameter and 40 mm inner diameter) and thickness of about 8 mm was 

placed on the soil surface around the periphery of the installed caisson (see Figure 5-

4). The notion is to arrest the gap or act against the formation of gaps around the 

periphery of the caisson under lateral monotonic or cyclic loadings. In the field, an 

equivalent gravel blanket can be used. This can protect the caisson surrounding from 

scouring as well. 

 

Figure 5-4. Sand blanket for mitigating displacement and scouring 
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5.3 Results and discussion: Installation   

5.3.1 Caisson Installation  

Installation resistance (Fp) profiles are summarised in Figure 5-5, as a function of the 

skirt tip penetration depth, dt. The profiles are consistent and form a tight band. They 

increase gradually with depth up to the medium dense-stiff clay layer interface. After 

a small drop immediately after entering into the clay layer, they increase again 

moderately in the clay layer. In the dense sand layer, the profiles rise sharply with 

penetration depth.    

5.3.2 Theoretical Solutions     

In this study, (a) conventionally used shear resistance method (DNV, 2005; 

Andersen and Jostad, 1999; Andersen et al., 2008; Houlsby and Byrne, 2005a, 

2005b), and (b) cone penetrometer based direct design approach (DNV, 1992; 

Andersen et al., 2008; Hossain et al., 2015; Koh et al., 2017, Chapter 2) are 

considered. The centrifuge test results will be calibrated against these design 

methods with the aim being back calculating the range of factors related to tip 

resistance and skin friction.   
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Figure 5-5. Installation resistance profiles and theoretical predictions using 

shear resistance methods 

5.3.2.1 Shear resistance method for sand  

For assessing caisson penetration resistance in sand, a shear resistance method is 

commonly adopted (e.g. Andersen et al., 2008; Houlsby and Byrne, 2005b) as 

p f t

s,av f t t

F F F

     f A q A

= +

= +                 
(5-1) 
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where s,av tf 0.5Kγ d tanδ =  (average friction over the skirt tip penetration depth, dt); 

t γ γ q qq 0.5γ tN d qN d  = + ; f tA 2πDd=  (total inner and outer surface area of the 

embedded skirt); tA πDt= ; ( )γ qN 1.5 N 1 tan  = −  ; ( )πtan 2

qN e tan 45 /2  = + ; dγ = 

1. Instead of using the conventional depth factor, dq, Clausen (1998) and Andersen et 

al. (2008) suggested calculating an equivalent qdq as  

( )
q t f s,t

t f

qd γ d α f

     γ d 1 α Ktanδ

 +

 +                
(5-2) 

where f is the ratio between the vertical normal stress increase and skirt wall 

friction at skirt tip level and fs,t is the skirt wall friction at the skirt tip level. The 

other terms are defined under notation.  

5.3.2.2 Shear resistance method for clay  

For clay, a shear resistance method is adopted (e.g. Andersen and Jostad, 1999; 

Houlsby and Byrne, 2005a; DNV, 2005) according to  

( ) ( )
p ff f ft t

ff u f ft c u,0t t t

F R F R F

     R αs A R N s γ d A

= +

= + +
                

(5-3) 

where us  is the average undrained shear strength over the caisson tip penetration 

depth dt, and  is the corresponding friction factor. Nc is the bearing capacity factor 

of caisson tip, and su,0t is the corresponding local undrained shear strength at the 

caisson tip level.  

Natural fine-grained soils exhibit strain-rate dependency and also soften as they are 

sheared and remoulded. The term Rf (representing both Rff and Rft) is therefore 

introduced in Equation 3. The strain rate dependency is modelled using a power 
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function and the softening using the Einav and Randolph (2005) model, with 

parameter Rf expressed as  

( ) 95

β

3ξ/ξ

f rem rem

ref

γ
R δ 1 δ e

γ

− 
 = + −   

 
              (5-4) 

where γ  is the operative shear strain rate, and refγ  is the reference strain rate at 

which the undrained shear strength was measured. The first bracketed term has to be 

≥ 1. 

During caisson penetration, the operative shear strain rate varies through the soil 

body, but it is reasonable to assume that at any given location the operational strain 

rate may be approximated by the normalised velocity, v/t. Equation 5-4 can therefore 

be expressed as  

( ) 95

β

3ξ/ξ

f rem rem

ref

v

t
R n δ 1 δ e

γ

−

  
  
    = + −  

 
 

               (5-5)  

n is introduced to account for the greater rate effects for caisson surface resistance 

compared to tip resistance. This is due to the higher strain rate at the cylindrical 

surface involving curved shear bands, which can be estimated to be 20~40 times v/D 

using a rigorous energy approach maintaining equilibrium (Einav and Randolph, 

2006). Therefore, n is taken as 1 for Ft, and following the expression below for Ff 

(Zhu and Randolph, 2011; Chow et al., 2014) 

1
1

n
n 2 n 2

β

 
= + − 

 
                  (5-6) 

with n1 = 1 for axial loading.  
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Although the shear strength was measured using T-bar tests, involving v/D of 0.2 s-1, 

the resistances are also affected by strain softening, so that T-bar bearing capacity 

factors of 10.5 used for deducing the shear strength are essentially consistent with a 

laboratory strain rate of ~110-5 /s (e.g. Zhou and Randolph, 2009). As such, refγ
 

was taken as ~110-5/s. 

