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ABSTRACT 

The use of Suction Embedded Plate Anchors in deep waters to moor permanent floating 

offshore facilities requires a thorough understanding of their performance under long-

term sustained and cyclic loading, which has yet been rigorously addressed in the 

current guidelines for plate anchor design.  

This thesis addresses the first aspect of sustained loading through two groups of 

centrifuge tests on vertically loaded plate anchors in normally consolidated kaolin clay, 

supported by large deformation finite element analyses. In the first group of centrifuge 

experiments, particle image velocimetry measurements were incorporated to identify the 

conditions leading to failure of strip anchors. An additional series of centrifuge tests 

were carried out on rectangular anchors to determine (i) the threshold level of sustained 

load and (ii) the anchor capacity at the completion of sustained consolidation. The 

anchor models were instrumented with pressure transducers to measure the development 

of excess pore pressures in the surrounding soil at different loading stages.  

Experimental results for strip anchors demonstrate that sustained loading can be 

maintained indefinitely if the anchor displacement at application of the sustained 

loading does not exceed 40% of the displacement reached at monotonic failure. This 

corresponds to a sustained load that is about 88% of the monotonic capacity, as 

identified from the numerical analyses. For rectangular anchors, the corresponding 

threshold ratio of sustained loading is between 70% and 85% of the monotonic capacity, 

as determined experimentally. 

An important observation from both the centrifuge tests and the numerical analyses was 

a gap at the base of the anchor that developed under moderate load levels when the 

vertical effective stress at the base of the anchor reached zero. Although this so-called 
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breakaway condition is generally associated with a lower capacity factor and a 

heightened potential for anchor failure, the conditions leading to breakaway also allow 

for a consolidation-induced strength increase within the soil at the top face of the anchor 

and the mobilisation of partially drained or drained soil strength, both of which maintain 

anchor stability. 

This thesis also discusses the additional capacity that can be gained if the sustained 

loading is held for a period of time to allow excess pore pressures in the soil to 

dissipate, and consolidation to occur. According to the centrifuge tests on rectangular 

anchors, the increase in vertical capacity induced by sustained consolidation can be up 

to 23% under a sustained load of 52% of the ultimate monotonic capacity. The increase 

in capacity decreases as the sustained loading ratio increases, with only an 8% increase 

recorded when 70% of the monotonic capacity was sustained.  

The results presented in this thesis provide guidance to what load level can be sustained 

on a plate anchor held for the long term in a permanent mooring scenario. 
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CHAPTER 1  INTRODUCTION 

1.1  SUCTION EMBEDDED PLATE ANCHOR  

The birth of the offshore industry is marked by the commissioning of the first fixed 

platform “Superior” in 1947, 18 miles off the Louisiana coast, in a water of 6 m deep 

(Randolph and Gourvenec, 2011). Over decades of development, a number of 

innovative structures (as shown in Figure 1.1), have been placed progressively into 

deeper waters and in more challenging and hostile environments. With the gradual 

depletion of hydrocarbon reserves close to continental landmasses in recent years, 

offshore exploration has expanded into deep and ultra-deep waters (up to 3000 m), 

which necessitates the replacement of traditional fixed platforms by floating facilities 

moored to the seabed. 

Suction Embedded PLate Anchors (SEPLAs) have been used widely in the Gulf of 

Mexico and offshore Africa to provide uplift resistance in taut-leg and semi-taut 

mooring systems. A conventional SEPLA consists of a rectangular fluke with a full-

length keying flap at its top edge (see Figure 1.2(a)). For mobile offshore drilling unit 

applications, the fluke is typically made of a solid steel plate 2.5 – 3 m in width and 6 – 

7.3 m in length. For permanent installations, the fluke size will be increased to around 

4.5 m by 10  m, with a double-skin or hollow fluke construction (Wilde et al., 2001). As 
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a cost-saving solution for offshore anchorage, SEPLAs have the advantage of accurate 

positioning due to their unique installation process, compared to the conventional 

vertically loaded anchors that require drag embedment from seabed. 

 

Figure 1.1. Types of offshore drilling rigs and platforms 

SEPLAs are installed by using suction caissons (also called followers). As illustrated in 

Figure 1.3: 

(1) The plate is initially slotted vertically at the tip of the follower (see the 

photograph in Figure 1.2(b)) and subsequently penetrated to the targeted depth 

through the control of the pressure inside the suction caisson.  

(2) The follower is then retrieved, leaving the SEPLA within the soil.  

(3) The mooring line attached to the Padeye is subsequently tensioned by an anchor 

handling vehicle, leading the anchor to be keyed (or rotated) to an inclination 
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approximately perpendicular to the load applied. This ensures that the maximum 

cross-sectional area is mobilised to optimise the anchor capacity.  

 

Figure 1.2. Photographs of (a) a SEPLA anchor and (b) a SEPLA anchor at the tip of the 

suction follower for installation 

(4) After a period of resting time to allow strength recovery of disturbed soils from 

anchor installation, the mooring line is attached to the offshore floating facilities 

served by a SEPLA, such as a drilling ship or a Floating, Production, Storage 
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and Offloading unit subject to an operation load. An operational load imposed 

on the floating facilities arises mainly from environmental actions such as 

waves, currents, tides and storm winds, which depending on the magnitude and 

duration, can be one or a combination of three types of loading - monotonic, 

sustained and cyclic loading. The maximum operational load that can be applied 

without causing anchor failure is the primary design concern. 

 

Figure 1.3. SEPLA installation procedure: (1) suction installation; (2) follower retrieval; 

(3) anchor keying; (4) mobilised anchor (after Gaudin et al., 2006) 

1.2  SEPLA DESIGN 

In early applications, SEPLAs were designed mainly for temporary mooring, and hence 

the primary design concern was their capability to survive extreme loading conditions 

such as severe storms. This design criterion is evaluated by the monotonic bearing 

capacity, defined as the maximum resistance that can be provided when an anchor is 
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displaced at a constant velocity to undrained failure. Existing design guidelines (e.g. 

DNV, 2002; API, 2005) outline methods to calculate the undrained capacity of plate 

anchors that account for the variation of anchor shape, embedment depth and 

surrounding soil properties, based on either practical experience or results from full-

scale in-situ onshore tests conducted on intensively instrumented drag anchors. All of 

these methods assume the anchor to be at a certain depth. However, the unique keying 

installation of SEPLAs results in an upward displacement of the anchor. As marine 

sediments typically exhibit increasing undrained shear strength with depth, any loss of 

embedment is detrimental to the anchor capacity. The loss of embedment during keying 

and the associated reduction of the pull-out capacity have been extensively studied 

using a variety of approaches such as model tests (Wilde et al., 2001; Gaudin et al., 

2006; 2008; 2009; 2010; O'Loughlin et al., 2006), finite element simulations (Song et 

al., 2009; Wang et al., 2011; 2013; Tian et al., 2012; 2014) and plasticity limit analyses 

(Cassidy et al., 2012; Yang et al., 2012). The factors that affect the anchor performance, 

such as anchor geometry, roughness, Padeye location, load inclination and embedment 

depth, have been evaluated and the evolution of soil flow mechanisms during keying 

identified. These provide a reliable and valuable guidance on the prediction of SEPLA 

installation. 

In 2006, the first permanent SEPLA was commissioned for a floating production unit in 

the Gulf of Mexico (Rigzone, 2006) in 920 m deep water. Besides the severe loads 

induced by short-term extreme storms, SEPLAs on permanent installations are subject 

to prolonged sustained load throughout their operational life, imposed as the resultant of 

the buoyancy from the floating structures and long-term currents. The magnitude of a 

sustained load can be a fraction of the ultimate design load, but may last much longer. 

Sustained loading can cause fully or partially drained soil response, and as such 
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conventional undrained capacity is no longer applicable. However, there is little 

knowledge on whether the sustained load may cause progressive anchor failure during 

the holding period, or modify the anchor capacity. To date, there is no formal guidance 

that rigorously addresses this issue. The main motivation for the research presented in 

this thesis is (i) to provide this guidance, with an emphasis on determining what level of 

sustained loading can be held long-term and (ii) what change in anchor capacity occurs 

if that load is held. 

1.3  RESEARCH OBJECTIVE AND THESIS OUTLINE 

Experimental testing in geotechnical centrifuge facilities and complementary large 

deformation numerical modelling were carried out to fulfil the following research 

objectives.  

 Reveal the soil flow mechanisms around the anchor subjected to both undrained 

monotonic loading and transient sustained loading in order to understand factors 

governing the long-term anchor capacity. 

 Establish the threshold level of sustained load beyond which breakout would occur 

during the sustained loading. 

 Identify the boundary conditions at the anchor-soil interfaces throughout all loading 

stages.   

 Investigate the development of effective stresses and pore water pressures during 

sustained loading, and interpret the potential breakaway and no breakaway 

phenomena.  

 Quantify the variation of soil strength throughout loading, and then assess the 

evolution of pull-out capacity. 

The contents of subsequent chapters in this thesis progress as follows:  
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Chapter 2 reviews previous studies on SEPLA keying, undrained bearing capacity, 

failure mechanisms and the effect of sustained and cyclic loading. The strengths and 

limitations of the existing studies are highlighted. 

Chapter 3 describes details of the methodologies used to carry out experimental tests in 

this thesis. The experimental setup and testing programme for two groups of centrifuge 

tests are presented. 

Chapter 4 describes details of the methodologies used to carry out numerical analyses in 

this thesis. The approaches and modelling methods adopted to simulate the 

accompanying centrifuge tests are elaborated. 

Chapter 5 reports the results from the first group of observational centrifuge tests and 

numerical simulations that reveal the soil flow patterns around strip anchors under 

various levels of sustained loading. The change of anchor capacity during sustained 

loading is interpreted in terms of the drainage conditions, the consolidation induced 

strength changes in the soil above the anchor and the formation of a gap at the base of 

the anchor. 

Chapter 6 presents and discusses the results from the second group of centrifuge tests 

and numerical simulations that concentrate on accurately measuring the sustained 

capacity of an anchor. The experimental anchor models are equipped with pressure 

transducers to monitor the development of excess pore pressures. The capacity increase 

following sustained consolidation is also quantified. 

Chapter 7 summarises the main findings established in this thesis and their implications 

to the design of SEPLAs. Recommendations for further studies are also discussed. 
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CHAPTER 2  LITERATURE SURVEY 

2.1  INTRODUCTION 

Research on plate anchors has been carried out for decades, with an early emphasis on 

evaluating the behaviour of onshore buried structures, such as buried footings of 

transmission towers, retaining walls and tension roofs (e.g. Douglas and Davis, 1964; 

Rowe and Booker, 1979). For onshore applications, the prediction of plate anchor 

behaviour is restricted to the limiting conditions of elastic displacement due to 

serviceability concerns. However, for the floating nature of offshore facilities, the 

primary design purpose for offshore anchors is to provide a sufficient holding capacity, 

whereas a relatively large displacement that may cause plastic soil response is 

permitted. Therefore, a majority of previous research on offshore anchors, in particular 

on SEPLAs, focused on the anchor capacity. 

This chapter presents a comprehensive review of studies in the literature that forms the 

basis of the current research, as summarised in Table 2.1. Firstly, in Section 2.2, the 

existing studies on the keying installation and the entailed embedment loss are briefly 

overviewed. Subsequently, the studies on the uplift capacity of plate anchors are 

highlighted in Section 2.3, with particular reference to those concerned with potential 

suction beneath foundations. It is shown in Table 2.1 that intensive research has been 
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carried out to investigate the monotonic capacity in clay, while limited attention has 

been given to the long-term behaviour of SEPLAs under sustained loading. The author 

is unaware of any published work regarding the performance of plate anchors under 

sustained loading, except for the studies by Das (1995) and Wong et al. (2012). Finally, 

in Section 2.4, some previous studies that attempted to investigate the sustained uplift of 

other offshore foundations, such as spudcans and skirted foundations, are discussed, 

since the soil response in these studies is analogous to that for plate anchors. 
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Table 2.1. Summary of studies relevant to the uplift of plate anchors in clay 

Section Topic Methodology Soil Researcher  

2.2   
SEPLA keying 

installation 

field test 

centrifuge PIV test 

centrifuge PIV test 

centrifuge test 

LDFE, Tresca 

LDFE, Tresca 

FE plastic analysis 

FE plastic analysis 

centrifuge test 

LDFE, Tresca 

LDFE, Tresca 

LDFE, Tresca 

offshore and onshore  

NC kaolin  

transparent, uniform 

NC kaolin 

uniform, NC  

uniform, NC  

uniform  

uniform; lightly OC  

NC kaolin 

uniform; NC 

uniform 

uniform 

Wilde et al. (2001) 

O'Loughlin et al. (2006) 

Song et al. (2006) 

Gaudin et al. (2006;2009) 

Song et al. (2009)  

Wang et al. (2011)  

Yang et al. (2012)  

Cassidy et al. (2012) 

Gaudin et al. (2010) 

Wang et al. (2013)  

Tian et al. (2013) 

Tian et al. (2014) 

2.3   

Plate anchor 

monotonic 

capacity 

theoretical;1g test 

SSFE, MC; 1g test 

1g test 

FE limit analysis 

LDFE 

centrifuge at 145g 

LDFE 

LDFE 

uniform 

uniform 

Kaolinite 

uniform; NC 

uniform 

NC kaolin 

uniform and NC 

uniform 

Vesiḉ (1971) 

Rowe and Davis (1982) 

Das et al. (1994) 

Merifield (2001; 2003) 

Thorne et al. (2004) 

Gaudin et al. (2006) 

Song et al. (2008) 

Wang et al. (2010) 

Plate anchor 

under sustained 

loading 

1g test 

centrifuge at 150g 

soft clay 

lightly OC 

Das (1995) 

Wong et al. (2012) 

2.4   

 

Spudcan 

centrifuge PIV test 

centrifuge at 200g 

centrifuge at 200g 

NC kaolin 

NC kaolin 

NC kaolin 

Purwana et al.(2005;2006)

Gaudin et al. (2011) 

Kohan et al. (2014) 

Skirted 

foundation and 

suction caisson  

FE MCC 

centrifuge; FE 

FE MCC 

centrifuge  

 

FE elastic 

lightly OC 

NC 

NC  

OC 

 

not specified 

Zdravkovic et al. (2001) 

Cao et al. (2002)  

Clukey et al. (2004) 

Acosta-Martinez et al. 

(2008)  

Mana et al. (2014) 

Remark: FE = finite element; LDFE = large deformation finite element; MC = Mohr-Coulomb; MCC = 

Modified Cam Clay; NC = normally consolidated; OC = over consolidated; SSFE = small strain finite 

element; 1g test = laboratory test under unit gravity  
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2.2  KEYING INSTALLATION 

During SEPLA keying installation, as shown in Figure 1.3, the anchor plate is led to 

rotate and translate upward. As the marine sediments typically exhibit a linear profile of 

undrained shear strength increasing with depth, any loss of embedment would lead to a 

reduction in the designed anchor capacity. In order to minimise the potential 

embedment loss and to maintain the designed capacity, a keying flap was attached to the 

fluke of SEPLAs (Wilde et al., 2001), as shown in Figure 1.2. The flap is designed to 

allow 20° rotation outward away from the shank, while any inward rotation is prevented 

by the stretching ribs at the flap hinges. 

A number of studies have been carried out to evaluate the performance of SEPLAs 

during keying. For rectangular and strip SEPLAs, the trajectory of anchor movement 

during keying, the corresponding soil flow mechanisms and the required magnitude of 

keying loads have been thoroughly studied through field tests (Wilde et al., 2001), 

centrifuge modelling (O'Loughlin et al., 2006; Song et al., 2006; Gaudin et al., 2006; 

2009), finite element analysis (Song et al., 2009; Wang et al., 2011) and plasticity 

analysis (Cassidy et al., 2012; Yang et al., 2012). The loss of embedment is found to be 

a function of anchor configuration, submerged weight of the anchor, soil strength 

profile, and load eccentricity and inclination. For SEPLAs subjected to vertical pulling, 

the loss of embedment is typically in the range of 0.5 - 1.5 times the anchor breadth, B. 

When an inclined keying load is imposed, the embedment loss is as low as a quarter of 

that in the vertical pulling scenario (Gaudin et al., 2009), since the anchor experiences 

less rotation to reach the final inclination normal to the mooring line. Another 

consideration regarding the keying installation is that the load inclination at Padeye is 

different from that at the seabed due to the interaction between the anchor chain and the 

soil. This can be resolved by implementing the reverse catenary profile of anchor chain, 
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as described by the closed-form formulation in Neubecker and Randolph (1995), when 

assessing the load transmission within the anchor chain during inclined pulling.  

The contribution of a keying flap for reducing the loss of embedment has also been 

examined by Gaudin et al. (2010) in the centrifuge, and by Tian et al. (2012) and Wang 

et al. (2013) using finite element analyses. The numerical simulations have confirmed 

the experimental finding that the flap does not activate throughout the keying and 

therefore, the flap does not serve its designed functionality in preventing embedment 

loss. Tian et al. (2014a) carried out additional large deformation finite element (LDFE) 

analyses to optimise the anchor configuration, and proposed an inwardly rotating flap 

with an optimal length of 0.38 B, although this proposed configuration is valid merely 

for a vertical keying load in homogeneous soil. 

2.3  UPLIFT OF PLATE ANCHORS 

The uplift of plate anchors with typical rectangular and circular shapes considered in 

this section is illustrated in Figure 2.1. Considering the relative values between the plate 

breadth, B and length, L (with L ≥ B), rectangular anchors include two special cases - 

square anchors with an aspect ratio, L/B = 1, and strip anchors with L/B ≥ 6 (Wang et 

al., 2010). In order to eliminate the uncertainties associated with anchor inclination 

following keying installation, the current study focuses mainly on horizontally 

embedded plate anchors subjected to vertical uplift, although it has been found that the 

load inclination has minimal effect on anchor capacity in homogeneous soil when the 

embedment ratio, z/B or z/D, is greater than 3 (Song et al., 2005). As briefed in 

Chapter 1 (see Figure 1.3), the uplift force imposed on the anchor plate may comprise 

three different types of loading – monotonic, sustained, and cyclic loading. The research 

presented in this thesis investigates only the anchor performance under sustained 
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loading with respect to the corresponding monotonic capacity (i.e. cyclic loading is not 

considered). 