The caisson penetration resistance in sand-clay-sand deposit was calculated using 

Equations 5-1~5-6 and included in Figure 5-5. For the top sand layers,  = 33.87, f 

= 1, K = 1 − sin and tan = 0.5tan were considered. For the second clay layer, Nc 

= 7.5 (Andersen and Jostad, 1999; Gaudin et al., 2014),  = rem = 1/St = 0.36 

(Andersen and Jostad, 1999; Andersen et al., 2005), and for this quasi-static 

penetration,  = ~3.7 and 95 = ~15 (Zhou and Randolph, 2009) were considered. For 

us  and su,0t, strength deduced from T-bar tests was used as it can be taken as the 

average strength (Erbrich and Hefer, 2002). For the bottom sand layers,  = 43, f = 

1, and either K = 1 − sin, tan = 0.5tan or K = 0.8, tan = tan(0.9), as 

recommended by Andersen et al. (2008) for dense sand were considered.  

In the second clay layer, the best match between Equation 5-3 and the measured data 

provided rate parameter  = 0.03~0.07 (Figure 5-5). The average  = 0.05 

corresponds to frictional resistance that is about 88% of the total penetration 

resistance. In the sand layers, although the estimated profiles are somewhat away 

from the measured ones particularly in the bottom dense sand layer, K = 0.8 and tan 

= tan(0.9) provided a relatively better match with Equation 5-1. This corresponds to 

frictional resistance that is about 28.5% of the total penetration resistance.   
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5.3.2.3 Piezocone based direct design method 

This is a direct design approach in which net tip resistance, qcnet, is used for 

calculating frictional resistance, Ff, and end bearing, Ft. This can be expressed as 

(DNV, 1992; Andersen et al., 2008)  

p f t

f f cnet t t t cnet t

F F F

     A k q (d )d(d ) k q A

= +

= +                  
(5-7) 

where kf and kt are the empirical constants relating to skirt friction and tip resistance, 

respectively, to be applied with qcnet.    

This approach can be improved using cone sleeve friction fs for calculating frictional 

resistance rather than qcnet according to (Hossain et al., 2015; Koh et al., 2017, 

Chapter 2)  

p f f,s s t t t cnet tF A k f (d )d(d ) k q A= +
                  

(5-8) 

where kf,s is the empirical constant relating to skirt friction to be applied with fs. 

Expressed in equivalent prototype scale, the cone penetrometers diameter of 1.05 

and 1.5 m are significantly greater than t = 0.08 m and hence qcnet was not averaged 

over a number of diameters below the piezocone shoulder. In the field, an averaging 

of qcnet may also not be necessary, as the diameter of the commonly used cone 

penetrometer (0.0357 m) is similar to caisson wall thickness of ≤ 0.05 m. This 

concept is consistent with the method proposed by Nottingham (1975) and 

Schmertmann (1978) for assessing pile capacity in clay, and recently adopted for 

back calculating caisson installation and caisson and torpedo anchor vertical pullout 

capacity in calcareous silt (Hossain et al., 2015; Koh et al., 2017, Chapter 2).  
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The estimated profiles using Equation 5-7 and lower bound (clay: kf = 0.03, kt = 0.4; 

sand: kf = 0.001, kt = 0.3) and upper bound (clay: kf = 0.05, kt = 0.6; sand: kf = 

0.003, kt = 0.6) values of kf and kt, as suggested by DNV (1992), provided somewhat 

lower bound and upper bound estimation for the bottom sand layer, but significant 

overestimation for the clay layer. For dense sand, Andersen et al. (2008) suggested kt 

= 0.01~0.55 for kf = 0.0015 and kt = 0.03~0.60 for kf = 0.0010. As shown in Figure 

5-6, the best fit with the measured data can be obtained for the clay layer using kt = 

0.6 and kf = 0.01 and for the dense sand layer using kt = 0.5 and kf = 0.0015, which 

lie in range given by Andersen et al. (2008).     

Using Equation 5-8, calibration of the piezocone penetration data using kt = 0.6 and 

kf,s = 1.4 for the clay layer and kt = 0.5 and kf,s = 1.6 for the sand layer provided the 

best match with the measured installation resistance profiles (see Figure 5-6). 
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Figure 5-6. Installation resistance profiles and predictions using piezocone 

based direct design methods 

 

 

 

 



144 

 

5.4 Results and discussion: Caisson capacity under lateral 

loadings   

5.4.1 Monotonic loading and push-over tests  

All the testing results, including measured loads (V and H), displacements (dz and 

dh), moments (M) and rotations (), are summarised in Tables 5-4, 5-5 and 5-6, 

respectively. 