 

Figure 2.1. Problem notation and description: deeply embedded (a) rectangular and (b) 

circular plate anchors subjected to vertical uplift 

 

2.3.1  Monotonic uplift 

In the current research, an undrained monotonic uplift load refers to a non-stop pulling 

force that displaces the anchor at a constant velocity to generate undrained response of 

the surrounding soils. The monotonic uplift capacity of a plate anchor embedded in 

submerged soil is also termed “breakout force” (Vesiḉ, 1971), and is conventionally 

defined as the maximum monotonic load required to completely withdraw the anchor. 

In clay it is expressed as: 
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ucmax AsNF   (2.1)

with A the projected area of the anchor,  su the undrained shear strength of the soil at the 

embedment depth, and Nc a bearing capacity factor. The value of Nc is a function of 

anchor geometry, roughness and embedment depth and whether a suction force can be 

sustained at the bottom. When an uplifting force is imposed under undrained conditions, 

the soil above the anchor top is compressed while the soil below the anchor base is 

relieved from the initial overburden pressure. This results in an increase in the pore 

water pressures above the anchor top, accompanied by a decrease in the pore water 

pressures below the anchor base. Soil may be attached to the anchor base during 

pullout, since suction is generated due to the negative excess pore pressures below the 

anchor with respect to the hydrostatic pressures. 

In this section, the major studies on the breakout failure of plate anchors subjected to 

undrained monotonic uplift in clay are presented in a chronical manner, with particular 

reference to those concerned with suction underneath the anchor base. 

2.3.1.1  Vesiḉ (1971) 

Vesiḉ (1971) carried out a theoretical analysis of breakout stress of embedded plates 

based on the cavity expansion theory, supported by experimental results. A formula for 

predicting breakout stress was proposed, accounting for only the weight and plastic flow 

of soil above the plate and assuming zero suction underneath the plate. The 

experimental results on the undrained uplift of a circular plate embedded in both stiff 

and soft clay were also reported. In stiff clay with an undrained shear strength of 

50 kPa, the bearing capacity factors for deep anchors embedded at a depth, z, greater 

than six times the anchor diameter, D, agreed well with the well-accepted bearing 

capacity factors for deep foundations in clay of Nc = 9 ~ 10; tests in very soft clay with 
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an undrained shear strength of 5 kPa showed a constant breakout factor of Nc = 9.3 for 

the depth z/D > 2. The theoretical predictions showed some inconsistency with 

experimental results, particularly in stiff clay where the breakout force was significantly 

overestimated by the theoretical formula. However, this disagreement was not 

investigated further.  

Besides the lack of information on the experimental setup, the experimental results on 

very soft clay were presented by arbitrarily deducing a suction with a magnitude of 

three times of the undrained shear strength at the plate bottom.  

2.3.1.2  Rowe and Davis (1982) 

With the advancement of the finite element method, Rowe and Davis (1982) 

implemented a more rigorous Mohr-Coulomb failure criterion into the study of strip 

anchors. In order to avoid complexity associated with whether the separation between 

the anchor base and the underlying soil takes place, the numerical analysis was in terms 

of two extreme conditions at the anchor-soil interface - immediate breakaway and no 

breakaway. Under the immediate breakaway or vented conditions, the anchor base 

cannot sustain any tension and the separation takes place as soon as the uplift load is 

imposed. This assumption conservatively eliminates any contribution of the suction at 

the anchor base. The other condition is categorised as the no breakaway or attached 

case, in which soil is assumed to be fully bonded to the anchor base at all times. In 

reality, it is likely that the actual boundary state will fall somewhere between the two 

extreme conditions, but knowledge is limited regarding the distribution of stresses and 

the actual magnitude of suction. 

In Rowe and Davis (1982), the numerical prediction of capacity for strip and circular 

anchors were reported in both immediate breakaway and no breakaway conditions. The 
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effects of embedment depth, anchor geometry, roughness and thickness on anchor 

capacity were also investigated. For the immediate breakaway condition, numerical 

results compared reasonably well to the accompanying 1g laboratory tests. It is noted, 

however, that the capacity obtained for vented anchors with a deep embedment was 

based on the “k4” failure criterion, i.e. the defined failure load would give rise to a 

displacement four times that predicted by an elastic analysis. This is basically a 

serviceability constraint on the ultimate load that applies mostly to onshore structures. 

In an offshore environment, the stability of floating structures focuses on the capability 

to provide sufficient resistance at the compromise of displacement. Therefore, the 

solution by Rowe and Davis may underestimate the anchor capacity as the collapse load 

was limited by this displacement criterion. 

2.3.1.3  Das et al. (1994) 

Acknowledging the drawbacks of preceding 1g experimental tests when the base of the 

anchor plate was artificially vented to eliminate any potential suction (Vesiḉ, 1971; 

Meyerhoff, 1973; Davie and Sutherland, 1977; Das, 1978),  Das et al. (1994) reported 

1g model testing results that incorporated suction into the short-term ultimate uplift 

capacity of a circular anchor embedded in soft saturated clay. Two complementary 

groups of tests were conducted on anchor plates embedded at 1 to 5 times of the anchor 

diameter. In one group, suction was eliminated using a vented anchor base, while the 

other group allowed suction to develop. The contribution of suction force was then 

quantified by subtracting the vented results from the corresponding non-vented ones. It 

was found that the suction factor, Fs/Asu where Fs is the magnitude of the calculated 

suction, decreases linearly from 5.25 at 1 D embedment depth to 1.58 at 5 D 

embedment. It should be noted that in these experiments, the anchor was subjected to 

continuous uplift loading until a complete pullout occurred. 
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A major limitation of the uplift tests conducted in 1g conditions is the low overburden 

stress in small-scale tests, which may alter the breakout mechanism, as separation 

would occur immediately upon uplift.  

2.3.1.4  Merifield et al. (2001; 2003) 

The limiting capacity of strip anchors embedded in homogeneous and nonhomogeneous 

soils was comprehensively investigated by Merifield et al. (2001) using finite element 

formulations of limit theorems based on rigid plastic soil response. With simple 

solutions, this study bracketed the uplift capacity with sufficient accuracy and improved 

the discrepancy between existing lower and upper bounds. However, the results are only 

applicable to the immediate breakaway cases due to uncertainty as to the actual 

magnitude of suction below the anchor base. 

In Merifield et al. (2001), the upper and lower bounds of the bearing capacity factors for 

vented anchors with smooth and rough surfaces were initially calculated in the 

weightless soil, and then the effect of overburden pressure was investigated by 

superimposing the soil weight. It was found that in the weightless soil the effect of 

anchor roughness on the bearing capacity factor is linear with increasing embedment 

ratio, z/B. Once soil weight is included, the influence of anchor roughness on Nc 

becomes marginal, and breakaway is also suppressed by the addition of soil weight. For 

deep anchors, the limiting values of capacity factors (Nc) were found to be 11.16 and 

11.86 for lower and upper bounds respectively, unaffected by the overburden pressure, 

which are in good comparison to the corresponding values of 10.28 and 11.42 by Rowe 

(1978). Moreover, the advantage of the upper bound solution (Sloan and Kleeman, 

1995) is that the failure mechanism can be indicated automatically from the direction of 

shearing along each velocity discontinuity, without making any assumptions in advance. 

Figure 2.2 shows the failure mechanism for a deeply embedded plate anchor, as 
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presented by Merifield et al. (2001) from the upper bound solution. It is shown that the 

failure mode is characterised by localised shear around the anchor, and the soil at the 

anchor base moves upwards along with the anchor. This phenomenon resembles that in 

the no breakaway case (i.e. the anchor base and the soil below are bonded), and is due to 

the conservation of soil volume around the anchor, given that the immediate breakaway 

case was enforced throughout the analysis. 

 

Figure 2.2. Upper bound velocity field for a deeply embedded anchor plate (after 

Merifield et al., 2001) 

Merifield et al. (2003) extended the numerical limit analysis to three-dimensional 

problems to evaluate the effect of anchor shape on the pullout capacity of horizontal 

anchors. The lower bound capacity factor Nc for circular or square anchors was 

corrected by a shape factor with respect to that of a strip anchor at the corresponding 

depth. In general, the capacity of a circular or a square anchor is always greater than that 

of a strip anchor. The limiting values of Nc are 12.56 and 11.90 for deeply embedded 

circular and square anchors respectively, with minimal effect of anchor roughness. The 
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Nc = 12.56 agrees well with the exact values for deeply embedded ultrathin circular 

plate anchors, Nc = 12.42 and 13.11 for smooth and rough interfaces respectively, as 

provided by Martin and Randolph (2001) using numerical limit analysis with a 

sufficiently fine mesh. 

Besides the lack of an insight into the no breakaway condition and the associated 

suction, the rigid plastic soil model used in Merifield et al. (2001; 2003) assumed that 

there is no soil displacement before plastic failure occurs, which results in an 

overestimated embedment depth prior to the ultimate limit state. Since the undrained 

shear strength of normally consolidated clays increases linearly with depth, this 

overestimated embedment depth may also lead to an overestimated anchor capacity.  

2.3.1.5  DNV (Det Norske Veritas) (2002) 

It is specified by DNV (2002) in the recommended practice DNV-RP-E302 that if a 

strip plate anchor is embedded deeper than 4.5 B, “deep penetration” is assumed and the 

bearing capacity factor Nc = 12. For anchors with a shallower embedment depth, Nc is 

specified using the following equation: 















 

B

z
tan114.5N 1

c  (2.2) 

Note that the Nc recommended is only valid for strip footings in isotropic clay. To 

calculate the bearing capacity for a specifically designed condition, additional factors 

have to be incorporated to take account of other effects, such as the variation of anchor 

shape and the influence of installation procedure, strain softening, anisotropy and cyclic 

effect. However, its application to sustained loading conditions was not validated 

rigorously. 
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2.3.1.6  Thorne et al. (2004) 

Unlike the analytical models for the uplift capacity of anchors of Vesiḉ (1971) and 

Merifield et al. (2001; 2003), the study of Thorne et al. (2004) did not assume the 

superposition of the soil self-weight a priori but instead included it in the analysis. The 

analysis was carried out using an LDFE strategy based on local program AFENA 

(Carter and Balaam, 1995) to displace a thin and rigid strip anchor with smooth surfaces 

progressively until undrained failure. The phenomenon of tensile failure of the soil, 

suction development, and their influence on the ultimate capacity of strip anchors in 

homogeneous clay were investigated. 

In Thorne et al. (2004), the failure mechanisms of strip anchors subjected to rapid uplift 

were classified as one of the four categories as shown in Figure 2.3. In terms of the 

embedment depth, the two mechanisms, (a) and (b), belong to the shallow case in which 

the shearing extends to soil surface leading to tension cracks at the soil surface, while 

the deep mechanisms, (c) and (d), are contained locally around the anchor without any 

surface effect. The critical embedment depth leading to the transition from shallow to 

deep failure was found to be a function of anchor size, soil density and undrained shear 

strength of the soil, as well as the ability to sustain any tension for the soil above and 

beneath the plate. It was also found that for deep anchors the uplift capacity is not 

affected by the superimposition of soil weight, and can be evaluated solely as a function 

of undrained shear strength.  
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Figure 2.3. Mechanisms of failure in uplift: (a) shallow anchor, vented; (b) shallow 

anchor, attached; (c) deep anchor, vented; (d) deep anchor, attached (after Thorne et al., 

2004) 

Useful guidelines were also provided to deal with the suction at the anchor base. For an 

anchor sealed in saturated clay, a gap below the anchor base will be generated in the 

following conditions. 

1. The negative excess pore pressure dissipates and is transferred to the soil skeleton, 

which causes the drop of effective stress to zero (i.e. there is no compression within 

the soil skeleton). In this case an undrained analysis is invalid, as the loading is no 

longer sufficiently rapid. 

2. The rapid uplift leads to a drop in the pore pressure to a value far below the 

atmospheric pressure (101 kPa) so that cavitation occurs when the tolerable pore 

tension is reached. For instance, for pure water at normal temperatures (5 – 25 °C) 



Literature Survey 

2-15 

cavitation will occur at a pressure of 80 – 95 kPa below atmospheric. Results in the 

study of Thorne et al. (2004) found that separation occurs if the available vertical 

total stress below the anchor plus the tolerable pore tension prior to loading is less 

than seven times the undrained shear strength of the soil.  

Despite the comprehensive descriptions of breakout failure mechanisms, the numerical 

models used in Thorne et al. (2004) involved excessive assumptions regarding the soil 

response, such as the soil stresses are frozen as the minor principal stress drops to zero 

and the soil can withstand tensile stresses. Given that their validity may need further 

justification these assumptions could increase the complexity of this method when 

applied to other problems. In addition, the contribution of base suction to total uplift 

resistance was not attempted. 

2.3.1.7  Rattley et al. (2005; 2007; 2008) 

Rattley (2007) carried out a number of centrifuge model tests to investigate the 

influence of partial drainage on the uplift resistance of plate anchors and transmission 

tower foundations, complemented by coupled-consolidation finite element analyses. 

Some of his work related to plate anchors founded in clay samples subject to vertical 

uplift has been published in Rattley et al. (2005; 2008). 

In Rattley et al. (2005), the reported centrifuge tests were conducted in clay samples 

with an over-consolidation ratio (OCR) between 3 and 5 at 50g acceleration on square 

plate anchors with breadths measuring 30 mm and 45 mm, embedded 45 mm deep. The 

anchors were uplifted at the rates v = 0.03, 3, 30, and 100 mm/s until failure, which are 

corresponding to the dimensionless velocity, V = vB/cv ~ 1, 100, 1000, and 3000 

respectively, with a coefficient of consolidation, cv = 30 m2/year. Seven vertical pulling 

tests were presented, with five of them having clay at model base. For all tests, the 
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maximum resistances, expressed as the ultimate capacities, Fu, less the footing weight, 

W, divided by the plate area, B2, are plotted in Figure 2.4, against the dimensionless 

velocity, V. It shows that for an anchor founded in clay, the uplift resistance increases 

with loading rate, by up to approximately 60% over the prescribed range of pulling rate 

from partially drained to fully undrained conditions. When the dimensionless uplift rate, 

V, is greater than 100 (v ≥ 3 mm/s), considered as under fully undrained conditions, an 

increase of 6.5% per log cycle was observed and attributed solely to viscous effects. The 

relatively low capacity of the anchor loaded at a rate of V ~ 1 (v = 0.03 mm/s) was 

attributed to partial drainage reducing the available base tensile capacity (or base 

suction). These findings established through a limited number of tests were validated in 

Lehane et al. (2008) by expanding the existing experimental database to include a total 

of 53 tests. 

 

Figure 2.4. Measured anchor capacity against dimensionless loading rate (after Rattley 

et al., 2005) 

The effect of base suction was examined in Rattley et al. (2005) by conducting two tests 

on model anchors resting on a sand base, so as to eliminate tensile resistance at the 
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anchor base-clay interface, which would otherwise be present in clay. By subtracting the 

measured resistance for anchors founded on sands from those founded on clay, the 

contribution of base suction was quantified to be approximately 70 kPa at V ~ 100, 

which was approximately 6 - 7 times the undrained shear strength at the embedment 

depth. This was further explored through the additional testing data in Lehane et al. 

(2008), which suggests that the magnitude of base suction increases with an increase in 

footing velocity owing to a reduced level of pore water drainage occurring during load 

application and positive rate effects in clay. A similar trend of the base suction variation 

with footing velocity was also observed via the measurements of pore pressure and 

tension transducers fixed at the base of the transmission tower foundation models, as 

reported in a separate series of centrifuge tests by Rattley et al. (2008), although it was 

argued that the measured suctions were not equal to the overall average suction across 

the entire base. 

The experimental results in Rattley et al. (2005) were verified against complementary 

small strain finite element analyses using Mohr-Coulomb failure criterion over a wider 

range of pulling rate, as shown in Figure 2.5. It is shown that conditions were 

essentially undrained when the maximum resistance was mobilised at V ≥ 10. In drained 

conditions, the loss of base suction due to the dissipation of excess pore pressures led to 

the minimum anchor capacity when V ≤ 0.01. These limits of V values agreed well with 

those observed by House et al. (2001) during T-bar penetration tests in normally 

consolidated kaolin. It is noted that for the partial drainage analyses a simplified 

approach was used whereby the permeability of the clay at the anchor base is increased 

from 1 × 10-9 to 1 × 10-7 m/s, in order to simulate the formation of a gap at the clay-

anchor interface. Rattley (2007) acknowledged that this approach is unable to evaluate 
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the post failure behaviour since separation of the anchor and clay beneath it is not 

explicitly modelled. 

 

Figure 2.5. Predicted and measured variation of uplift capacity with uplift rate (after 

Rattley et al., 2005) 

The results of the studies by Rattley et al. (2005; 2007; 2008) provided a very useful 

insight to the effect of uplift rate on the uplift resistance of anchors. A relationship 

between the undrained shear strength and base resistance was also observed, which 

provided a valuable reference to problems involving base suctions. However, the 

experimental findings were established on anchors with an embedment depth less than 

z/B = 1.5, significantly shallower than the typical z/B ~ 4 in SEPLA applications where 

different anchor-soil interactions could be mobilised. On the numerical side, the profile 

of the anchor-soil interface and the anchor behaviour after potential separation could not 

be captured by the simplified approach. Therefore, further investigation is necessary to 

reveal the soil flow at various loading rates. 
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2.3.1.8  Gaudin et al. (2006) 

In order to investigate the influence of the SEPLA installation on the breakout capacity, 

a series of centrifuge tests at 145g were carried out by Gaudin et al. (2006) in normally 

consolidation kaolin clay. Two types of installation procedure - suction embedded and 

jacked installation, were compared, and the latter installation method was assumed to 

incur a negligible disturbance to ambient soils. Following each installation procedure, 

either a short-term or a long-term resting period of time was allowed before the anchor 

was keyed and completely pulled out to determine the corresponding embedment loss 

and load-displacement relationship. It was found that for square anchors embedded at 

z/B ~ 3 with a jacked installation, the capacity factor Nc is in the range between 12.3 

and 13.5. Since the soil samples used in these centrifuge tests had a stress field 

representative of that in field conditions, and the experimental setup followed that in 

reality, the results obtained in this study provided a valuable reference for future 

research. However, due to technical challenges, there was no measured data to reveal 

the anchor-soil interface conditions or to quantify the magnitude of a potential suction 

force, although suction at the anchor base was expected to be generated throughout 

loading, owing to the high levels of initial effective stresses in the centrifuge. It 

remained unclear whether the anchor base broke away from the soil underneath during 

pullout. 