5.4.1.1 Compression loading (Tests 1 and 2)  

The target load of -6.49 MN was applied in Z direction at a rate of -0.15 kN/s using 

the load-controlled system. The corresponding displacement in Z direction (dz) was -

0.22 m. No sand blanket was used for this test (Test 1; in Table 5-4). Lateral inclined 

downward loads were applied simultaneously at 0.28 kN/s in X direction and 0.15 

kN/s in Y direction up to the target horizontal loads of 1.50 MN and 0.77 MN in X 

and Y directions respectively. At the target loads, the horizontal displacements 

measured by the actuators were 1.27 m in X direction and 1.00 m in Y direction 

(Test 1; in Table 5-5). The results are shown in Figure 5-7. The lateral loads were 

subsequently applied up to the failure (load decreased with increasing displacement). 

As shown in Figure 5-7a, the maximum loads for Test 1 were 6.22 MN in X 

direction and 3.39 MN in Y direction. At failure, the caisson’s horizontal 

displacements measured by the actuators were 3.89 m in X direction and 3.06 m in Y 

direction. 

Following the same procedure of Test 1, in Test 2, the targeted vertical load of -6.49 

MN was applied in Z direction, and the corresponding displacement was recorded as 
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-0.23 m. A sand blanket was placed on the soil surface around the periphery of the 

caisson, and lateral inclined downward loads were applied simultaneously up to the 

target horizontal loads of 1.61 MN and 0.83 MN in X and Y directions respectively 

(Test 2; in Table 5-4). By comparing the results from Test 1 (without using the sand 

blanket), the influence of using the sand blanket can be identified as: (i) the applied 

loads kept increasing with no sign of failure (within the applied drag distances) 

through forming a plateau or dropping load with displacement, as can be seen in the 

response profiles without the sand blanket (see Figure 5-7a); (ii) the measured 

maximum loads and hence the capacity to withstand lateral loads were increased by 

10.62~13.50% (potentially higher since no sign of failure observed in Test 2); (iii) 

the lateral displacements at the failure loads of Test 1 were reduced by 27.51% in X 

direction and 26.80% in Y direction (see Table 5-5). Relationship between moment 

loading (M) and caisson rotation () are also shown in Figure 5-7b. Similar to the 

horizontal load (H) – displacement (dh) curve, the moment capacity of the caisson at 

the failure load was increased by up to around 10% with using the sand blanket (see 

Table 5-6).         
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Table 5-5. Measured displacements and effect of sand blanket in reducing displacements under monotonic loading 

Test 

Vertical displacement (dz) at Horizontal displacement (dh) at Displacement 

reduction at base 

case failure load 

(%) 
Load type 

Targeted 

load    

(m) 

Load type 
Sand 

blanket 

Targeted load        

(m) 

Maximum load 

(m) 

Base case failure 

load* (m) 

Direction Direction Direction Direction 

X  Y  X  Y  X  Y  X  Y  

1 
Compression 

-0.22 

Monotonic 

No 1.27 1.00 3.89 3.40 3.89 3.06 ‒ ‒ 

2 -0.23 Yes 1.33 1.05 4.23 2.80 2.82 2.24 27.51 26.80 

3 
Tension 

0.06 No 2.28 2.06 7.38 2.26 7.38 2.26 ‒ ‒ 

4 0.06 Yes 2.21 2.15 8.51 3.17 6.54 3.64 11.38 -61.06 

5 
Compression 

-0.17 

Post-cyclic 

monotonic 

No ‒ ‒ 4.77 2.55 3.81 2.34 ‒ ‒ 

6 -0.17 Yes ‒ ‒ 3.97 2.26 2.58 1.70 32.28 27.35 

7 
Tension 

0.06 No ‒ ‒ 7.30 3.29 5.53 3.06 ‒ ‒ 

8 0.07 Yes ‒ ‒ 5.79 3.17 3.86 2.58 30.20 15.69 

*Note: Maximum load for ‘no sand blanket case’ was used as base case failure load (see Figure 5-7a). 
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Table 5-6. Derived moment loading and caisson rotation under monotonic loading 

Test Load type 
Sand 

blanket 

Moment loading (M) at 
Rate of 

increase in 

moment 

capacity (%) 

Rotation () at 
Rotation 

reduction at 

base case 

failure load (%) 

Targeted 

load  

(MNm) 

Base case 

failure load  

(MNm) 

Targeted 

load  

(rad) 

Base case 

failure load  

(rad) 