2.3.1.9  Song et al. (2008); Wang et al. (2010) 

The continuous vertical pullout of strip and circular plate anchors in uniform and 

nonhomogeneous clays was studied by Song et al. (2008), using two-dimensional LDFE 

analyses based on the remeshing and interpolation technique with small strain (Hu and 

Randolph, 1998) in an in-house finite element package AFENA (Carter and Balaam, 

1995). Small strain analyses were also carried out to compare numerical results to the 
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existing laboratory data. Again, this study was based on the assumption that the anchor-

soil interfaces were either vented or fully bonded.  

For deeply embedded strip anchors, the limiting capacity factors, Nc, were found to be 

11.6 and 11.7 for smooth and rough anchor surfaces, respectively. The corresponding 

values for smooth and rough circular anchors are 13.1 and 13.7. For both anchor shapes, 

the Nc values are not affected by whether the anchor base was attached or vented, once 

the embedment depth is sufficient to mobilise a deep failure mechanism. Figure 2.6 

shows a typical deep failure mechanism for a strip anchor. However, the critical 

embedment depth, zSD, beyond which the deep failure mechanism is activated, relies on 

the anchor base condition. For the bonded base, the critical embedment ratio was found 

to be zSD/B = 1.4 for strip anchors and zSD/D = 0.75 for circular anchors, while for the 

vented base, the critical embedment ratio is increased to zSD/B (or zSD/D) ~ 10. 

 

Figure 2.6. Soil flow mechanism from finite element analysis for deeply embedded strip 

anchors (after Song et al., 2008) 
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Also, for the vented case the uplift bearing capacity is smaller than the corresponding 

value for the bonded case, and breakaway takes place when the anchor embedment is 

lower than a separation depth, zs. The values of zs for strip and circular anchors in 

uniform soils were found to be a function of undrained shear strength, su, and 

submerged unit weight of the soil, γ', and they are expressed as: 

anchors strip for  
B

s
4.6

B

z
'
us


  (2.3)

anchorscircular  for  
D

s
0.8

D

z
'
us


  (2.4)

The formula for circular anchors (Equation (2.4)) was found applicable to normally 

consolidated soils. If a vented anchor is initially embedded above the separation depth, 

breakaway would occur immediately upon the uplift, and the pullout resistance would 

be the sum of the shear resistance from the vertical shear plane and the soil weight 

above the anchor top. The determination of the critical embedment depth and the 

separation depth in this study has provided a simple framework to link the penetration 

depth to the expected anchor performance.  

Taking advantage of the powerful algorithms in mesh generation and the high 

computational efficiency of the commercial package Abaqus, Wang et al. (2010) 

combined it with the remeshing and interpolation technique with small strain approach 

and extended the LDFE analysis to three-dimensional geotechnical problems. This 

Abaqus-based LDFE method was validated by existing experimental and numerical 

results, including those from Song et al. (2008). 

The monotonic uplift capacities and failure mechanisms of square, rectangular and 

circular anchors in uniform soils were investigated for both immediate breakaway and 

no breakaway cases. For the no breakaway case, the critical depth for a transition from a 
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shallow to a deep failure was found to be zSD/B = 2 for square and rectangular anchors, 

and zSD/D = 2 for circular anchors. The limiting capacity factors, Nc, for deep failure are 

13.54 for square anchors, 12.99 for rectangular anchors with L/B =2, and 13.75 for 

circular anchors. The critical depth for vented anchors in weightless soils was found to 

be zSD/B = 6 for square anchors and zSD/D = 4 for circular anchors. For strip anchors in 

weightless soils, a deep failure was not observed even at the embedment of z/B = 10. 

Despite the pullout behaviour of anchors with different shapes has been 

comprehensively studied, the numerical method based on the total stress Tresca yield 

criterion was unable to capture the suction force at the anchor base. Instead, two 

extreme cases for the anchor base conditions were assumed for simplicity. This 

assumption is valid only for undrained continuous pullout where dissipation of excess 

pore pressures is not allowed. Therefore, the numerical methodology in these studies 

cannot be implemented directly in problems involving consolidation under sustained 

loading. 

2.3.1.10  Summary of studies in the literature 

The highlighted studies on the behaviour of plate anchors under monotonic uplift 

suggest that the selection of monotonic capacity factor, Nc, is mostly controlled by 

assumptions made regarding soil flow around the anchor, and more particularly on the 

bonding conditions at the base of the anchor. Following Rowe and Davis (1982), the 

plate base-soil interaction can be simplified as two extreme cases: no breakaway or 

immediate breakaway.  

For the no breakaway case, tensile total stresses at the base of the anchor (associated 

with a suction arising from negative excess pore pressures with respect to the 

hydrostatic pressure) are sufficiently high, such that the soil remains fully attached to 
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the anchor base. The corresponding bearing capacity factor, Nc, has been explored 

extensively as a function of the embedment depth using model tests (Gaudin et al., 

2006; O'Loughlin et al., 2014), finite element simulations (Thorne et al., 2004; Song et 

al., 2008; Wang et al., 2010; 2013; Tian et al., 2014b; Wang and O’Loughlin, 2014) and 

plasticity limit analyses (Yang et al., 2012). Collectively these studies show that Nc 

increases with embedment depth to a limiting value for deeply buried anchors, which is 

a function of anchor geometry, roughness and load inclination.  

The limiting Nc values reported in the literature for the deeply embedded strip anchors 

considered in the current study are shown (as dashed lines) in Figure 2.7(a), with the 

typical soil failure mechanism as shown in Figure 2.8(a). The upper bound solution for 

an ultrathin plate is Nc = 11.42, with minimal influence of plate roughness (Rowe, 

1978), increasing to Nc = 12.1 for a plate thickness ratio, t/B = 0.14 (O'Neill et al., 

2003). This range encompasses findings from finite element analyses reported by 

Elkhatib and Randolph (2005), who showed that Nc increases from 11.58 at t/B = 0.05 

to 11.78 at t/B = 0.14. DNV design guidelines recommend Nc = 12 for deeply buried 

strip anchors (DNV, 2002).  

 



Chapter 2   

2-24 

 

Figure 2.7. Capacity factor of plate anchors with embedment depth for breakaway cases 

(solid lines) and limiting values for deeply embedded no-breakaway case (dash lines): 

(a) strip anchors; (b) square and rectangular anchors with L/B = 2 
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Figure 2.8. Typical plate base-soil interaction for deeply embedded strip anchors: (a) no 

breakaway condition; (b) breakaway condition 

For square and rectangular anchors with L/B = 2, which are both frequently adopted in 

SEPLA applications, the limiting capacity factors found in the literature for deep 

anchors are plotted in Figure 2.7(b). The three-dimensional finite element simulations 

conducted by Wang et al. (2010) predicted Nc values of 12.99 and 13.54 for rectangular 

and square anchors, which are in good agreement with the corresponding values of 13.2 

by DNV (2002) for the rectangular shape, and 13.5 for square anchors, as obtained 

experimentally by Gaudin et al. (2006). 

For the immediate breakaway case, no tensile total stresses are sustained at the base of 

the anchor, allowing the soil to separate from the anchor and a gap to form. Figure 

2.8(b) shows the failure mechanism for deeply embedded anchors with breakaway. 

Previous research using 1g laboratory test (Rowe, 1978) and numerical approaches 

(Rowe and Davis, 1982; Merifield et al., 2001; Song et al., 2008; Wang et al., 2010; 

2013; Chen et al., 2013; Tho et al., 2013) found that the bearing capacity factor under 

immediate breakaway conditions depends on the overburden pressure and is always 

lower than that under no breakaway conditions. For instance, as shown in Figure 2.7(a), 

bearing factors for a strip plate with t/B = 0.05, embedded in normally consolidated clay 
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at z = 3 B, increase from Nc = 4.5 to 10.8, with increasing overburden pressure, 

compared with Nc = 11.6 for the no breakaway case (Song et al., 2008). A similar trend 

can be observed in Figure 2.7(b) for square and rectangular anchors. 

2.3.2  Sustained uplift 

In practice, the SEPLAs used in permanent mooring systems are subjected to a net 

allowable load for a prolonged period, i.e. sustained loading, resulting from long-term 

currents. This sustained load, Fsus, is conventionally related to the monotonic 

capacity (defined as Fmax) by a ratio α = Fsus/Fmax. When the sustained load is imposed 

on a plate anchor in saturated clay, the anchor tends to migrate upward towards weaker 

soils during the holding time, which may result in a reduction in the capacity. On the 

other hand, the long-term anchor load causes dissipation of excess pore pressures, 

which may eventually enhance the soil strength, particularly above the anchor. This may 

lead to a higher capacity. It remains unclear which situation mentioned above is 

dominant. The only available studies related to the plate anchor performance under 

sustained loading are discussed in this section. 

2.3.2.1  Das (1995) 

Das (1995) carried out 1g laboratory tests on a circular vented anchor embedded up to 

5 D in a soft clay to evaluate the rate of displacement under different levels of sustained 

load. The magnitude of the sustained loading was set to be 35%, 50%, and 75% of the 

monotonic uplift capacity. The experimental results showed that no anchor failure was 

observed within prescribed loading range (i.e. Fsus/Fmax ≤ 75%) and that the anchor 

required up to approximately 16 hours to stabilise. In addition, formulations fitted to the 

experimental data were proposed to describe the rate of anchor displacement at different 

combinations of the sustained load and embedment depth. However, their validity for 

field conditions is uncertain due to the unrealistic stress field in 1g small-scale model 
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tests. Also, the contribution of suction force at the anchor base was eliminated by 

enforcing a vented interface. This would underestimate the anchor capacity in both 

partially drained and undrained conditions, and might alter the real soil flow 

mechanism. 

2.3.2.2  Wong et al. (2012) 

Forming part of an integrated study to examine the SEPLA performance for permanent 

mooring applications, the study by Wong et al. (2012) presented a series of centrifuge 

tests at 150g on a SEPLA model installed in reconstituted natural West African clay. 

The SEPLA model was jacked to a targeted normalised depth of z/B = 4.29 - 4.37, and 

then was keyed under a load 25 - 30% of the ultimate capacity, before an uplift load was 

finally imposed. In the first group of tests, rapid uplift was imposed until anchor failure 

to establish the ultimate monotonic capacity. The monotonic capacity factors were 

found to be in the range Nc = 9.7 - 11.6, varying with load inclination and the soaking 

time following keying installation. These Nc values were referenced for the remained 

tests on anchors subjected to either a specific level of sustained load or a predefined 

cyclic load. From these tests, the influence of loading type and magnitude on the anchor 

capacity was investigated. 

For the sustained loading tests, the holding force Fsus was in the range 60 - 85% of the 

monotonic capacity (as established in the monotonic loading test), Fmax, and was 

maintained to achieve a degree of consolidation ranging from 50% to 100%. The 

development of displacement ws against holding time is shown in Figure 2.9. It is 

observed that for the tests with moderate levels of sustained load (i.e. Fsus/Fmax = 60 - 

75%), the anchor displacement exhibits a typical consolidation pattern and levels off at 

100% consolidation. For high levels of sustained load (i.e. Fsus/Fmax = 83 - 85%), the 

anchor displacement accelerates in the course of sustained loading, indicating a 
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breakout failure. Therefore, the threshold level of sustained load was established in the 

range Fsus/Fmax = 83 - 85%. The cause of the capacity reduction was briefly explained in 

relation to the change of strain rate throughout sustained loading. However, any 

potential change of drainage conditions and the soil deformation mechanisms associated 

with the change of loading rate were not further investigated. 

 

Figure 2.9. Evolution of chain displacement during sustained loading (after Wong et al., 

2012) 

If failure did not occur during the sustained loading phase, the anchor was loaded to 

failure at the monotonic loading rate, to assess the post-consolidation ultimate capacity, 

Fp-max. Figure 2.10 presents the increase in anchor ultimate capacity, Fp-max/Fmax, 

following the sustained loading sequences for all tests, against the corresponding 

sustained load ratio, Fsus/Fmax. It is shown that for a given degree of consolidation, U, 

the amount of capacity enhancement increases with the magnitude of sustained load; for 

the same level of sustained load, the post-consolidation capacity increases with the 

degree of consolidation achieved during the sustained loading phase. However, this 
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observed trend of capacity increase from only four testing results requires more 

supporting data. 

 

Figure 2.10. Increase in the ultimate anchor capacity following sustained loading 

sequences (after Wong et al., 2012) 

Considering the combined effect of consolidation and creep under sustained loading, 

Wong et al. (2012) recommended a reduced capacity factor Nc ≤ 7.5 (or Nc ≤ 0.8 × 9.7) 

to limit the sustained load below 80% of the monotonic capacity. However, the factor 

proposed is limited to the conditions of the tests in the absence of additional data. The 

mechanism that causes the capacity variation was not addressed either, and therefore, it 

was unsure whether any base suction was generated and dissipated throughout loading. 

2.4  EXTRACTION OF OTHER OFFSHORE FOUNDATIONS 

The uplift of plate anchors is analogous to the extraction of other offshore foundations 

such as spudcan footings, skirted foundations and suction caissons, particularly in 

respect to the reverse end bearing failure mechanism, the types of environmental 
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loading, the evolution of foundation displacement, and the development of potential 

suction at the base. Figure 2.11 shows a comparison of these relevant foundations, with 

their typical dimensions marked. Some relevant studies investigating the behaviour of 

these foundations subjected to uplift are discussed in this section. They are ordered by 

the type of offshore footings. 

 

Figure 2.11. Typical offshore foundations and anchors undergoing extraction: (a) 

spudcan footing; (b) skirted foundation; (c) suction caisson; (d) plate anchor 

 

2.4.1  Spudcan extraction 

When a mobile jack-up rig is decommissioned from a site, its spudcan footings (see 

Figure 2.11(a)) with a typical diameter of D = 20 m (Gaudin et al., 2011), need to be 

extracted from the penetrated depth (McClelland et al., 1981). In soft clay a typical 

penetration depth for a spudcan footing can be up to three time of the spudcan 
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diameter (Endley et al., 1981; Menzies and Roper, 2008). The extraction process is 

normally completed within a few hours, during which the undrained resistance from 

surrounding soils is overcome. Despite the influence from pre-extraction activities 

(jack-up spudcans can be subjected to months of vertical load before extraction) and the 

difference in the footing configuration, the undrained extraction of a spudcan (without a 

water jetting, see Purwana et al. (2006) and Kohan et al. (2015)) resembles the 

monotonic uplift of plate anchors in the corresponding dimensionless depth, z/D. 

The breakout failure mechanisms for a spudcan penetrated to 1.5 D have been presented 

by Purwana et al. (2006) using Particle Image Velocimetry (PIV) technique in 

centrifuge tests and by Zhou et al. (2009) through conventional finite element analysis. 

As summarised in Figure 2.12 by Gaudin et al. (2011), the mechanism at peak 

extraction comprises an uplift mechanism of the soil plug at the top of the spudcan and 

reverse end bearing at the invert due to suction. This mechanism was found to be valid 

for an initial penetration depth up to 3 D (Kohan et al., 2014). 

 

Figure 2.12. Failure mechanisms during undrained spudcan extraction (after Gaudin et 

al., 2011) 
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The contribution of the base suction to the extraction resistance was studied by Purwana 

et al. (2005) using a heavily instrumented spudcan model embedded up to 1.5 D in the 

centrifuge at 100g. The development of total stresses and pore pressures at spudcan 

surfaces and in the adjacent soil was monitored. The influence of the operational load 

and the load duration on the undrained extraction capacity was examined. Kohan et al. 

(2014) extended the study of Purwana et al. (2005) to a deeper embedment up to 3 D, 

and reported the effect of varied penetration depth in a wider range. A key finding was 

that the suction force increases with operational time and takes up to approximately 

60% of the extraction resistance, indicating the considerable contribution from the 

inverse suction. 

Although the findings from these studies are restricted to spudcans in the experimental 

conditions, they are believed to provide a relevant insight into the breakout mechanisms 

and the associated suction force. The experimental setup including the PIV technique 

and the pressure measurement methods in the centrifuge can be applied to study the 

SEPLA performance. 

2.4.2  Skirted foundation and suction caisson 

A skirted foundation (see Figure 2.11(b)) comprises a base plate with a peripheral skirt 

that penetrates into the seabed to confine a soil plug. A typical length for the peripheral 

skirt is equal to the diameter of the base plate (Andersen and Jostad, 1999). A suction 

caisson (also known as a suction anchor, as shown in Figure 2.11(c) and Figure 1.3) has 

the same structural components as a skirted foundation, but has a greater ratio of the 

skirt length to the base plate diameter (typically z/D ~ 4, see Andersen et al. (2005)). 

Both foundations have the ability to resist undrained uplift due to the negative excess 

pore water pressure developed within the confined soil plug. If sustained uplift is 

imposed, water is drawn into the soil plug causing gradual dissipation of the negative 
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pore pressures and forming a gap between the base plate and the surface of the confined 

soil plug. This mechanism is similar to that at the plate anchor base, especially when 

breakaway occurs. 

The uplift performance and time-displacement response of skirted foundations and 

suction caissons have been investigated through centrifuge testing and numerical 

modelling (Zdravkovic et al., 2001; Cao et al., 2002; Clukey et al., 2004; Acosta-

Martinez et al., 2008; Mana et al., 2014). Experimental studies on instrumented skirted 

foundations found that the soil response to uplift is bilinear with a combination of 

immediate and subsequent time-dependent displacements. Mana et al. (2014) developed 

a numerical model to predict the time-dependent foundation displacement induced by 

seepage through the confined soil plug, and it compared reasonably well with the 

published experimental data. However, this method is restricted to displacement 

prediction based on elastic soil response, without considering potential foundation 

failure throughout the loading period.  

2.5  CONCLUDING REMARKS 

This chapter has presented the literature relevant to the development and 

implementation of SEPLAs for permanent offshore structures, revealing shortcomings 

in current understanding in relation to the objectives of the current research project. 

The keying installation of SEPLAs has been evaluated extensively in various contexts, 

with a majority of existing studies concerned with the potential loss of embedment 

depth that is fundamental to the ultimate anchor capacity. Analytical, experimental and 

numerical methods have been developed to quantify the embedment loss as a function 

of various parameters, including anchor shape, load orientation and soil properties. By 

using these methods, design of the keying flap in a SEPLA has been optimised. 
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The highlighted literature to assess the anchor performance under monotonic uplift has 

demonstrated the significant influence of the bonding conditions between soil and 

anchor base on the ultimate capacity factor. Most of the available methods assume 

either a fully bonded anchor-soil interface or a vented anchor base that does not sustain 

any tension. In reality, the actual interface state falls somewhere between the two 

extreme conditions. A better understanding of the magnitude of suction arising from 

negative excess pore pressures and its influence on the bonding conditions is required.  

Literature concerning the long-term capacity of plate anchors under sustained loading is 

scarce. Limited experimental data suggested that the sustained loading that causes 

anchor failure is smaller than the ultimate monotonic capacity, whereas a higher 

capacity is expected if failure does not occur during sustained loading. Further 

investigation of the mechanisms that lead to the variation of anchor capacity with 

various levels of sustained loading is needed. 

The literature review presented in this chapter highlighted several potential 

shortcomings in the available studies regarding the performance of plate anchors under 

sustained loading: 

 A lack of experimental data, both from field and laboratory test, results in limited 

understanding of the soil flow mechanisms involved in both monotonic and 

sustained uplift. 

 Limited testing data prevents an accurate determination of the threshold level of 

sustained load beyond which anchor failure would occur. 

 The suction force at the anchor base generated during undrained pullout has not 

been clearly quantified, and hence the development of the bonding conditions 

between soil and anchor base during sustained loading cannot be determined.  
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 Much of available numerical methods are based on either small strain or total stress 

analysis. The limitation for small strain analysis is that it cannot accurately simulate 

problems with large deformation, and for total stress analysis that it is unable to 

model transient problems of sustained loading. 

Plate anchors have been identified as an attractive option for the permanent mooring of 

floating structures in deep-water environments. However, a general lack of data 

regarding their long-term performance, in particular under sustained loading, means that 

further research is required before widespread applications can be achieved. 

2.6  REFERENCES 

Acosta-Martinez, H.E., Gourvenec, S.M. & Randolph, M.F. (2008). An experimental 

investigation of a shallow skirted foudation under compression and tension. Soils and 

Foundations, 48 (2), 247-254. 

Andersen, K.H. & Jostad, H.P. (1999). Foundation design of skirted foundations and 

anchors in clay. In:  Proceedings of 31st Offshore Technology Conference, Houston, 

USA, OTC 10824  

Andersen, K.H., Murff, J.D., Randolph, M.F., Clukey, E.C., Erbrich, C.T., Jostad, H.P., 

Hansen, B., Aubeny, C., Sharma, P. & Supachawarote, C. (2005). Suction anchors for 

deepwater applications. In:  Proceedings of 1st International Symposium on Frontiers 

in Offshore Geotechnics (ISFOG), Perth, Australia, Taylor & Francis, Perth, Australia. 

Cao, J., Phillips, R., Popescu, R., Audibert, J.M.E. & Al-Khafaji, Z. (2002). Numerical 

analysis of the behavior of suction caissons in clay. In:  Proceedings of 12th 

International Offshore and Polar Engineering Conference (ISOPE), Kitakyushu, Japan, 

154-159. 

Carter, J.P. & Balaam, N.P. (1995). AFENA: Users’ manual. Centre for Geotechnical 

Research, Department of Civil Engineering, University of Sydney, Australia. 

Cassidy, M.J., Gaudin, C., Randolph, M.F., Wong, P.C., Wang, D. & Tian, Y. (2012). A 

plasticity model to assess the keying of plate anchors. Géotechnique, 62 (9), 825-836. 



Chapter 2   

2-36 

Chen, Z., Tho, K.K., Leung, C.F. & Chow, Y.K. (2013). Influence of overburden 

pressure and soil rigidity on uplift behavior of square plate anchor in uniform clay. 

Computers and Geotechnics, 52, 71-81. 

Clukey, E.C., Templeton III, J.S., Randolph, M.F. & Phillips, R. (2004). Suction 

caisson response under sustained loop current loads. In:  Proceedings of 36th Offshore 

Technology Conference, Houston, USA, OTC 16843. 

Das, B.M. (1978). Model tests for uplift capacity of foundations in clay. Soils and 

Foundations, 18(2), 17-24. 

Das, B.M. (1995). Behavior of a shallow plate anchor in clay under sustained loading. 

Marine Georesources & Geotechnology, 13 (4), 417-428. 

Das, B.M., Shin, E.C., Dass, R.N. & Omar, M.T. (1994). Suction force below plate 

anchors in soft clay. Marine Georesources & Geotechnology, 12 (1), 71-81. 

Davie, J.R. & Sutherland, H.B. (1977). Uplift resistance of cohesive soils. Journal of 

the Geotechnical Engineering Division, ASCE, 103(9), 935-952. 

DNV (Det Norske Veritas). (2002). DNV-RP-E302: Recommended practices - design 

and installation of plate anchors in clay. DNV, Oslo, Norway. 

Douglas, D.J. & Davis, E.H. (1964). The movements of buried footings due to 

movement and horizontal load and the movement of anchor plates. Géotechnique, 14 

(2), 115-132. 

Elkhatib, S. & Randolph, M.F. (2005). The effect of interface friction on the 

performance of drag-in plate anchors. In:  Proceedings of 1st International Symposium 

on Frontiers in Offshore Geotechnics (ISFOG), Perth, Australia, Taylor & Francis, 171-

177. 

Endley, S.N., Rapoport, V., Thompson, P.J. & Baglioni, V.P. (1981). Prediction of jack-

up rig footing penetration. In:  Proceedings of 13th Offshore Technology Conference, 

Houston, USA, OCT 4144. 

Gaudin, C., Bienen, B. & Cassidy, M.J. (2011). Investigation of the potential of bottom 

water jetting to ease spudcan extraction in soft clay. Géotechnique, 61 (12), 1043-1054. 



Literature Survey 

2-37 

Gaudin, C., O'Loughlin, C.D., Randolph, M.F. & Lowmass, A.C. (2006). Influence of 

the installation process on the performance of suction embedded plate anchors. 

Géotechnique, 56 (6), 381-391. 

Gaudin, C., Simkin, M., White, D.J. & O'Loughlin, C.D. (2010). Experimental 

investigation into the influence of a keying flap on the keying behaviour of plate 

anchors. In:  Proceedings of 20th International Offshore and Polar Engineering 

Conference (ISOPE), Beijing, China, 2, 553-540. 

Gaudin, C., Tham, K.H. & Ouahsine, S. (2009). Keying of plate anchors in NC clay 

under inclined loading. International Journal of Offshore and Polar Engineering, 19 

(2), 135-142. 

House, A.R., Oliveira, J.R.M.S. & Randolph, M.F. (2001). Evaluating the coefficient of 

consolidation using penetration tests. International Journal of Physical Modelling in 

Geotechnics, 1 (3), 17-25. 

Hu, Y. & Randolph, M.F. (1998). A practical numerical approach for large deformation 

problems in soil. International Journal for Numerical and Analytical Methods in 

Geomechanics, 22 (5), 327-350. 

Kohan, O., Bienen, B., Gaudin, C. & Cassidy, M.J. (2015). The effect of water jetting 

on spudcan extraction from deep embedment in soft clay. Ocean Engineering, 97, 90-

99. 

Kohan, O., Gaudin, C., Cassidy, M.J. & Bienen, B. (2014). Spudcan extraction from 

deep embedment in soft clay. Applied Ocean Research, 48, 126-136. 

Lehane, B.M., Gaudin, C., Richards, D.J. & Rattley, M.J. (2008). Rate effects on the 

vertical uplift capacity of footings founded in clay. Géotechnique, 58 (1), 13-21. 

Mana, D.S.K., Gourvenec, S. & Randolph, M.F. (2014). Numerical modelling of 

seepage beneath skirted foundations subjected to vertical uplift. Computers and 

Geotechnics, 55, 150-157. 

Martin, C.M. & Randolph, M.F. (2001). Applications of the lower and upper bound 

theorems of plasticity to collapse of circular foundations. In:  Proceedings of 10th 



Chapter 2   

2-38 

International Conference of the International Association for Computer Methods and 

Advances in Geomechanics, Rotterdam, 2, 1-13. 

McClelland, B., Young, A.G. & Remmes, B.D. (1981). Avoiding jack-up rig foundation 

failures. In:  Proceedings of International Symposium on Geotechnical Aspects of 

Coastal and Offshore Structure, Bankok, Thailand, 137-157. 

Menzies, D. & Roper, R. (2008). Comparison of Jackup rig spudcan penetration 

methods in clay. In: Proceedings of 40th Offshore Technology Conference, Houston, 

USA, OTC, Offshore Technology Conference, OTC 19545. 

Merifield, R., Lyamin, A., Sloan, S. & Yu, H. (2003). Three-dimensional lower bound 

solutions for stability of plate anchors in clay. Journal of Geotechnical and 

Geoenvironmental Engineering, ASCE, 129 (3), 243-253. 

Merifield, R., Sloan, S. & Yu, H. (2001). Stability of plate anchors in undrained clay. 

Géotechnique, 51 (2), 141-154. 

Meyerhoff, G.G. (1973). Uplift resistance of inclined anchors and piles. In:  

Proceedings of 8th International Conference of Soil Mechanics and Foundation 

Engineering, Moscow, USSR, 2, 167-172. 

Neubecker, S. & Randolph, M.F. (1995). Profile and frictional capacity of embedded 

anchor chains. Journal of Geotechnical Engineering, 121 (11), 797-803. 

O'Loughlin, C.D., Blake, A.P., Richardson, M.D., Randolph, M.F. & Gaudin, C. (2014). 

Installation and capacity of dynamically embedded plate anchors as assessed through 

centrifuge tests. Ocean Engineering, 88, 204-213. 

O'Loughlin, C.D., Lowmass, A., Gaudin, C. & Randolph, M.F. (2006). Physical 

modelling to assess keying characteristics of plate anchors. In:  Proceedings of 6th 

International Conference on Physical Modelling in Geotechnics (ICPMG), Hong Kong, 

Taylor & Francis, 659-665. 

O'Neill, M.P., Bransby, M.F. & Randolph, M.F. (2003). Drag anchor fluke-soil 

interaction in clays. Canadian Geotechnical Journal, 40 (1), 78-94. 



Literature Survey 

2-39 

Purwana, O.A., Foo, K.S., Leung, C.F. & Chow, Y.K. (2006). Breakout failure 

mechanism of jackup spudcan extraction. In:  Proceedings of 6th International 

Conference on Physical Modelling in Geotechnics (ICPMG), Hong Kong, Taylor & 

Francis, 667-672. 

Purwana, O.A., Leung, C.F., Chow, Y.K. & Foo, K.S. (2005). Influence of base suction 

on extraction of jack-up spudcans. Géotechnique, 55 (10), 741-753. 

Rattley, M.J. (2007). The uplift behaviour of shallow foundations. PhD Thesis, School 

of Civil and Environmental Engineering, University of Southampton. 

Rattley, M.J., Lehane, B.M., Richards, D.J. & Gaudin, C. (2005). An experimental and 

numerical study of rate effects for plate anchors in clay. In:  Proceedings of 1st 

International Symposium on Frontiers in Offshore Geotechnics (ISFOG), Perth, 

Australia, Taylor & Francis, 197-203. 

Rattley, M.J., Richards, D.J. & Lehane, B.M. (2008). Uplift performance of 

transmission tower foundations embedded in clay. Journal of Geotechnical and 

Geoenvironmental Engineering, ASCE, 134 (4), 531-540. 

Rowe, R.K. (1978). Soil structure interaction analysis and its application to the 

prediction of anchor plate behaviour. Ph.D Thesis, University of Sydney, Australia. 

Rowe, R.K. & Booker, J.R. (1979). A method of analysis for horizontally embedded 

anchors in an elastic soil. International Journal for Numerical and Analytical Methods 

in Geomechanics, 3 (2), 187-203. 

Rowe, R.K. & Davis, E.H. (1982). The behavior of anchor plates in clay. Géotechnique, 

32 (1), 9-23. 

Sloan, S.W. & Kleeman, P.W. (1995). Upper bound limit analysis using discontinuous 

velocity fields. Computer Methods in Applied Mechanics and Engineering, 127, 293-

314. 

Song, Z., Hu, Y., O'Loughlin, C.D. & Wang, D. (2006). Pullout capacity and rotational 

behaviour of square anchors. In:  Proceedings of 6th International Conference Physical 

Modelling in Geotechnics (ICPMG), Hong Kong, Taylor & Francis, 1325–1331. 



Chapter 2   

2-40 

Song, Z., Hu, Y., O’Loughlin, C.D. & Randolph, M.F. (2009). Loss in anchor 

embedment during plate anchor keying in clay. Journal of Geotechnical and 

Geoenvironmental Engineering, ASCE, 135 (10), 1475-1485. 

Song, Z., Hu, Y. & Randolph, M.F. (2005). Pullout behaviour of inclined plate anchors 

in uniform clay. In:  Proceedings of 11th International Conference for Computer 

Methods and Advances in Geomechanics, Torino, Italy, Patron Editore, 715-722. 

Song, Z., Hu, Y. & Randolph, M.F. (2008). Numerical simulation of vertical pullout of 

plate anchors in clay. Journal of Geotechnical and Geoenvironmental Engineering, 

ASCE, 134 (6), 866-875. 

Tho, K.K., Chen, Z., Leung, C.F. & Chow, Y.K. (2013). Pullout behaviour of plate 

anchor in clay with linearly increasing strength. Canadian Geotechnical Journal, 51 (1), 

92-102. 

Thorne, C.P., Wang, C.X. & Carter, J.P. (2004). Uplift capacity of rapidly loaded strip 

anchors in uniform strength clay. Géotechnique, 54 (8), 507-517. 

Tian, Y., Cassidy, M.J., Randolph, M.F., Wang, D. & Gaudin, C. (2014a). A simple 

implementation of RITSS and its application in large deformation analysis. Computers 

and Geotechnics, 56, 160-167. 

Tian, Y., Gaudin, C., Cassidy, M.J. & Randolph, M.F. (2012). Considerations on the 

design of keying flap of plate anchors. Journal of Geotechnical and Geoenvironmental 

Engineering, ASCE, 139 (7), 1156-1164. 

Tian, Y., Gaudin, C., Randolph, M.F. & Cassidy, M.J. (2014b). Influence of padeye 

offset on bearing capacity of three-dimensional plate anchors. Canadian Geotechnical 

Journal, 52 (6), 682-693. 

Vesiḉ, A.S. (1971). Breakout resistance of objects embedded in ocean bottom. Journal 

of the Soil Mechanics and Foundations Division, ASCE, 97 (9), 1183-1205. 

Wang, D., Gaudin, C. & Randolph, M.F. (2013). Large deformation finite element 

analysis investigating the performance of anchor keying flap. Ocean Engineering, 59, 

107-116. 



Literature Survey 

2-41 

Wang, D., Hu, Y. & Randolph, M.F. (2010). Three-dimensional large deformation 

finite-element analysis of plate anchors in uniform clay. Journal of Geotechnical and 

Geoenvironmental Engineering, ASCE, 136 (2), 355-365. 

Wang, D., Hu, Y. & Randolph, M.F. (2011). Keying of rectangular plate anchors in 

normally consolidated clays. Journal of Geotechnical and Geoenvironmental 

Engineering, ASCE, 137 (12), 1244-1253. 

Wang, D. & O’Loughlin, C.D. (2014). Numerical study of pull-out capacities of 

dynamically embedded plate anchors. Canadian Geotechnical Journal, 51 (11), 1263-

1272. 

Wilde, B., Treu, H. & Fulton, T. (2001). Field testing of suction embedded plate 

anchors. In:  Proceedings of 11th International Offshore and Polar Engineering 

Conference (ISOPE), Cupertino, USA, 2, 544-551. 

Wong, P., Gaudin, C., Randolph, M.F., Cassidy, M.J. & Tian, Y. (2012). Performance 

of suction embedded plate anchors in permanent mooring applications. In:  Proceedings 

of 22nd International Offshore and Polar Engineering Conference (ISOPE), Rhodes, 

Greece, 2, 640-645. 

Yang, M., Aubeny, C.P. & Murff, J.D. (2012). Behavior of suction embedded plate 

anchors during keying process. Journal of Geotechnical and Geoenvironmental 

Engineering, ASCE, 138 (2), 174-183. 

Zdravkovic, L., Potts, D.M. & Jardine, R.J. (2001). A parametric study of the pull-out 

capacity of bucket foundations in soft clay. Géotechnique, 51(1), 55-67. 

Zhou, X.X., Chou, Y.K. & Leung, C.F. (2009). Numerical modelling of extraction of 

spudcans. Géotechnique, 59 (1), 29-39. 

 

  



 

 

 

 



 

 

CHAPTER 3  EXPERIMENTAL 
METHODOLOGY 

3.1  INTRODUCTION 

In this chapter, the experimental methodology adopted in this thesis to investigate the 

performance of plate anchors under both monotonic and sustained uplifts are presented. 

Firstly, the centrifuge modelling technique is described together with the scaling 

relationships. Subsequently, the testing apparatus, model details, experimental setup and 

soil sample preparation and strength characterisation methods are elaborated. This 

chapter also provides a brief review of the T-bar penetrometer used for in-flight strength 

profiling and a discussion on the relationship between penetration velocity and the 

associated drainage condition. Finally, details about the proposed programme of two 

series of centrifuge tests are provided. 