Direction Direction Direction Direction Direction Direction 

X Y X Y X Y X Y X Y X Y 

1 
Compression 

Monotonic 

No 7.17 3.47 29.76 14.89 - - 0.26 0.21 0.67 0.56 - - 

2 Yes 7.71 3.72 32.77 16.31 10.11 9.54 0.27 0.22 0.53 0.44 20.90 21.43 

3 
Tension 

No 6.30 2.20 44.81 15.84 - - 0.44 0.41 1.00 0.44 - - 

4 Yes 6.21 2.06 46.44 16.43 3.64 3.72 0.43 0.42 0.94 0.65 6.00 -47.73 

5 
Compression Post-

cyclic 

monotonic 

No ‒ ‒ 23.54 13.25 - - ‒ ‒ 0.87 0.59 - - 

6 Yes ‒ ‒ 25.73 14.14 9.30 6.72 ‒ ‒ 0.72 0.52 17.24 11.86 

7 
Tension 

No ‒ ‒ 26.16 14.52 - - ‒ ‒ 1.09 0.79 - - 

8 Yes ‒ ‒ 29.02 15.96 10.93 9.92 ‒ ‒ 0.90 0.71 17.43 10.13 
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(a) 
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(b) 

Figure 5-7. Monotonic compression loading: (a) Horizontal load-displacement 

response profile; (b) Moment-rotation response profile 
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5.4.1.2 Tension loading (Tests 3 and 4)  

Monotonic tension loading tests were carried out by the same procedure from the 

compression loading test. Tests 3 and 4 were conducted without and with the sand 

blanket, respectively. The target tension load of 2.57 MN was applied in Z direction, 

with the corresponding displacement being 0.06 m. Lateral inclined upward loads for 

Test 3 were applied simultaneously up to the target horizontal loads of 1.32 MN and 

0.34 MN in X and Y directions respectively. The results are shown in Figure 5-8. 

The caisson horizontal displacements were 2.28 m in X direction and 2.06 m in Y 

direction (see Table 5-5). The measured maximum loads were 9.37 MN in X 

direction and 2.46 MN in Y direction, and the corresponding displacements were 

7.38 m in X direction and 2.26 m in Y direction. Similar to the compression loading 

cases, the sand blanket shows a positive effect on both reducing lateral displacement 

(dh) and increasing the capacity of caisson (e.g. horizontal load, H and moment, M; 

see Figure 5-8).   

By comparing the response profiles in Figure 5-7 (compression) and Figure 5-8 

(tension or uplift), the capacity in X direction is higher under tension loading, and 

that in Y direction is higher under compression loading. This is because, under 

tension loading, the resistance initially increased with dragging distance, and after a 

critical distance, the load kept increasing but the displacement started to decrease. 

This means the caisson started to rotate in opposite direction. However, in X 

direction, the load increased with displacement throughout the dragging distance. 
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(a) 
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(b) 

Figure 5-8. Monotonic tension loading: (a) Horizontal load-displacement 

response profile; (b) Moment-rotation response profile 
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5.4.2 Cyclic loading tests  

A total of four series of cyclic load tests were carried out at 150 g (Tests 5~8; Table 

5-7). As noted before, the cyclic loads were applied in five different loading levels 

based on the monotonic capacity. To assess the cyclic characteristics, the angular 

rotation of the caisson () was plotted in response to the applied moment (M) for all 

cyclic tests (see Figure 5-9). The method for data extraction was shown in Figure 5-

10, which was proposed by Leblanc et al. (2010) and Cox et al. (2014). The gathered 

data provide information on both stiffness and accumulated rotation as a function of 

the number of cycles (N). More detailed cyclic performance of caisson is discussed 

below. 
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Table 5-7. Summary of cyclic load tests 