3.2  CENTRIFUGE MODELLING METHOD 

It is impractical to conduct full scale field tests on the sustained loading of offshore 

SEPLA anchors for research purposes due to the cost and time constraints. Small-scale 

model tests have the advantages of low cost and flexible testing environments. 

However, conventional 1g laboratory tests with reduced-scale models have the 

limitation of underestimating the appropriate stress levels as per those in the field. Since 
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in many instances the responses of offshore footings and anchors are dictated by stress 

level and stress history (Taylor, 2014), it is important to replicate the in-situ stresses in 

the laboratory model. Geotechnical centrifuge modelling provides a convenient and 

economical method for achieving stress and strain similitude between the model and 

prototype. For the studies of SEPLAs behaviour under sustained loading, the use of 

centrifuge modelling allows sustained loading to be completed within the order of 

hours, compared to that of years in the field, since consolidation time is shortened by a 

factor of N2, where N is the acceleration level. Additionally, a profile of undrained shear 

strength that increases linearly with soil depth for normally consolidated clay can be 

easily replicated in the centrifuge as the effective stress increases linearly with depth at 

the end of in-flight sample preparation.  

3.2.1  Scaling laws 

One key advantage of centrifuge modelling is the ability to reproduce similar soil 

behaviour in a reduced scaled version of a prototype, following the basic scaling laws 

based on the similarity of stresses between the model and prototype (Taylor, 2014).  

The routine practice in geotechnical centrifuge modelling is to build a 1/N scale model 

and accelerate it to N times Earth’s gravity g, i.e.: 

e
2RNg   (3.1) 

where ω is the angular speed of rotation and Re is the effective radius of the centrifuge.  

If the acceleration (i.e. Ng) is applied to a material of density ρ, then the vertical stress, 

σvm, at a depth, hm, in the model is: 

mvm Ngh  (3.2) 
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The corresponding vertical stress in a prototype soil column, σvp, at any depth, hp, can 

be expressed as: 

pvp gh
 (3.3)

where the subscripts m and p denote the model and prototype respectively.  

Thus for σvm = σvp, the scaling relation for linear dimensions between model and 

prototype can be deduced from Equations (3.2) and (3.3): 

N

1

h

h

p

m 
 

(3.4)

Different from the uniform field of Earth’s gravity encountered in geotechnical 

engineering, when using a centrifuge to generate high acceleration, there is a slight 

variation in acceleration across the model depth. This is induced by the variation of 

centrifugal acceleration, ω2r, where r is the radius from the central axis to any element 

in the soil model. However, this scaling error is usually minor if the effective radius Re 

is carefully selected. For most geotechnical centrifuges with a ratio of model depth to 

the effective radius, hm/Re, less than 0.2, the error due to non-linear stress distribution is 

less than 3% of the prototype stress (Taylor, 2014). In the current research project, the 

effective radius, Re, was chosen at the level of the average initial embedment depth of 

the anchor models, equivalent to an average Re ~ 1.62 m. Considering the average 

sample depth, hm ~ 230 mm, the average value of hm/Re was approximately 0.14, far 

less than that of 0.2 to induce 3% error. Therefore, the error incurred by non-linear 

stress distribution was minimal. 

When geotechnical centrifuges are used to model problems involving sustained loading, 

consolidation is another important phenomenon to be simulated. Since consolidation 



Chapter 3   

3-4 

relates to the dissipation of excess pore pressures, it is a diffusion event. The degree of 

consolidation is conventionally described by the dimensionless time factor T, defined 

as: 

2
sv

H

tc
T 

 
(3.5) 

where cv is the coefficient of vertical consolidation, ts is the time and H is a distance 

related to a drainage path length. For the same degree of consolidation, there will be the 

following relationship between model and prototype: 

2
p

spvp

2
m

smvm

H

tc

H

tc


 
(3.6) 

Since the coefficients of consolidation are the same in the model and prototype (i.e. cvm 

= cvp), and Hp = NHm according to Equation (3.4), the scaling law for consolidation time 

can be expressed as: 

This means that the consolidation time under sustained loading in the field is shortened 

by a factor of N2. For instance, when a prototype offshore anchor is subjected to a 

sustained load arising from long-term currents, it would take typically a few years for 

the initially generated excess pore pressures to dissipate completely. This process can be 

simulated within hours in the centrifuge at 100g acceleration (i.e. N = 100).  

From the scaling relations presented in Equations (3.4) and (3.7), a variety of scaling 

relations between model and prototype can be deduced. A comprehensive summary of 

the scaling laws for various loading conditions has been reported by Garnier et al. 

(2007), as shown in Table 3.1.  

2
sp

sm

N

1

t

t


 
(3.7) 
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Table 3.1. Centrifuge scaling laws applicable for the tests in this thesis (after Garnier et 

al., 2007) 

Parameter Unit Scaling law: model/prototype 

Length m 1/N 

Area  m2 1/N2 

Volume m3 1/N3 

Stress  N/m2 1 

Strain  1 1 

Force 1 1/N2 

Consolidation time s 1/N2 

 

3.3  TESTING APPARATUS 

The apparatus developed to apply monotonic and sustained uplift to scaled model 

anchors and the devices used to measure and visualise the anchor-soil interactions are 

described together with a brief description of the beam centrifuge facility at the 

University of Western Australia (UWA). Details of existing apparatus are included 

where necessary. 

3.3.1  UWA beam centrifuge 

The experimental work performed in the current research project was carried out at an 

acceleration of 100g in the geotechnical beam centrifuge at UWA. As shown in Figure 

3.1(a), the centrifuge has a nominal radius of 1.8 m (Randolph et al., 1991), and a 

payload capacity of 200 kg at 200g. The swinging platform at one end of the rotating 

arm accommodates a strongbox.  
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Figure 3.1. Photographs of (a) the UWA beam centrifuge, (b) the beam centrifuge 

strongbox and (c) the two-dimensional actuator 
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As shown in Figure 3.1(b), the strongbox is used to accommodate a soil specimen and 

provides an internal working space of 650 mm by 390 mm in plan and 325 mm in 

height. A large movable weight located on the opposite side of the platform 

counterbalances the testing package on the platform, minimising unbalanced load acting 

on the centrifuge base. The models can be loaded using two-dimensional actuators (see 

Figure 3.1(c)) sitting on top of the strongbox. Load and displacement control motions 

replicating complex environmental loading can be achieved remotely through the data 

acquisition and motion control systems developed at UWA. 

3.3.2  Particle Image Velocimetry technique 

Particle Image Velocimetry (PIV) technique is a non-intrusive, image-based technique, 

originally used in fluid mechanics to track the movement of objects. Details about the 

PIV technique and its application in geotechnics have been described by White et al. 

(2003). In this study, the PIV technique was applied to observe the soil flow 

mechanisms under monotonic pullout and during various levels of sustained uplift. 

Other examples of experimental studies using PIV techniques in the UWA drum 

centrifuge (Stewart et al., 1998) include Teh et al. (2008),  Mana et al. (2012) and 

Stanier et al. (2014). 

The PIV tests in this thesis were conducted in the UWA beam centrifuge, with the setup 

within a strongbox shown in Figure 3.2. A custom fabricated PIV chamber was located 

at one end of the strongbox, and an AVT Prosilica GC2450C camera coupled with a 

Goya C-Mount 8-mm focal length lens mounted on a frame was at the remainder of the 

strongbox, facing the exposed clay sample behind the transparent window. The position 

of the camera was adjusted according to the model location. Lighting was provided by 

two light-emitting diode (LED) light bars (CCS Industries Ltd., Model No. LDL2-

266X30SW-WD) controlled via a control unit, facilitating in-flight control of the 
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brightness of each panel to ensure even exposure in images recorded by the system. The 

locations and brightness of the LED light bars were cautiously selected so as to 

maximise the image quality. For the consistency of testing results, the experimental 

setup was maintained throughout all tests. A detailed description of the experimental 

arrangement of the PIV facilities will be presented in Section 3.5.1. 

 

Figure 3.2. Photograph of arrangement inside strongbox for PIV tests 

Two identical PIV chambers were manufactured, as illustrated in Figure 3.3(a), and 

each of them features a transparent Perspex window at either end. The chamber is 

bisected by a 25 mm thick steel divider, which provides two identical internal working 

spaces of 340 mm (width) by 100 mm (depth) in plan and 300 mm in height. The 

interfaces between the Perspex windows and the adjacent steel plates are sealed by 

rubber O-rings embedded in steel grooves to ensure the working spaces are watertight. 

A grid reference of resin markers are impregnated into the Perspex windows for 

converting the images from image scale (pixels) to object scale (mm). Soil movement 
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behind the Perspex window was captured by a machine-vision camera (see details in 

Figure 3.3(b)) and lens assembly capable of capturing up to 15 frames per second over a 

gigabit Local Area Network, and was subsequently analysed using GeoPIV software, 

developed by White and Take (2002).  

 

Figure 3.3. Photograph of (a) the PIV chamber used in the UWA beam centrifuge and 

(b) the machine-vision camera 
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3.3.3  Miniature pressure transducers 

One of the objectives of the centrifuge testing programme is to directly monitor the 

development of stresses and pore water pressures at the anchor-soil interfaces during 

monotonic and sustained uplift. This required the use of miniature pressure sensors 

installed on the anchor surfaces. Two pairs of total pressure transducers (TPT) and pore 

pressure transducers (PPT) were used to measure the vertical total stresses and pore 

pressures at the top and base of the model plate.  

3.3.3.1  Total pressure transducer 

The total pressure transducers installed at the top and base of the model plate were 

fabricated using Kyowa PS-5KC miniature pressure sensors with a rated capacity of 

500 kPa. As shown in Figure 3.4, the metallic sensors have a nominal diameter of 6 mm 

and thickness of 0.6 mm, and the cable direction is parallel to the sensing surface. The 

sensors feature a bridge of strain gauge inside, and they are installed using Epoxy 

adhesive. The location of each sensor and details about sensor fabrication on the anchor 

model will be presented in Section 3.4.2. 

 

Figure 3.4. (a) Photograph and (b) dimensions of a bare total vertical pressure 

transducer 
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3.3.3.2  Pore pressure transducer 

The transducers used for PPTs were identical to those for TPTs, except that a 

1.5 mm (thickness) high air-entry filter was placed above (but not in contact with) the 

sensing surface. The procedure for the saturation of the filter has been recommended to 

follow a two-stage process consisting of an initial saturation of the porous filter with 

water followed by pre-pressurisation of the device in a pressure vessel (Take and 

Bolton, 2003). However, since the pressure vessel was unavailable at UWA throughout 

the testing period, the recommended pre-pressurisation of the porous filter was not 

carried out. Instead the anchor models with PPTs were submerged in water at 100g 

before they were submerged in water at 1g for the subsequent installation.  

3.3.4  Other instrumentation and apparatus 

Additional instrumentation and apparatus used in the test programme included: 

 Load cells: a 1 kN load cell and a 1.5 kN load cell (both manufactured by UWA) 

were used to measure the axial resistance of the anchor model subject to vertical 

uplift. 

 T-bar penetrometer: T-bar penetrometer was used to characterise the strength of 

each soil sample. This process is described in more details in Section 3.7. 

3.4  MODEL ANCHORS 

Two distinct uplift test series were undertaken and they are schematically shown in 

Figure 3.5. The first series involved a study of the soil flow mechanisms around strip 

anchors under monotonic and sustained uplift, which were assisted by the quantitative 

visualisation technique of PIV. The second series addressed the direct measurement of 

pore pressures generated at the top and base of rectangular anchors and the variation of 

anchor capacity during as well as after sustained loading stage. This section provides an 
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overview of the model anchors manufactured for each series of tests. Each of the anchor 

geometries was carefully selected to fit the apparatus described in Section 3.3. The 

model anchor scale for all centrifuge tests was 1:100 (i.e. N = 100). 

 

Figure 3.5. Problem notation and description: (a) a deeply embedded strip anchor and 

(b) a deeply embedded rectangular anchor 

 

3.4.1  Strip anchor for PIV tests 

The model strip anchors (see Figure 3.6) were fabricated from aluminium and had a 

breadth, B = 25 mm (which at 100g is equivalent to B = 2.5 m in the prototype scale, 

according to the centrifuge scaling laws presented in Table 3.1) and a length, L, that was 

identical to the internal width of the divided PIV chamber (i.e. L = 100 mm in the model 

or L = 10 m in the prototype scale, see Section 3.3.2), such that plane strain conditions 

were achieved. The initial test was conducted using a plate anchor with a thickness, 

t = 4 mm, although this was increased to t = 5.6 mm for subsequent tests due to 

structural integrity concerns. Each end of the anchor featured slots that accommodated 

rubber O-rings to maintain the sealed contact between the anchor ends and the Perspex 
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panels. Although the O-rings were greased to minimise friction, analysis of the uplift 

loads developed during testing indicated large variation in the magnitude of friction 

mobilised during testing, so a direct comparison between the measured loads in each 

test was not possible (normalised displacements will be used instead, as will be 

described in Section 3.9.1). The model anchor was connected to a 1.5 kN load cell via a 

nut-bolt joint, and the diameter of the bolt was 2 mm less than that of the hole on the 

loading frame, so as to prevent bending moments generated at the joint by the uplift 

motion. During anchor uplift the load cell was rigidly connected to the actuator to 

record the vertical resistance. 

 

Figure 3.6. Photograph of the model anchor and loading frame 
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3.4.2  Rectangular anchor 

The rectangular model anchors (see Figure 3.7) were fabricated in-house by using 

stainless steel plates with a thickness t = 5 mm. The anchors had a breadth B = 30 mm 

and a length L = 60 mm, replicating a prototype breadth B = 3 m and an aspect ratio 

L/B = 2. The thickness ratio of t/B = 0.17 was chosen as a compromise between the 

typical ratio of approximately 0.05 (Gaudin et al., 2006; Song et al., 2008) and the 

practical fabrication limit. To minimise the uncertainties incurred by the keying flap, 

shank and mooring chain in an offshore SEPLA application (see Figure 1.2), a steel rod 

5 mm in diameter was used to connect the plate directly to the loading frame attached to 

the actuator. The loading point at the top end of the rigid rod (see the inset in Figure 

3.7) and the loading frame were deliberately designed to eliminate any bending moment 

transferred to the anchor plate. Two pairs of PPTs and TPTs were set into the top (P1 

for PPT and T1 for TPT) and underside (P2 and T2 accordingly) of the plate to identify 

excess pore pressures and total vertical pressures throughout the tests. The detailed 

arrangement of the transducers is illustrated in Figure 3.8. The sensing surfaces of the 

PPTs and TPTs were installed at the pre-machined locations on the plate surfaces, and 

the wires of the sensors were embedded in the grooves along the plate surfaces and 

loading shaft and covered using Epoxy adhesive. It was noticed later that the measured 

values from the TPTs exhibited inconsistent and unrealistic relationships with loading 

time. These unreliable readings were probably caused by interior electrical faults along 

the grooves. Therefore, the total pressure measurements from the centrifuge tests were 

not obtained. 
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Figure 3.7. Photographs of the custom manufactured model (inset: connection to the 

loading frame) 

 

Figure 3.8. Arrangement of sensors in the anchor plate (T1 & T2: total pressure sensors; 

P1 & P2: pore pressure sensors) 
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3.5  EXPERIMENTAL ARRANGEMENT 

An overview of the experimental arrangement used during each of the two test series, 

including the configuration of test devices is discussed in this section. 

3.5.1  PIV tests on strip anchors 

The strip anchor tests were conducted at 100g in a PIV chamber. A detailed description 

of the PIV chamber used in UWA beam centrifuge has been presented in Section 3.3.2, 

with a photograph in Figure 3.2 showing the experimental setup within the centrifuge 

strongbox. The arrangement of PIV equipment is schematically illustrated in Figure 3.9. 

The PIV chamber was located at one end of a larger centrifuge strongbox, with a 

machine-vision camera and LED lighting located within the empty remainder of the 

strongbox. The PIV chamber featured transparent Perspex panels at either end and was 

bisected with a 25 mm thick steel, allowing for two separate soil samples, each with 

dimensions 340 × 100 × 300 mm (width × depth × height). The sample width was 

sufficient to accommodate two anchor tests (each with a plate breadth, B = 25 mm) in 

each sample. The anchor was loaded using an electrical actuator, with the anchor 

resistance measured using a 1 kN axial load cell located on the vertical axis of the 

actuator and the (vertical) anchor displacement measured using the optical encoder on 

the actuator motor.  
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Figure 3.9. Schematic of the experimental arrangement 

3.5.2  Tests on rectangular anchors 

The centrifuge tests on rectangular anchors were performed at 100g in the strongbox, 

which has an internal testing space of 650 mm  390 mm in the plane and 325 mm in 

height (see Figure 3.1(b)). The anchor model was loaded using an electrical actuator 

mounted on top of the strongbox, and the vertical displacement was measured by an 

optical encoder on the actuator motor. The vertical resistance was recorded by a 1.5 kN 

load cell located on the vertical axis of the actuator. Load and displacement control 

were achieved through a software feedback loop using the output data from the load cell 

and the encoder data from the actuator at a typical frequency of 10 Hz. The 

configuration for the plate anchor tests is shown in Figure 3.10. The testing locations 

were carefully selected to minimise boundary effects and influence between tests, and 

the models were spaced by at least 4 B. 
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Figure 3.10. Experimental configuration 

3.6  SOIL SAMPLE PREPARATION 

The soil samples used for both groups of centrifuge tests were normally consolidated 

clay prepared from commercially available kaolin clay powder. The properties of this 

kaolin have been investigated by Stewart (1992), as shown in Table 3.2. Dry clay 

powder was thoroughly mixed under vacuum (close to - 100 kPa) with de-aired water to 

form a slurry at 120% water content (twice the liquid limit) for approximately 24 hours. 



Experimental Methodology 

3-19 

After placing a 15 mm thick fully saturated drainage sand layer at the bottom of the  

PIV chamber/strongbox (depending on the test series), a layer of grease was applied to 

the inside wall of the chamber/strongbox to reduce friction between the soil and wall. 

The clay slurry was then poured into the chamber/strongbox through a submerged 

delivery nozzle to prevent air bubbles from being trapped inside the sample. The slurry 

was consolidated in flight at 100g for an initial period of 4 days, during which more 

slurry was added to the surface of the sample to ensure sufficient final clay height (215 

and 230 mm for the strip and rectangular anchor tests, respectively). A constant level of 

free water (80 and 40 mm for each test series, respectively) was maintained above the 

sample surface to ensure saturation. For the PIV tests on strip anchors, a typical set of 

testing (in one sample) took an additional 3 days, while for the tests on rectangular 

anchors, the duration of testing in this sample required an additional 7 days. 

Table 3.2. Characteristic parameters of kaolin clay (after Stewart, 1992) 

Property of UWA kaolin clay Value 

Liquid limit 61% 

Plastic limit 27% 

Particle relative density, Gs 2.60 

Poisson ratio, υ 0.3 

Angle of internal friction obtained from triaxial compression, ϕ' 23° 

Slope of virgin consolidation line in e-ln(p') space, λ 0.205 

Slope of swelling line in e-ln(p') space, κ 0.044 

Void ratio at p' = 1 kPa on virgin consolidation line, eN 2.252 
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The coefficient of vertical consolidation, cv, for UWA kaolin clay has been reported by 

House et al. (2001) and Richardson (2007) through one-dimensional consolidation tests. 

As shown in Figure 3.11, cv increases with the vertical effective stress level. For a 

typical clay sample in the strongbox with a height of 230 mm, the drainage path length 

under two-way drainage is H = 115 mm. The average degree of consolidation over the 

entire sample depth, U, is defined as  




H2

0 i

H2

0

dzu

udz
1U  (3.8) 

 

Figure 3.11. Coefficient of consolidation with vertical effective stress level (compiled 

from House et al. (2001) and Richardson (2007)) 

 

where 
H2

0
udz is the area under isochrone at a specific time and 

H2

0 idzu  is the area 

under initial isochrone. According to the consolidation theory, the relationship between 
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non-dimensional time, T, and the corresponding average degree of consolidation, U, can 

be expressed using the empirical equations: 

For almost full consolidation of the sample at U = 99%, the required dimensionless time 

is T99 = 1.78. The in-flight (at 100g) preparation time for clay samples was 4 days, 

which corresponds to a dimensionless time, T = cvt/H
2 = 2.65, where cv = 3.2 m2/year is 

the average coefficient of consolidation over the entire sample depth, H = 115 mm and 

t = 4 days. Since the T value of 2.65 for sample preparation is significantly greater than 

T99 = 1.78, the sample was considered to be sufficiently consolidated after 4 days.  

Immediately after all tests, the centrifuge was spun down, and cores of intact samples 

were taken across the sample depth by using a plastic tube with an internal diameter of 

20 mm. The cores were then cut into 20 mm long slices along the entire sample depth, 

before the routine method was undertaken to determine the water content of each slice. 

The variation of water content, w, with depth was subsequently determined. Knowing 

the water content, the effective unit weight of the soil, γ', can then be estimated from the 

standard weight-volume relationship for saturated soil as follows: 
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  (3.11)

where Gs = 2.60 is the particle relative density (see Table 3.2). A typical profile of water 

content throughout the sample depth and that of derived effective unit weight are shown 

in Figure 3.12. Figure 3.12 shows that w decreases from 66% near the surface to 42% at 

the depth of 230 mm (in the model scale), while the effective unit weight obtained from 

0.6  for U   U
4H

tc
T 2

2
v 


   (3.9)

  0.6  for U   U1log933.0085.0
H

tc
T

2
v   (3.10)



Chapter 3   

3-22 

Equation (3.11) increases with depth from 5.8 kN/m3 at sample surface to 7.5 kN/m3 at 

the depth of 230 mm. The measured profiles for UWA kaolin clay are in good 

agreement with those reported by Cocjin et al. (2014) and Li et al. (2015). 

 

Figure 3.12. Typical profiles of water content and effective unit weight of the soil 

sample 

 

As inferred from moisture content measurements described above, the average effective 

unit weight was 6.2 and 6.8 kN/m3 for the samples used in tests on strip and rectangular 

anchors, respectively. Base on the measured soil unit weight, the coefficient of vertical 

consolidation, cv, was quantified through one-dimensional consolidation tests reported 

by Richardson et al. (2007; 2009) as in Figure 3.11. For the PIV tests on strip anchors, 

cv increases with vertical effective stress, σv', from cv = 1 m2/y near the soil surface (σv' 

= 0 kPa) to cv = 3.3 m2/y at the average initial anchor embedment depth of zi = 4.6 B 
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(σv' = 71 kPa), while for tests on rectangular anchors, cv varies from 1 m2/year at the 

seabed (σv' = 0 kPa) to approximately 3.4 m2/year at a depth of 3.6 B (σv' = 73 kPa). 

3.7  T-BAR PENETROMETER FOR STRENGTH PROFILING 

T-bar penetrometers were used to estimate the characteristics of the soil sample and in 

particular to provide the undrained shear strength profile of the clay. The results of these 

characterisation tests provide an outline of the soil strength between each centrifuge 

sample and facilitate the normalisation and comparison of experimental data. Details of 

T-bar penetrating tests and the relationship between loading rate and measured soil 

strength are provided. 

3.7.1  The T-bar penetrometer 

The undrained shear strength profile of normally consolidated kaolin clay was measured 

using a T-bar penetrometer developed by Stewart and Randolph (1991; 1994), which 

has been widely applied in small-scale centrifuge testing (Gaudin et al., 2006; Acosta-

Martinez et al., 2012; Li et al., 2015) and offshore in-situ investigation (Randolph et al., 

1998; Watson and Humpheson, 2007). The major advantage of the T-bar over other 

penetrometers such as the cone, is that T-bar forces the soil to flow around the 

cylindrical, minimising the volume of expansion due to insertion of the shaft. The soil 

overburden pressure is therefore equilibrated above and below the bar and as such the 

need for corrections is minimised (Stewart and Randolph, 1994). As illustrated in 

Figure 3.13, the projected area of the cross bar is 20 mm × 5 mm, which is 6.3 times the 

shaft cross-sectional area (with the shaft diameter of 4.5 mm immediately behind the 

cross bar). The load is directly measured by the strain gauges attached immediately 

behind the cross bar. 
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Figure 3.13. (a) Photograph and (b) schematic of a T-bar penetrometer (after Stewart, 

1992) 

 

Using plasticity solution for limiting pressure acting on an infinitely long cylinder 

(plane strain) moving laterally through cohesive soil, Randolph and Houlsby (1984) 

derived the interpretation for a T-bar. Assuming full closure of the soil behind the 

cylinder, the T-bar resistance (measured force divided by the projected T-bar area), 

qTbar, can be simply expressed as 

TbaruTbar Nsq   (3.12) 

where NTbar is a T-bar factor which is a function of surface roughness of the cross bar. 

For general use, an intermediate value of NTbar = 10.5 was recommended with an error 

less than ±19% between the upper and lower limits (Low et al., 2010). This value has 

been used extensively to compute the undrained shear strength profile and the results 

showed generally good agreements with su profiles obtained using other testing 
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methods (Stewart and Randolph, 1991; 1994; Randolph et al., 1998; Chung and 

Randolph, 2004; Oung et al., 2004; Low et al., 2010). 

A detailed description of the T-bar testing procedure and results for each group of 

centrifuge tests will be presented in Section 3.8. 

3.7.2  Drainage conditions as a function of loading velocity 

It has been shown in Wong et al. (2012) that there was a variation of strain rate when an 

anchor was subjected to sustained loading (see Section 2.3.2.2). This change of loading 

rate may lead to a change of the drainage condition (Rattley et al., 2005; 2008; Lehane 

et al., 2008) in the surrounding soil throughout loading, and hence alter the associated 

anchor capacity (see the discussions in Section 2.3.1.7). As proposed by Finnie (1993), 

the drainage condition associated the rate of loading can be classified as one of the 

following categories: 

 Drained condition: the loading rate is sufficiently low that it causes no change in 

pore water pressures 

 Undrained condition: the loading rate is sufficiently high that it does not allow 

any dissipation of excess pore pressures 

 Partially-drained condition: the loading rate is comparable to the rate of excess 

pore pressure dissipation, and the drainage condition falls somewhere between 

drained and undrained conditions 

By incorporating the coefficient of consolidation, cv, and the foundation size B, Finnie 

(1993) proposed a non-dimensional velocity factor to establish the boundaries for each 

drainage condition in sand and silty soils: 
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vc

vB
V  (3.13) 

where v is the loading velocity. This study was then further extended into normally 

consolidated clay using cone or T-bar penetration tests by several researchers (e.g. 

House et al., 2001; Randolph and Hope, 2004; Lehane et al., 2009; Colreavy et al., 

2016). Typical backbone curves compiled from House et al. (2001) and Randolph and 

Hope (2004) are shown in Figure 3.14, which (for this example) plots the variation of T-bar 

resistance (qTbar) normalised by the resistance mobilised during undrained conditions 

against V = vd/cv (where for this example the T-bar diameter, d, is used in place of the plate 

breadth, B in Equation (3.13)). A minimum penetration resistance, associated with 

mobilisation of an undrained shear strength, su, is observed at V ≳ 10, whereas a threefold 

higher penetration resistance, associated with mobilisation of a drained shear strength is 

observed at V ≲ 0.1. Partially drained behaviour is observed – and hence partially drained 

soil strength is mobilised – between these threshold velocities. This is directly relevant to 

sustained loading conditions, as the anchor velocity will change over the loading duration 

(as will be shown later in Chapters 5 and 6), and hence the mobilised soil strength is 

expected to depend on V. 
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Figure 3.14. Normalised T-bar resistance variation with dimensionless velocity 

(compiled from House et al. (2001) and Randolph and Hope (2004)) 

3.8  T-BAR SOIL STRENGTH 

An overview of the soil strength for each sample as measured using the T-bar 

penetrometer is presented in this section. 

3.8.1  PIV tests on strip anchors 

In PIV tests on strip anchors, the undrained shear strength of the sample was determined 

in-flight by conducting T-bar cyclic tests prior to and/or after each model test. The 

purpose of T-bar cyclic tests is to ensure accurate zeroing of the T-bar data by 

eliminating the effects of buoyancy and varied g level with probing depth, and to 

determine the amount of shear strength degradation during remoulding. The T-bar probe 

had a diameter d = 5 mm and was 20 mm in length, and was penetrated at a constant 

velocity, v = 1 mm/s, such that the non-dimensional velocity, vd/cv was in the range 35 

– 158 (where the coefficient of consolidation, cv = 1 to 4.5 m2/y over the T-bar 

penetration depth) thus ensuring undrained conditions (House et al., 2001). The 
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undrained shear strength, su, of the samples was determined from the T-bar penetration 

resistance using the commonly adopted T-bar bearing factor of 10.5. The resulting 

undrained shear strength profiles are presented in Figure 3.15, in which the negative su 

indicates the uplift process during cyclic T-bar tests. It is shown in Figure 3.15 that the 

T-bar was penetrated to a depth of 145 mm (5.8 B) in the model scale and then cycled at 

a mid-depth of 115 mm (4.6 B) ten times to remould the soil before it was extracted to 

the sample surface. As expected for a normally consolidated soil, the strength varied 

linearly with depth, with an average gradient in the range 0.94 – 1.41 kPa/m (in the 

prototype scale), depending on the elapsed time between sample preparation and the T-

bar tests. The variation of undrained shear strength with the preparation time of clay 

samples has been reported in numerous publications (i.g. O'Loughlin et al., 2013; Yi et 

al., 2013; Chow et al., 2014; Li et al., 2015; Kohan et al., 2015). 

 

Figure 3.15. Undrained shear strength measured from T-bar cyclic tests for samples in 

PIV tests on strip anchors 
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3.8.2  Tests on rectangular anchors 

In centrifuge tests on rectangular anchors, the strength of the soil sample was assessed 

by T-bar cyclic tests performed in flight before and/or after each model test at a constant 

penetration rate of 1 mm/s. This corresponds to a non-dimensional velocity, vd/cv, in the 

range of 44 – 158 (where the coefficient of consolidation, cv = 1 to 3.6 m2/year over the 

T-bar penetration range), to ensure an undrained soil response (House et al., 2001). The 

undrained shear strength, su, of the sample was determined from the penetration 

resistance using the T-bar factor of 10.5. As shown in Figure 3.16, the intact undrained 

shear strength exhibited a linear relationship with depth, with an average gradient in the 

range 1.03 – 1.29 kPa/m (in the prototype scale), and increased with the sample 

preparation time prior to the T-bar tests. The average ratio of intact strength over 

remoulded strength was approximately 3.0. The ratio of undrained shear strength over 

the effective overburden pressure, su/σv' was determined to be 0.15 – 0.19. 

 

Figure 3.16. Undrained shear strength measured from T-bar cyclic tests for samples in 

centrifuge tests on rectangular anchors 
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3.9  TESTING PROCEDURES AND PROGRAMME 

Details of the experimental procedure and programme adopted for each test series are 

presented. 

3.9.1  PIV tests on strip anchors 

The experimental setup and sample preparation procedure of the PIV tests on strip 

anchors have been described in Section 3.5.1 and 3.6. After 4-day sample consolidation, 

the centrifuge was spun down and the PIV chamber was removed from the centrifuge 

strongbox. One of the Perspex panels of the chamber was removed and two model 

anchors were inserted into the clay from the exposed clay surface that used to be 

covered by the Pespex panel, using a custom fabricated guide that ensured the plate 

remained horizontal. The shafts connecting the plate and loading frame (see Figure 3.6) 

remained vertical, with the lower parts of them cutting through the clay sample. The 

loading frame was kept above the horizontal clay surface, and it would be connected to 

the load cell before tests. The plate of model anchors was embedded at a normalised 

depth zi/B between 4.51 and 4.78, which is sufficient to mobilise a deep flow failure 

mechanism (Song et al., 2008; Wang et al., 2010). It is noted that in SEPLA field 

applications, anchor plates are inserted vertically to the targeted embedment depth, 

followed by a rotational keying process. However, the tests performed in this study 

simplified this installation process by conducting horizontal insertion, in order to 

minimise the influence of excess pore pressures and stress field disturbance that would 

otherwise have occurred had the models been installed vertically (i.e. from the sample 

surface) and subsequently keyed to a horizontal orientation. 
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Black flock powder was passed through a 300 µm sieve and subsequently scattered 

evenly over the exposed clay surface to add the spatial variability in contrast necessary 

for the PIV measurements. The optimal flock density was based on the calibration 

technique proposed by Stanier and White (2013). The Perspex panel was then 

reattached to the PIV chamber and the chamber was placed back into the centrifuge 

strongbox for a reconsolidation period equal to that spent at 1g (typically 1 hour) before 

the anchor tests. Based on the thumb of rule in UWA centrifuge the reconsolidation 

process allowed a full recovery of any disturbance to the intact soil sample caused by 

the change of g level during anchor installation. The installation ‘wound’ along the 

track of horizontal anchor insertion could also be reasonably repaired during the 

reconsolidation time.  

Figure 3.17 shows the anchor models in the PIV chamber after horizontal installation 

and prior to testing. Loading of the anchor models was performed subsequently, 

accompanied by T-bar tests for strength determination immediately before or 

immediately after the testing. The time between a T-bar test and a model tests was 

typically around 10 mins, which is negligible compared to the average reconsolidation 

time of approximately 1 hour. 
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Figure 3.17. Photograph of installed anchors in the kaolin clay 

Seven vertically loaded anchor tests were performed as listed in Table 3.3. The loading 

sequence is schematically illustrated in Figure 3.18. In the first test (PIV-MP) the anchor 

was pulled vertically under displacement control until failure was reached, defined as the 

maximum measured anchor resistance. The anchor velocity was v = 0.3 mm/s, which 

corresponds with V = 79, such that undrained conditions are to be expected (House et al., 

2001; Lehane et al., 2009). The displacement at failure, wf, defined as the anchor 

displacement when the maximum anchor force (Fmax) was mobilised, served as a reference 

for the subsequent tests under sustained loading. In the sustained loading tests, the anchor 

was initially loaded under displacement control at v = 0.3 mm/s, until a targeted 

displacement, wp, was reached as indicated in Table 3.3 and shown in Figure 3.18. The 

load achieved at the displacement wp, Fsus, was maintained by immediately switching the 

actuator from displacement control to load control. Fsus was maintained until either anchor 

failure occurred (as evident from uncontrolled anchor displacement) or when the anchor 

stabilised at a velocity two orders of magnitude lower than at the beginning of the sustained 

loading process, indicating that primary consolidation was nearly achieved. 
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Table 3.3. Centrifuge PIV testing programme on strip anchors 

PIV Test 

Initial embedment  Targeted displacement 

zi/B wp/wf 

PIV-MP  4.72 0 

PIV-CW11 4.63 0.11 

PIV-CW19 4.67 0.19 

PIV-CW22   4.78 0.22 

PIV-CW39   4.77 0.39 

PIV-CW45   4.59 0.45 

PIV-CW55   4.51 0.55 

 

Figure 3.18. Illustration of loading steps for monotonic and sustained loading tests 

The test nomenclature is based on the type of loading (PIV-MP for monotonic uplift, PIV-

CW for consolidated sustained loading) and the targeted normalised displacement wp/wf. 

Due to the variable friction at the anchor-Perspex interface, the measured anchor loads are 

not considered to be accurate. Therefore, the sustained loading tests were based on the 

targeted normalised displacement, wp/wf, rather than the normalised force (Fsus/Fmax), based 
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on the assumption that the relationship between wp/wf  and Fsus/Fmax is unique in a given test. 

This assumption was validated by repeating the monotonic pullout in two samples with a 

gradient of undrained shear strength of 1.0 kPa/m and 1.4 kPa/m, respectively. Since these 

two values were close to the boundaries of the measured strength range (0.94 – 

1.41 kPa/m) from T-bar tests in Figure 3.15, results from these tests would reflect the 

possible influence of soil strength profile on the relationship between wp/wf  and Fsus/Fmax. 