Test Sand 

blanket 

Direct

-ion 

Stage 1 Stage 2 Stage 3 Stage 4 

ξb ξc s   ξb ξc s   ξb ξc s   ξb ξc s   

5 No X 0.08 0.14 0.08 0.009 0.014 0.17 0.07 0.22 0.010 0.007 0.36 0.18 0.30 0.068 0.026 0.64 0.08 0.40 0.248 0.090 

Y 0.09 0.23 0.16 0.006 0.003 0.19 0.12 0.19 0.004 0.002 0.40 0.29 0.30 0.037 0.014 0.72 0.12 0.41 0.153 0.049 

6 Yes X 0.08 0.23 0.08 0.045 0.012 0.16 0.14 0.23 0.019 0.010 0.33 0.07 0.30 0.049 0.021 0.58 0.05 0.37 0.188 0.071 

Y 0.10 0.23 0.15 0.031 0.001 0.18 0.14 0.17 0.009 0.007 0.36 0.07 0.29 0.030 0.009 0.65 0.05 0.36 0.113 0.040 

7 No X 0.05 0.31 0.32 0.059 0.038 0.12 0.23 0.42 0.051 0.017 0.24 0.19 0.48 0.090 0.019 0.42 0.13 0.57 0.239 0.078 

Y 0.08 0.32 0.29 0.098 0.077 0.19 0.23 0.46 0.071 0.035 0.38 0.20 0.53 0.019 0.006 0.67 0.13 0.56 0.062 0.025 

8 Yes X 0.05 0.70 0.32 0.013 0.003 0.11 0.44 0.42 0.028 0.011 0.23 0.25 0.47 0.055 0.015 0.42 0.16 0.54 0.205 0.053 

Y 0.08 0.67 0.28 0.034 0.005 0.18 0.44 0.48 0.016 0.001 0.36 0.25 0.57 0.016 0.004 0.65 0.1 6 0.65 0.079 0.018 
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(a) 



156 

 

 

(b) 
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(c) 
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(d) 

Figure 5-9. Moment-rotation response profile under cyclic loading: (a) 

Compression loading in X direction; (b) Compression loading in Y direction; (c) 

Tension loading in X direction; (d) Tension loading in Y direction 



159 

 

 

(a)                                                                (b) 

Figure 5-10. Method for data extraction (Tests 1 and 5 in Table 5-4): (a) Cyclic 

loading; (b) Monotonic loading 

5.4.2.1 Accumulated rotation of caisson 

For each loading stage the accumulation of rotation was assessed. A number of 

experimental investigations on monopiles and caissons have developed relationships 

to describe the accumulation of rotation with number of cycles. A logarithmic 

relationship has been proposed by Lin and Liao (1999), Verdure et al. (2003) and Li 
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et al. (2010) for monopiles, whereas a power relationship was proposed by Long and 

Vanneste (1994), LeBlanc et al. (2010) and Klinkvort et al. (2010) for monopiles and 

by Zhu et al. (2013) for caissons. The results from this study were best fitted with a 

power relationship in logarithmic axes as 

 N 0

s s

θ θΔθ(N)
TN

θ θ

−
= =                 (5-9) 

which expresses magnitude of rotation (N) caused by cyclic loading in terms of 

rotation s that would occur in a static test where the load is equivalent to the 

maximum cyclic load (see Figure 5-10). The two loading parameters b and c (used 

by LeBlanc et al., 2010 and Cox et al., 2014) were combined and considered as a 

single variable T. The test data were best fitted using  = 0.31, which is comparable 

to  = 0.3 reported by Cox et al. (2014) and lower than   =  reported by Zhu et 

al () but higher than    =  0.18 proposed by Foglia et al. (2014) for caissons. 

The fitting parameters for the test series are grouped, and the curves corresponding 

to those fits are plotted in Figure 5-11 as dotted or dashed lines. The value of 

coefficient T in Equation 5-9 varied for each test and cyclic loading stage, as 

summarised in Table 5-7. Overall, the accumulated rotations (/s) with using the 

sand blanket (Tests 6 and 8) were reduced by 9~38% in X direction and 10~22% in 

Y direction, compared to the caissons without using the sand blanket (Tests 5 and 7).   
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(a) 
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(b) 
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(c) 
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(d) 

Figure 5-11. Measured roatation as a function of number of cycles: (a) 

Compression loading in X direction; (b) Compression loading in Y direction; (c) 

Tension loading in X direction; (d) Tension loading in Y direction 
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5.4.2.2 Unloading stiffness of caisson 

During the cyclic loading tests, the caisson stiffness was assessed using the gradient 

(k) from M- plots as described previously in Figure 5-10. Plotting k as a function of 

ln(N) indicates that the stiffness evolves approximately logarithmically with cycle 

number, as shown in Figure 5-12. It can be found that the stiffness is quite stable by 

the loading stage 3 (2~50% of the corresponding monotonic capacity). In cyclic 

loading stage 4 (~90% of the corresponding monotonic capacity), the stiffness 

started to increase with increasing the number of cycles. Interestingly, the evolved 

stiffness with using the sand blanket was lower than that of without using the sand 

blanket. The main reason is the moment capacity without using the sand blanket 

increased (or decreased) somewhat linearly with the rotation of the caisson, while it 

gradually increased (or decreased) with using the sand blanket. Figure 5-13 shows 

typical M- plots for the initial and last cycle in the loading stage 4, respectively 

(Tests 5 and 6; Table 7). Indeed, with using the sand blanket, the unloading stiffness 

at 1000 cycle (k1,000) was lower due to the different incremental trend. In addition, it 

confirms again that the sand blanket has a positive effect on reducing the 

accumulated rotation ().  
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(a) 
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(b) 
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(c) 
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(d) 

Figure 5-12. Measured stiffness as a function of number of cycles: (a) 

Compression loading in X direction; (b) Compression loading in Y direction; (c) 

Tension loading in X direction; (d) Tension loading in Y direction  
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Figure 5-13. Unloading stiffness in loading stage 4 (Tests 5 and 6; Table 5-7)  

5.4.2.3 Post-cyclic monotonic loading 

As noted previously, after the cyclic loading stages (stages 1~4), the loads were 

applied monotonically up to the failure. Figure 5-14 shows the post cyclic monotonic 

loadings in terms of horizontal load (H) and displacement (dh). All the results are 

also summarised in Tables 5-4, 5-5 and 5-6. Overall, similar to the monotonic load 

tests, the sand blanket shows a positive effect on increasing the post-cyclic 
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monotonic capacity. It was increased by up to around 5.81~9.07% with using the 

sand blanket.  

 

(a) 
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(b) 

Figure 5-14. Horizontal load-displacement profile under post-cyclic monotonic 

loading: (a) Compression loading; (b) Tension loading 

5.4.3 Failure mechanisms  

Overall, in absence of a sand blanket, the lateral load-displacement response 

increased sharply with depth followed by dropped suddenly at failure. The failure 

mode is brittle or catastrophic. In presence of a sand blanket, the lateral load-
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displacement response increased sharply with depth followed by either reached a 

plateau or kept increasing at a slower rate. The failure mode is ductile. The entire 

testing sequence, i.e. installation followed by performance after operational loadings, 

was recorded by a HD Go-Pro camera. In addition, post-installation and post-

application of operational loadings were also captured using a standard high 

resolution digital camera. Some examples are given below in Figures 5-3 and 5-15, 

showing visual evidence of greater rotation and displacement of the caisson without 

the sand blanket.    

 

Figure 5-15. Typical images of caisson after post-cyclic and post-failure loading: 

effect of sand blanket 
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5.5 Concluding remarks 

This chapter has discussed the results from a series of centrifuge model tests 

assessing the performance of a caisson pile in a three layer loose to medium dense 

sand-stiff clay-dense sand deposit during installation and under monotonic and cyclic 

operational loadings. The loading conditions and tested seabed profile were targeted 

based on those typically withstand by the piles of a tripod sub-structure supported 

offshore small (e.g. 3MW) wind turbine in shallow water depths. The caisson was 

subjected to either compression or tension loading along with bi-lateral loading 

applied at an eccentricity from the base of the caisson lid. The following conclusions 

can be drawn. 

Installation: For assessing caisson penetration resistance profile, or suction pressure 

required to install a caisson, theoretical shear resistance method and cone 

penetrometer base direct design method were calibrated against the measured 

installation resistance profiles. For the theoretical method, for the clay layer, the best 

match between Equation 5-3 and the measured data provided rate parameter  = 

0.03~0.07, and for the sand layer,  K = 0.8 and tan = tan(0.9) provided a relatively 

better match with Equation 5-1. For the direct design method (Equation 5-8), 

calibration of the piezocone penetration data using kt = 0.6 and kf,s = 1.4 for the clay 

layer and kt = 0.5 and kf,s = 1.6 for the sand layer provided the best match with 

measured installation resistance profiles. 

Effect of using a sand blanket on capacity and displacement: Under vertical 

compression and monotonic bi-lateral loading, the lateral load capacity was 

increased by 10.6~13.5% and the lateral displacements at the failure loads were 

reduced by 26.8~27.5%, while the moment capacity was enhanced by 9.5~10.1% 
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and the rotation was decreased by 20.9~21.4%. Under vertical tension and 

monotonic bi-lateral loading, the lateral load capacity was increased by 6.3~6.5% 

and the lateral displacements at the failure loads were reduced by 11.4%, while the 

moment capacity was enhanced by 3.6~3.7% and the rotation was decreased by 6%.  

Under cyclic bi-lateral loading, the accumulated rotations were reduced by 9~38%. 

The evolved stiffness was lower. Post-cyclic monotonic capacity was increased by 

up to around 6~9%. Catastrophic brittle failure mode was turned to either ever 

increasing capacity (within the drag distance) or more ductile failure. The sand 

displacement or forming gap or hole around the caisson was reduced significantly.   
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CHAPTER 6. CONCLUDING REMARKS 

 

6.1 Introduction 

This thesis has described a series of studies on the performance of suction caisson 

anchors and foundations through experimental modelling and numerical analysis. 

Firstly, two series of centrifuge model tests were conducted to assess the installation 

and loading performance of a stiffened caisson anchor under monotonic and cyclic 

loading, respectively, in calcareous silt. Secondly, large deformation finite element 

(LDFE) analyses were conducted to map generation and dissipation of excess pore 

pressure during installation and set-up period, respectively, in normally consolidated 

clay and calcareous silt. Finally, a series of centrifuge tests were carried out on a 

caisson foundation in loose sand-stiff clay-dense sand, with the aim being assessing 

the performance under monotonic and cyclic loading. Of particular interest was 

proposing a measure for reducing caisson displacement and increasing holding 

capacity. The main findings from this research are summarised below, followed by 

recommendations for future work.  