The resulting normalised load versus displacement curves are presented in Figure 3.19. 

Given the difference in soil strength, the two tests exhibit almost identical soil response, 

which demonstrates the unique relationship between wp/wf  and Fsus/Fmax in a given test. 

This validated assumption indicates that in any given clay the anchor performance is not 

affected by the embedment depth once the anchor is initially deeply embedded.  

  

Figure 3.19. Normalised resistance versus displacement curves from the centrifuge tests 

on strip anchors under monotonic uplift in clay samples with different undrained shear 

strength profiles 

Results of the PIV tests on strip anchors will be presented in Chapter 5. 
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3.9.2  Tests on rectangular anchors 

The experimental setup and sample preparation procedure of the tests on rectangular 

anchors have been described in Section 3.5.2 and 3.6. After initial sample consolidation 

and before the T-bar tests, the centrifuge was spun down and the strongbox was 

removed from the centrifuge. One of the longer sides of the modular strongbox was 

removed to expose the clay sample. Subsequently, four anchor models were inserted 

into the exposed clay using a custom installation tool to reach the desired testing 

locations (see Figure 3.10) at the depth of 3.57 - 3.77 B before more clay slurry was 

added along the installation path using a syringe to mitigate soil disturbance. Figure 

3.20 shows a photograph of the installation tool attached to an anchor model. The 

installation tool had a pinhole at the end of the lower steel rod and a fork at the end of 

the top steel rod. This configuration enabled a rigid connection between the tool and the 

anchor model when the tool was pushed horizontally towards the anchor during anchor 

insertion, and allowed tool-anchor detachment when the tool was pulled horizontally 

away from the anchor model during once anchor insertion was accomplished. The 

horizontal motions of the installation tool were controlled by an actuator. Insertion of 

the anchors from the side of the sample minimised soil disturbance that would otherwise 

occur during vertical penetration (from the sample surface) and subsequent keying, 

hence mimicking wished-in-place conditions. During the anchor installation, the threads 

tied to the rear end of the plate for model removal (see Figure 3.7) were deliberately left 

outside the clay sample so that the anchor models could be removed horizontally along 

the installation path after a group of four tests with minimal disturbance of the untested 

soil. The strongbox was then reassembled and moved back to the centrifuge to 

reconsolidate at 100g for a period at least equal to that spent at 1g (typically 1.5 hours) 

before the cyclic T-bar and model tests were conducted in turn. This installation 

procedure was repeated after four tests had been completed. In spite of the filter 
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saturation measures outlined in Section 3.3.3.2, the above installation method may 

cause insufficient saturation of the porous filters subject to atmospheric pressures. 

 

Figure 3.20. Photograph of the installation tool attached to an anchor model 

The testing programme comprised eight vertical pulling tests, as listed in Table 3.4, in 

which the tests are labelled by the type of loading (EP-MP for monotonic pullout and 

EP-CF for consolidated sustained loading) and the targeted sustained load ratio, 

Fsus/Fmax. In the monotonic uplift tests, as schematically illustrated through the black 

line in Figure 3.21, the anchor was pulled at a rate of v = 0.3 mm/s until the maximum 

net resistance (after subtracting the submerged anchor weight), Fmax, was achieved at the 

displacement wf, which established the monotonic capacity factor, Nc = Fmax/Asu (from 

Equation (2.1)), and provided a reference for the subsequent sustained loading tests. The 

dimensionless anchor velocity, V = vB/cv = 83, was sufficiently large to ensure 



Experimental Methodology 

3-37 

undrained soil response (House et al., 2001; Lehane et al., 2009). To examine the 

assumption that the dimensionless load-displacement is unique in any given monotonic 

test and to ensure the reliability of the reference load, two monotonic pullout tests, EP-

MP and EP-MP2, were conducted in samples with slightly different strength profiles 

(results will be presented in Chapter 6). 

Table 3.4. Centrifuge testing programme on rectangular anchors and summary of results 

Centrifuge 

Test 

Initial 

embedment  
Sustained load 

Degree of 

consolidation 

Post-consolidation 

capacity  

zi/B Fsus/Fmax  wp/wf U (%) Fp-max/ Fmax 

EP-MP 3.57 1 1 0 1 

EP-MP2 3.77 1 1 0 1 

EP-CF34 3.77 0.34 0.11 100 1.22 

EP-CF52 3.67 0.52 0.25 100 1.23 

EP-CF60 3.67 0.60 0.28 100 1.22 

EP-CF70 3.67 0.70 0.35 100 1.08 

EP-CF85 3.67 0.85 0.48 Failure — 

EP-CF34U 3.77 0.34 0.11 60 1.21 
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Figure 3.21. Schematic load-displacement relationships under monotonic and sustained 

loading 

In the remaining sustained loading tests, the model was initially uplifted at v = 0.3 mm/s 

until the targeted net force Fsus (excluding the submerged anchor weight) was reached. 

The determination of Fsus as a ratio of the monotonic capacity Fmax had to allow for the 

variation of soil strength from one test to another. In each sustained loading test, the 

reference Fmax was calculated from Equation (2.1); i.e., Fmax = NcAsu, where Nc was 

established in the reference tests, and su was inferred from the corresponding T-bar 

results based on the initial embedment depth zi and the displacement at monotonic 

failure wf (i.e., su = strength gradient × (zi - wf)). The achieved value of Fsus was 

thereafter maintained over a period of up to 2.5 hours (approximately 2.9 years in the 

prototype scale), to achieve either full consolidation or failure characterised by 

increased anchor displacement rate. Full consolidation was identified empirically when 

the anchor velocity was two orders of magnitude lower than that at the beginning of the 

sustained loading stage. In the last test, EP-CF34U, the influence of consolidation 

degree was investigated by ending the sustained loading stage at U = 60%, where the 

degree of consolidation U is defined as the ratio of current consolidation displacement 
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to the total displacement measured in the full consolidation test EP-CF34. For the tests 

in which the sustained load was maintained (see the solid red line in Figure 3.21), the 

anchor was pulled at v = 0.3 mm/s after consolidation to assess its post-consolidation 

undrained uplift capacity. In all tests, the PPT pairs were activated to monitor the 

response of excess pore pressures during each loading stage. 

Results for the centrifuge tests on rectangular anchor models will be presented in 

Chapter 6. 

3.10  CONCLUSIONS 

This chapter presents theoretical and practical details of the experimental methodology 

adopted in this study. The application of centrifuge scaling laws offers an economic 

alternative to simulate prototype geotechnical problems at a reduced scale and within a 

significantly shortened period. By implementing the PIV technology in centrifuge 

facilities, the soil flow mechanisms can be visualised and quantified. The use of 

miniature pressure sensors enables the measurement of pore water pressures and total 

vertical stresses throughout the loading period.  

Two sets of apparatus for strip and rectangular anchor model tests have been developed. 

The strip anchor tests aimed to reveal the soil flow mechanism around the anchor 

subject to sustained loading, while the rectangular anchor models were extensively 

instrumented to allow continuous stress measurement at the top and base of the anchor. 

The horizontal anchor installation procedure for both test series has been designed to 

minimise soil disturbance that would otherwise have been caused by the vertical 

installation and keying process in the SEPLA applications. The experimental 

arrangement and procedures established in the present study are believed to facilitate a 
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thorough investigation into the performance of plate anchors under vertical sustained 

uplift in soft clay and provide a fundamental understanding of this issue. 
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CHAPTER 4  NUMERICAL 
METHODOLOGY 

4.1  INTRODUCTION 

This chapter presents the numerical methodology adopted in this thesis to investigate 

the performance of plate anchors under both monotonic and sustained uplifts. Firstly, 

the large deformation finite element method is briefly introduced, and its 

implementation in Abaqus software is described. Secondly, the numerical approaches 

employed to interpret experimental findings are explained, with an emphasis on the 

constitutive soil model, simulation procedure and anchor-soil contact boundaries. 

4.2  LARGE DEFORMATION FINITE ELEMENT METHOD 

With the advancement of computer technology over the past several decades, the 

capability of computational geomechanics has been improved significantly from 

modelling simple geotechnical problems with infinitesimal strains and linear 

constitutive relationships to the ones with more geometrical complexity, material 

nonlinearity and large deformation. Parallel numerical simulations incorporating the 

large deformation finite element (LDFE) method were performed in this study to verify 

experimental findings and to further investigate the behaviour of plate anchors under 

monotonic and sustained loading.  
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4.2.1  Large deformation techniques 

Based on the way they describe the movement of materials as a function of time, there 

are three families of finite element approaches - Lagrangian approach, Eulerian 

approach and Arbitrary Lagrangian-Eulerian approach. 

4.2.1.1    Lagrangian approach 

As shown in Figure 4.1(a), in the Lagrangian formulation the elements move together 

with the material inside as deformation occurs, which facilitates the use of relatively 

simple governing equations and allows easy tracking of boundary surfaces. The Total 

Lagrangian (TL) and the Updated Lagrangian (UL) approaches are adopted when 

modelling geotechnical problems. The difference between TL and UL approaches is the 

selection of the reference configuration for the movements. The TL approach takes the 

initial configuration at time zero as the reference state, while in the UL approach all 

variables are referred to the current (i.e. updated) configuration. Both approaches cannot 

tackle entanglement of even one element.  

 

Figure 4.1. Deformation of a continuum in (a) a Lagrangian and (b) a Eulerian analysis 

(after Qiu et al., 2011)  
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4.2.1.2  Eulerian approach 

In simulations using the Eulerian formulation (Figure 4.1(b)), the mesh remains 

undistorted and the materials can freely move through the Eulerian mesh. This approach 

is well suited for the study of fluids where no free boundary is tracked. However, when 

it is applied to solid mechanics, the governing equations of statics and dynamics 

referred directly to the material properties have to be mapped to the fixed Eulerian mesh 

by including complex material and stress derivatives, which has limited its application 

to solid mechanics. Van den Berg (1991) provides an example application of the 

Eulerian approach to computational geomechanics with the investigation of a deep 

penetration problem. 

4.2.1.3  Arbitrary Lagrangian-Eulerian approach 

The Arbitrary Lagrangian-Eulerian (ALE) approach was developed to combine the 

advantages of the above two algorithms and minimise the limitations to address large 

deformation problems in solid mechanics. According to the material discretization 

method, ALE finite element approach adopted in geotechnical applications can be 

further divided into two categories – meshed-based and particle-based methods (Wang 

et al., 2015). 

In the mesh-based ALE approach, each incremental calculation step comprises a 

Lagrangian phase and a Eulerian phase. The Lagrangian calculation is carried out on the 

deformable mesh, and then the deformed mesh is updated either by adjusting the 

positions of nodes but maintaining the topology or is replaced via mesh regeneration. 

Subsequently, the field variables (e.g. effective stresses, material properties and pore 

pressures) are mapped from the old mesh to the new mesh. The LDFE methods include 

those by Van den Berg et al. (1996), Hu and Randolph (1998c), Susila and Hryciw 

(2003) and Sheng et al. (2009). The LDFE method by Hu and Randolph (1998c) was 
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implemented in this study to carry out coupled soil-pore water analysis in saturated soil, 

which will be elaborated in the followed section. 

The particle-based method is not the concern of the current study. 

4.2.2  RITSS approach 

To accommodate the difficulties in solving large strain formulations of complex 

constitutive models, a simple technique called Remeshing and Interpolation Technique 

by Small Strain (RITSS) was proposed by Hu and Randolph (1998b; 1998c). A typical 

RITSS analysis comprises a series of small strain Lagrangian calculations on deformed 

soil, implemented through an implicit time integration scheme. At the end of each 

Lagrangian calculation, where no severe mesh distortion occurs, remeshing of the 

deformed soil and interpolation of field variables including stresses and material 

properties from the old mesh to the new mesh are performed. This procedure is repeated 

until the displacement of the structural element is achieved. Figure 4.2 provides an 

overview of the RITSS procedure, as per Hu and Randolph (1998c). The main 

advantage of the RITSS technique is that the remeshing and interpolation technique can 

be implemented in any finite element software that is capable of conducting small strain 

incremental analysis. RITSS was initially coupled with the locally developed program 

AFENA (Carter and Balaam, 1995) to simulate several geotechnical applications, such 

as shallow foundations (Hu and Randolph, 1998a; 1998b; 1998c; Zhou and Randolph, 

2006), spudcan foundations for mobile jack-up rigs (Hu and Randolph, 1998c; Hossain 

et al., 2005; Hossain and Randolph, 2009; 2010), subsea pipelines (Barbosa-Cruz and 

Randolph, 2005), penetrometers (Lu et al., 2004; Zhou and Randolph, 2007; 2011) and 

plate anchors (Song et al., 2008; 2009).  
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Figure 4.2. RITSS analysis procedure (after Hu and Randolph, 1998c) 

The implementation of RITSS in the commercial software package Abaqus (Dassault 

Systèmes, 2011) through user-written interface codes was attempted by Wang et al. 

(2010a; 2010b) to utilise the powerful mesh generation tools and computational 

efficiency of Abaqus. This methodology has been employed to conduct two-

dimensional and three-dimensional analyses on offshore applications such as lateral 

buckling of pipelines (Wang et al., 2010b; Chatterjee et al., 2012) and uplift capacity 

and keying of plate anchors (Wang et al., 2010a; 2011; 2013a), with recent extension 

from static to dynamic analysis (Wang et al., 2013b). The same methodology (i.e. 

RITSS coupled with Abaqus) was adopted in the current research with additional 

modifications incorporated depending on the purpose of each study. 

4.3  ABAQUS-BASED RITSS 

In the Abaqus-based RITSS methodology, the finite element software Abaqus was 

called to generate the mesh, to carry out small strain analyses, and to post-process 
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calculation results. This sequence of Abaqus functions was executed by running the 

corresponding Python (which is the script language of Abaqus) codes and was repeated 

until the load or displacement specified was achieved, as outlined previously for the 

RITSS method. Between two consecutive sequences of Abaqus functions, field 

variables were mapped from the old mesh to the new mesh by executing external 

Fortran codes for recovery and interpolation processes. The mapping strategy and the 

analysis procedure will be elaborated in this section. 

4.3.1  Interpolation strategy 

The accuracy of the RITSS method depends largely on the interpolation technique 

employed to map field variables. Two interpolation strategies, the modified unique 

element method (MUEM, Hu and Randolph, 1998b) and the superconvergent patch 

recovery (SPR, Zienkiewicz and Zhu, 1992), have been adopted in the AFENA-based 

RITSS analyses for planar problems, and it has been found that these strategies provide 

comparable accuracies. In the current study, the MUEM strategy was employed, and the 

procedure is explained as: 

1. Update the coordinates of each node and each integration point by adding the 

cumulative displacements since the previous meshing. For coupled analysis, the 

pore pressure is stored at the corresponding node, while the effective stresses and 

material properties are stored at the integration point.  

2. Triangulate the old integration points to form a reference mesh for subsequent stress 

interpolation.  

3. Navigate the triangle in the reference mesh that encompasses a particular integration 

point in the new mesh. Interpolate linearly the effective stresses and material 

properties at the new integration point from the three old integration points of the 
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triangle.  A detailed description of the interpolation procedure will be presented in 

the next section.  

4. Find which element in the old mesh that the new node lies in. The pore pressure at 

the new node is interpolated linearly from the three corner nodes of the old element. 

Since the MUEM technique is conducted locally within the old mesh, the computational 

cost of mapping is minimal compared to that of a Lagrangian calculation on an implicit 

integration scheme. In order to keep mapping accuracy, the elements should at least be 

quadratic. Owing to the loss of accuracy during polynomial interpolation, the force 

equilibrium and consolidation equations are not satisfied inherently at the 

commencement of the next step. However, the unbalance in the governing equations is 

usually diminished effectively through the next step and no significant accumulation of 

error has been observed.  

4.3.2  Analysis procedure 

The calculation procedure of Abaqus-based RITSS used in this study essentially 

followed that outlined by Wang et al. (2010b), but with additional modifications to 

facilitate the coupled effective stress-pore water analysis. The steps of this LDFE 

analysis are illustrated in Figure 4.3 and elaborated as follow. 

1. A Python file that contains all initial details of the model is executed to generate an 

Abaqus input file for a conventional Lagrangian analysis.  

2. UL calculation is conducted within Abaqus with an implicit time integral scheme. 
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Figure 4.3. Analysis procedure of RITSS in Abaqus 

3. At the completion of the UL analysis, the output database is accessed by executing 

another Python file. On the nodes of the deformed mesh, the coordinates are updated 

according to the accumulated displacements obtained, and the corresponding pore 

pressure values are recorded. On the integration points, the effective stresses and 

material parameters are saved. The arrangement of nodes, faces and integration 

points in an eight-node quadratic quadrilateral element is shown in Figure 4.4. 
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Figure 4.4. Numbering of nodes, faces and integration points in an 8-node element with 

a reduced integration scheme 

4. Following the MUEM interpolation strategy, in the current step the integration 

points of the soil region are triangulated. This is achieved by calling a Fortran 

subroutine. The corresponding effective stresses and material properties at the 

integration points recorded in Step 3 are transferred to this independent reference 

mesh of integration points. 

5. A list of elements on the boundaries of the deformed soil is generated by the Python 

file for post processing. After that, the connectivity between the boundary nodes is 

recovered. At the end of this step, the updated coordinates of the key nodes on the 

boundaries are prepared to generate the deformed soil geometry for the subsequent 

remesh. 

6. A new mesh is generated by running a Python script. On the featured edges of the 

new mesh, the element size is specified based on the user’s experience and trial 

calculations, whilst an automatic meshing technique available in Abaqus is adopted. 

7. The coordinates of integration points and nodes in the new mesh are extracted from 

the Abaqus input file generated through Step 6.  
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8. Following the MUEM approach mentioned in the previous section, stresses and 

material parameters are interpolated from the old integration points to the new 

integration points. The interpolation procedure is elaborated below. 

a) First, for each triangular element that comprises three old integration points 

(in this example points a, b and c in Figure 4.5), the limits of horizontal and 

vertical coordinates (i.e. xmin, xmax, ymin and ymax) are searched, forming a 

circumscribed rectangle outside the triangle abc.  