6.2 Main findings from experimental tests on caisson anchor  

The overarching objective of this thesis was to provide accurate design methods for 

assessing suction caisson installation (or suction pressure required to install a 
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caisson), capacity regain during a set-up period, and capacity under operational 

loadings. This will provide the engineers and practitioners with the confidence of 

using caissons in calcareous seabed sediments. This objective has been achieved 

through the main findings reported from the following perspectives. 

6.2.1 Installation  

For assessing underpressure required for installation of a suction caisson, a 

conventional shear resistance model (Equation 2-3), accounting for strain softening 

and rate dependent undrained shear strength, was shown to be capable of predicting 

measured penetration resistance profiles with friction factor for outer and inner 

surfaces of 0.21 and rate parameter of 0.075~0.085. An alternative piezocone based 

direct design approach (Equation 2-7), deriving caisson end bearing and frictional 

resistance from piezocone tip resistance and sleeve friction respectively, was also 

proposed and was seen to be capable of modelling the caisson penetration response 

using a reduction factor on sleeve friction of ~0.8. 

6.2.2 Set-up  

During a set-up period, the regain of caisson capacity due to reconsolidation of the 

soil surrounding the embedded anchor was shown to agree well with a cavity 

expansion based theoretical prediction. 

6.2.3 Capacity under monotonic loading  

Caisson holding capacity under pure vertical loading (load applied at the top of the 

caisson), was shown to be well described using a shear resistance model based on 
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conventional frictional and (reverse) end bearing resistance (Equation 2-8) using a 

friction factor of 0.45 (for reconsolidation period of 12 months) and rate parameter 

of 0.04. The value of friction factor (and hence contribution from frictional 

resistance) was shown to be reduced with decreasing reconsolidation period. The 

piezocone-based direct design approach (Equation 2-10) was seen to be capable of 

predicting the caisson maximum extraction resistance using a reduction factor on 

sleeve friction of ~0.2. 

Caisson holding capacity under inclined monotonic loading was presented as a 

combined vertical and horizontal loading failure envelope, which was well 

represented by finite element and limit analysis based envelopes developed for 

embedded caissons in clay (Equation 2-11). 

6.2.4 Capacity under cyclic loading 

The post-cyclic (three episodes) monotonic capacity for 40 mooring inclination was 

20% greater than the pure monotonic capacity, but that reduced to 1% for 20 

inclination and -10% for 0 inclination, meaning the values of capacity ratio Rc were 

20%, 1% and -10% as 0 decreased 40, 20, and 0. Reconsolidation dominated the 

behaviour for 0 = 40, and cyclic degradation for 0 = 0. 

6.3 Main findings from numerical analysis on caisson anchor  

The main aim was to map generation and dissipation of excess pore pressure during 

caisson installation and a set-up period in kaolin clay and calcareous silt. This 
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objective has been achieved through the main findings reported from the following 

perspectives. 

The penetration resistances predicted by the LDFE approach were in reasonable 

agreement with the centrifuge test results and design guidelines. A normalised 

dissipation curve for caissons using a time factor that accounts for the effects of 

caisson length, diameter and thickness was proposed. It is found that the normalised 

dissipation curves at a particular position along the outer circumference of the 

caisson are nearly unique and the fitting equations for four typical positions were 

presented. 

6.4 Main findings on caisson anchor in calcareous silt  

For suction caisson anchors in calcareous silt, the findings from this study are 

summarised in Table 6-1 as geotechnical design guidelines to be used in practice. 
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Table 6-1. Design guidelines for suction caisson anchors in calcareous silt 

 Model/approach Equation  Values of parameter 

Installation  Conventional shear resistance model 2-3 Nc,b = 10.5 and Nc,t = 7.5 

rem = 0.21 

 = 1.8 and 95 = 15 

u,os , u,ibs  and su,0t = undisturbed soil strength (su,p) 

u,its  and su,0b = soil strength deduced from T-bar extraction data (su,e) 

0 = ib = it = inverse of the soil sensitivity = 1/~4.75 = 0.21 

 = 0.075~0.085 (an average of 0.08) 

Piezocone based direct design approach 2-7 c = 0.8~1.05 (suggested using ~0.8) 

Caisson holding 

capacity: vertical 

loading 

Shear resistance model 2-8 Nc,f = 9.0 and  = 0.04 

o = 0.45, 0.32, 0.21, 0.16 and 0.05 for tc = 12, 6, 3, 2 and 0 months 

Piezocone based direct design approach 2-10 c = 0.2 for tc = 12 months  

Caisson holding 

capacity: lateral 

loading 

Vertical-horizontal failure envelope 2-11 P = 3~3.5 and q = 3.5~5 

Set-up effect: regain 

of capacity  

Cavity expansion based theoretical 

model: Randolph and Wroth (1979)  

- See Figures 2-11, 4-8, and 4-9  

Effect of cyclic 

loading episodes on 

post-cyclic 

monotonic capacity 

  Figure 3-5 

The post-cyclic (three episodes) monotonic capacity for 40 mooring 

inclination was 20% greater than the pure monotonic capacity, but 

that reduced to 1% for 20 inclination and -10% for 0 inclination 
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6.5 Main findings from experimental tests on caisson foundation  

The key aim was to assess the performance of a suction caisson foundation or pile in 

a three layer loose to medium dense sand-stiff clay-dense sand deposit during 

installation and under monotonic and cyclic operational loadings. The loading 

conditions and tested seabed profile were targeted based on those typically withstand 

by the piles of a tripod sub-structure supported offshore small (e.g. 3MW) wind 

turbine in shallow water depths. The caisson was subjected to either compression or 

tension loading along with bi-lateral loading applied at an eccentricity from the base 

of the caisson lid. This objective has been achieved through the main findings 

reported from the following perspectives. 

6.5.1 Installation 

For assessing caisson penetration resistance profile, or suction pressure required to 

install a caisson, theoretical shear resistance method and cone penetrometer base 

direct design method were calibrated against the measured installation resistance 

profiles. For the theoretical method, for the clay layer, the best match between 

Equation 5-3 and the measured data provided rate parameter  = 0.03~0.07, and for 

the sand layer, K = 0.8 and tan = tan(0.9) provided a relatively better match with 

Equation 5-1. For the direct design method (Equation 5-8), calibration of the 

piezocone penetration data using kt = 0.6 and kf,s = 1.4 for the clay layer and kt = 0.5 

and kf,s = 1.6 for the sand layer provided the best match with measured installation 

resistance profiles. 
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6.5.2 Capacity, and a novel measure for reducing displacements and 

increasing capacity  

Using a sand blanket around an installed caisson, under vertical compression and 

monotonic bi-lateral loading, the lateral load capacity was increased by 10.6~13.5% 

and the lateral displacements at the failure loads were reduced by 26.8~27.5%, while 

the moment capacity was enhanced by 9.5~10.1% and the rotation was decreased by 

20.9~21.4%. Under vertical tension and monotonic bi-lateral loading, the lateral load 

capacity was increased by 6.3~6.5% and the lateral displacements at the failure loads 

were reduced by 11.4%, while the moment capacity was enhanced by 3.6~3.7% and 

the rotation was decreased by 6%.  Under cyclic bi-lateral loading, the accumulated 

rotations were reduced by 9~38%. The evolved stiffness was lower. Post-cyclic 

monotonic capacity was increased by up to around 6~9%. Catastrophic brittle failure 

mode was turned to either ever increasing capacity (within the drag distance) or 

more ductile failure. The sand displacement or forming gap or hole around the 

caisson was reduced significantly. 

6.6 Recommendations for future work 

6.6.1 Capacity of suction caisson anchor under cyclic loading in calcareous silt: 

centrifuge tests    

In this thesis, 3 tests have been conducted to assess the performance of a caisson 

under cyclic loading. To draw conclusive findings, it is necessary to carry out a 

series of tests varying cyclic loading parameters such as mean load, amplitude and 

number of cycles; and mooring line inclination at the mudline. Potential for forming 
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a gap at the trailing side of the caisson is required to be identified. These will allow 

for quantifying degradation or gaining of capacity curves as a function of cyclic 

loading episodes and parameters. Finally, the changes or shifting of failure envelopes, 

developed based on pure monotonic loading, can be proposed. 

6.6.2 Installation and capacity of suction caisson anchor under monotonic and 

cyclic loading in calcareous sand: centrifuge tests    

Similar to this thesis, two series of centrifuge model tests are necessary to carry out 

on a caisson in calcareous sand under operational monotonic and cyclic loadings, 

respectively. These will allow for proposing expressions for assessing caisson 

installation, changes of capacity during a set-u period, and capacity under monotonic 

and cyclic loadings. Through a parallel series of element testing, it is necessary to 

identify the influence of breakage of calcareous sand particles. 

6.6.3 Installation and capacity of suction caisson anchor under monotonic and 

cyclic loading in calcareous silt and sand: numerical analysis     

Two soil constitutive model can be developed for calcareous silt and sand, 

respectively, capturing the key features e.g. high compressibility, dilatancy, strong 

rate dependency (silt) and particle breakage (sand). These will allow to carry out 

parametric LDFE analyses, varying various parameters e.g. caisson dimensions, 

caisson roughness, soil properties, mooring angles, and cyclic loading parameters. 

Centrifuge tests are carried out for a targeted soil and caisson. The parametric LDFE 

analyses will allow for proposing design charts for a broad range of practical interest.  
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