 

Figure 4.5. Illustration of the relative position between a new integration point (G) and a 

reference triangle of old integration points (abc): (a) integration point inside reference 

triangle; (b) integration point outside reference triangle 

b) For a new integration point G that falls inside the four boundaries of the 

rectangle, there are two possible relationships: if point G is inside the 

triangle abc (including falling on the edge) as shown in Figure 4.5(a), point 

G and the three old integration points are connected to form three sub-

triangles abG, acG and bcG, and the sum of the areas of all sub-triangles 

equals the area of triangle abc; if point G is outside the triangle abc as shown 

in Figure 4.5(b), the area sum of all sub-triangles is greater than the area of 

triangle abc. Based on the relative position between point G and triangle abc, 
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MUEM interpolation is subsequently carried out. For the case that point G is 

inside triangle abc, the stresses and material parameters at the new 

integration point G are linearly interpolated from the corresponding values 

on the old integration points a, b and c. Otherwise, if point G falls outside 

triangle abc, the above steps a) and b) are repeated for all other elements in 

the mesh of old integration points, in an attempt to find the element that 

encompasses point G. If such an element cannot be found, point G must lie 

outside the mesh boundary. In this case, the value at point G is set to be 

equal to that of the nearest old integration point, in this example point b. 

Following a similar approach, the pore pressure values on the new nodes are 

interpolated from the elemental nodes in the old mesh following the procedure as 

follow. 

a) Search for the horizontal and vertical limits of each eight-node quadrilateral 

element (see Figure 4.6). 

b) Divide the quadrilateral element into six sub-triangles by connecting the 

corresponding midpoint nodes as demonstrated via the dashed lines in Figure 

4.6.  

c) For a given new node N, the previously mentioned method for the 

determination of the relative position between a new integration point and a 

reference triangle (in Figure 4.5) is employed to identify which sub-triangle 

the node N belongs to. For instance, in Figure 4.6(a), the node N lies inside 

the sub-triangle 678, and hence the pore pressure at node N is subsequently 

interpolated from the values at nodes 6, 7 and 8 in the old element. 
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Figure 4.6. Illustration of the relative position between a new node (point N) and an old 

element (that comprises points 1 - 8): (a) new node inside old element; (b) new node 

outside old element 

d) If the node N does not fall in any of the sub-triangles in any old element (as 

shown in Figure 4.6(b)), indicating that it is outside the previous mesh 

boundary, it is then assigned a pore pressure value identical to that on the 

closest boundary node in the old mesh (node 3 in this case). 

9. The stresses and other material properties at the new integration points are saved in 

separate external files, which can be accessed by in-built Abaqus user subroutines 

such as “SIGINI” and “VOIDRI”, as the initial condition for the followed 

calculation. The pore pressures at the new elemental nodes are also listed in an 

external file for the initial condition in the next step.  

10. All steps are repeated until the desired load or displacement is achieved. 

The whole calculation process is controlled by a master program written in Fortran, and 

the RITSS approach is implemented continuously and automatically without requiring 

any intervention from the user. Python scripts for Abaqus functions and Fortran 

subroutines are repeatedly called by the master program, and the connection between 

Python and Fortran is achieved by reading and writing external files. 
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4.4  CONSTITUTIVE SOIL MODEL 

Modified Cam Clay (MCC, Roscoe and Burland, 1968) model was employed to study 

partially drained behaviour and consolidation effects during monotonic and sustained 

loading. The MCC parameters for UWA kaolin clay have been explored by Stewart 

(1992), Acosta-Martinez and Gourvenec (2006) and Richardson (2007), and the typical 

values are listed in Table 3.2. The definition of MCC parameters and the associated 

terminologies are illustrated in Figure 4.7, where p' and q are the mean and deviatoric 

stress invariants. 

 

Figure 4.7. Definition of parameters for Modified Cam Clay model and the effective 

stress path of undrained loading for normally consolidated clay (CSL - Critical State 

Line; NCL - Normal Consolidation Line; VCL - Virgin Consolidation Line) 
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For normally consolidated clay, the initial stress state under self-weight is 

corresponding to point O in Figure 4.7, with an initial mean effective stress, p0', an 

initial deviatoric stress, q0, and an initial void ratio, e0. The coefficient of earth pressure 

at rest, K0, is selected as:  

6.0~sin1K '
0   (4.1) 

where ϕ' = 23°, is the internal friction angle obtained from triaxial compression test (see 

Table 3.2). The initial size of yield locus p'c in the p'-q space is characterised as the 

function: 
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Following the linear relationships between the void ratio e and the logarithm of mean 

effective stress, the initial void ratio e0 can be derived as: 
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where eN is the void ratio at p' = 1 kPa on the virgin consolidation line (VCL), λ and κ 

are the swelling and compression indices. Substituting Equation (4.2) into Equation 

(4.3), the initial void ratio is expressed as a function of the initial stresses: 
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If the clay is subjected to undrained loading, the stress path to reach the critical state 

follows the line OS in Figure 4.7. The undrained shear strength, su, can be deduced from 
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the MCC parameters. For K0 consolidated soil in triaxial compression conditions, Wroth 

(1984) calculated the undrained shear strength ratio, su/σv', as: 
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For plane strain conditions the undrained shear strength ratio becomes: 
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Substituting the parameters for MCC listed in Table 3.2, the undrained shear strength 

ratio, su/σv', is 0.24 and 0.28, for triaxial compression and plane strain conditions, 

respectively.  

4.5  SIMULATION PROCEDURE AND PROGRAMME 

This section presents the procedure and programme of the numerical simulation of the 

two series of centrifuge tests described in Chapter 3. 

4.5.1  Simulation of PIV tests on strip anchor 

As mentioned in Section 3.9.1 the PIV centrifuge tests could not accurately quantify the 

uplift resistance of the anchor due to the friction that developed along the Perspex 

windows. In order to quantify the threshold sustained load that can be applied without 

leading to failure, and to numerically interpret the experimental observations, two-

dimensional LDFE analyses were conducted using the RITSS approach incorporating 

the MCC model. In the RITSS analysis the rapid uplift of the plate anchor was divided 

into typically dozens of small steps. In each step, the pulling distance was small enough 

to avoid severe mesh distortion around the anchor. The deformed soil was then 

remeshed and an updated Lagrangian calculation was performed, followed by mapping 
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of the field variables (e.g. effective stresses, pore water pressures and material 

properties) to the new mesh at the commencement of the next step. The detailed 

procedure of Abaqus-based RITSS can be found in Section 4.3. 

4.5.1.1  Modelling soil 

The soil was discretised with quadratic quadrilateral elements with reduced integration 

(CPE8RP in Abaqus). The pore pressure was only calculated at four corner nodes of the 

element. Due to geometrical symmetry, only half of the anchor and soil were modelled. 

The horizontal and vertical extents of the soil mesh were 6 B and 10.72 B respectively, 

which is sufficient to eliminate boundary effects, as confirmed through initial numerical 

trials with varying horizontal and vertical extents. Drainage was allowed at the top and 

bottom surfaces of the soil domain to simulate the two-way drainage in the centrifuge 

sample.  

The material properties assumed in the MCC model have been listed in Table 3.2. The 

normally consolidated clay was initially set at a geostatic state with a coefficient of 

earth pressure K0 = 1 - sinϕ'. Following Equation (4.6) the undrained shear strength in 

plane strain conditions can be expressed as a function of the stress invariants as: 
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where Ʌ = (λ-κ)/λ, and M is the slope of critical state line in q - p' space, derived from 

triaxial compression tests. Therefore, the su profile increased linearly with depth with a 

gradient equal to 1.73 kPa/m. Although this is approximately 23% higher than the upper 

bound gradient of 1.41 kPa/m observed in the centrifuge tests, the absolute magnitude 

does not affect the qualitative comparison presented hereafter.  
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The determination of soil permeability followed that by Mahmoodzadeh et al. (2014; 

2015). The permeability of kaolin clay, k, can be related to its coefficient of 

consolidation, cv, obtained from one-dimensional consolidation tests using the 

relationship: 

0

vw

E

c
k




 (4.8)

where γw = 9.8 kN/m3 is the unit weight of water, and the E0 is the one-dimensional 

modulus. For one-dimensional consolidation tests, the stress path in the e-lnp' space (i.e. 

the normal consolidation line) is parallel to the virgin consolidation line (see Figure 

4.7). Therefore, the relationship between E0 and λ is: 
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where e is the void ratio and σv' is the vertical effective stress imposed on the soil 

specimen. The relationship between cv and σv' was fitted from the testing data (see 

Figure 3.11) measured by Richardson et al. (2007; 2009). 
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The units of σv' and cv are kPa and mm2/s respectively. For normally consolidated soil 

under a K0 state, the relationship between void ratio and vertical effective stress is: 
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where C = 0.048 (from the parameters in Table 3.2) is the vertical distance between the 

virgin consolidation line and the normal consolidation line. By substituting 
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Equations (4.9) - (4.11) into Equation (4.8), the permeability becomes a function of the 

void ratio 
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with the unit of k being m/s. 

4.5.1.2  Modelling anchor-soil interface and anchor 

The uplift performance of offshore foundations in clay has been a challenging topic due 

to the limited knowledge of the interaction between foundation base and the soil 

underneath. As outlined in Chapter 2, previous studies on the undrained capacity of 

plate anchors such as by Song et al. (2008) and Wang et al. (2010a) simply considered 

two extreme cases – immediate breakaway and no breakaway, and assumed that 

immediate breakaway occurs once vertical total stress reduces to zero. However, these 

simplified assumptions would be invalid when plate anchors are subjected to sustained 

loading, since the plate-soil interaction varies with the anchor velocity during the 

loading period, and the occurrence of breakaway depends on the level of the vertical 

effective stress rather than the vertical total stress. 

In an attempt to predict the displacement of bucket foundations under sustained loading, 

Mana et al. (2014) introduced a layer of “water elements” at the interface of the 

foundation base and soil, and rigorously modelled the breakaway phenomenon in terms 

of vertical effective stresses. However, the robustness of this analysis is limited to 

elastic soil models which may not reflect the foundation response reasonably, in 

particular when the vertical effective stress level becomes marginal.  

In this study, the anchor-soil interfaces were assumed to be smooth and modelled as 

“surface-to-surface” (available in Abaqus) contact. An initial normal contact stress, 
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equivalent to the initial vertical effective stresses at the corresponding depth, was 

assigned to either side of the contact interface. During monotonic and sustained 

uplifting of the anchor, separation between the anchor base and soil was allowed when 

the normal effective stress at the contact surface was reduced to zero. This was achieved 

by setting the anchor as a porous rigid body, with a permeability significantly lower 

than that of the surrounding soil. A series of trial simulations proved that if the 

permeability of the anchor is four orders lower than that of the surrounding soil, it can 

be regarded as an impermeable anchor. As the anchor was deeply embedded, if a gap 

formed after separation, it could only be filled by seepage of pore water from the 

surrounding soil. Pore water was allowed to seep into the gap formed at the anchor base 

if breakaway occurred under sustained loading. This was achieved numerically by 

maintaining continuity of excess pore pressures on both sides of interface when 

separation occurs.  

Following the above principles, the anchor was modelled as a 0.22 B thick porous rigid 

body, with a permeability that was four orders lower than that of the soil. The anchor 

surfaces were assumed to be smooth, given that the roughness of an anchor-soil 

interface has marginal effect on the undrained capacity (Rowe and Davis, 1982; Wang 

et al., 2010a). The corners of the anchor were filleted as semicircles for numerical 

stability, which will be validated against the results from anchors with sharp corners in 

Chapter 5. Separation between the anchor base and soil was allowed (but not imposed) 

when σv' was less than zero. Before loading the anchor was wished-in-place at an 

embedment depth of 4.72 B, consistent with the installation approach adopted in the 

centrifuge tests. 
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4.5.1.3  Simulation programme 

The numerical simulation programme of the centrifuge PIV tests on strip anchors are 

presented in Table 4.1, which also shows the corresponding experimental programme as 

in Table 3.3. In the monotonic loading analysis (FE-MP), the anchor was displaced at 

V = 79, identical to that in the corresponding centrifuge test, until a vertical anchor 

displacement of at least 0.3 B to ensure the peak resistance was achieved. In the 

remained sustained loading tests, the anchor was initially loaded under displacement control 

at V = 79, until a targeted load ratio, Fsus/Fmax, was reached as indicated in Table 4.1. The 

use of targeted load ratio, instead of the displacement ratio used in the experimental tests, 

facilitated the direct determination of the threshold sustained load level, as will be revealed 

in the results in Chapter 5. The achieved load Fsus was maintained thereafter until either full 

consolidation of the surrounding soil was achieved or numerical stability could not be 

further maintained. Full consolidation was identified when more than 95% of the excess 

pore pressures generated at the beginning of sustained loading dissipated. A detailed 

description of the conditions leading to numerical instability will be also discussed together 

with the results in Chapter 5.  
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Table 4.1. Centrifuge and numerical testing programme on strip anchors 

PIV Test 

Initial embedment  Targeted displacement 

zi/B wp/wf 

PIV-MP  4.72 0 

PIV-CW11 4.63 0.11 

PIV-CW19 4.67 0.19 

PIV-CW22   4.78 0.22 

PIV-CW39   4.77 0.39 

PIV-CW45   4.59 0.45 

PIV-CW55   4.51 0.55 

LDFE Analysis  
Targeted load 

Fsus/Fmax 

FE-MP 4.72  1 

FE-CF30 4.72 0.30 

FE-CF45 4.72 0.45 

FE-CF60 4.72 0.60 

FE-CF70 4.72 0.70 

FE-CF84 4.72 0.84 

 

4.5.2  Simulation of tests on rectangular anchor 

The soil model employed for the simulation of centrifuge tests on rectangular anchors 

was identical to that used in PIV tests simulations. The horizontal and vertical extents of 

soil mesh were 8 B and 12 B, respectively, which proved through trial calculations to be 
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sufficient to eliminate the boundary effect. Drainage was allowed at the top and bottom 

surfaces of the soil mesh to simulate two-way drainage in the centrifuge. The material 

properties of the MCC model were listed in Table 3.2. The normally consolidated clay 

was initially at a geostatic state with the coefficient of earth pressure, K0 = 1 - sinϕ'. 

The rectangular plate anchor used in the centrifuge tests was idealised as a rigid two-

dimensional strip anchor with an in-plane breadth B. The thickness ratio was selected as 

t/B = 0.17, identical to that of the steel plates used in the centrifuge tests. The anchor 

surfaces were assumed to be smooth, and the corners were filleted as semicircles for 

numerical stability. Separation at the anchor-soil interfaces was allowed, and the pore 

water was allowed to flow into the gap beneath the plate base if breakaway occurred 

under transient loading. Prior to any loading, the anchor was wished-in-place at 3.67 B, 

which is also similar to the installation parameters of the centrifuge tests. Some 

modifications on modelling the anchor-soil interface were made in order to investigate 

the anchor behaviour throughout the whole sustained loading period. A detailed 

description of this modified interface modelling method will be discussed together with 

the numerical results in Chapter 6. 

The numerical simulation programme of the centrifuge tests on rectangular anchors are 

presented in Table 4.2, which also shows the corresponding experimental programme as 

in Table 3.4. In the monotonic loading analysis (FE-MP), the anchor was displaced at 

V = 83, identical to that in the corresponding centrifuge test, until a vertical anchor 

displacement of at least 0.3 B to ensure the peak resistance was achieved. In the 

remained sustained loading tests, the anchor was initially loaded under displacement control 

at V = 83, until a targeted load ratio, Fsus/Fmax, was reached as indicated in Table 4.2. The 

achieved load Fsus was maintained thereafter until either full consolidation of the 

surrounding soil was achieved or failure characterised by increased anchor displacement 
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rate. Full consolidation was identified when more than 95% of the excess pore pressures 

generated at the beginning of sustained loading dissipated. 

Table 4.2. Centrifuge and numerical testing programme on rectangular anchors 

Centrifuge 

Test 

Initial 

embedment  
Sustained load 

Degree of 

consolidation 

Post-consolidation 

capacity  

zi/B Fsus/Fmax  wp/wf U (%) Fp-max/ Fmax 

EP-MP 3.57 1 1 0 1 

EP-MP2 3.77 1 1 0 1 

EP-CF34 3.77 0.34 0.11 100 1.22 

EP-CF52 3.67 0.52 0.25 100 1.23 

EP-CF60 3.67 0.60 0.28 100 1.22 

EP-CF70 3.67 0.70 0.35 100 1.08 

EP-CF85 3.67 0.85 0.48 Failure — 

EP-CF34U 3.77 0.34 0.11 60 1.21 

2D LDFE 

Analysis 
     

FE-CF34 3.67 0.34 0.09 100 

Not simulated 

because of 

numerical 

limitations 

FE-CF52 3.67 0.52 0.16 100 

FE-CF70 3.67 0.70 0.25 100 

FE-CF85 3.67 0.85 0.35 100 

FE-CF90 3.67 0.90 0.48 Failure 

FE-CF95 3.67 0.95 0.55 Failure 
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4.6  CONCLUSIONS 

The theoretical and practical details of the numerical methodology adopted in this study 

are presented in this chapter. This study developed large deformation finite element 

techniques through the combination of the RITSS and the commercial package Abaqus. 

This provides an automatic and reliable solution to predict anchor behaviour involving 

large deformations. Consolidation responses under partially drained conditions can be 

captured by incorporating the MCC model into the RITSS, as will be shown in the 

following chapters.  

The experimental and numerical methods outlined in Chapter 3 and this chapter 

facilitated a thorough investigation into the uplift problems of plate anchors. Results are 

now provided in Chapters 5 and 6. 
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CHAPTER 5  SOIL DEFORMATION 
MECHANISMS OF PLATE ANCHORS 
UNDER SUSTAINED UPLIFT 

5.1  INTRODUCTION 

In this chapter, results from a combination of centrifuge and numerical modelling is 

presented to evaluate the behaviour of strip plate anchors in normally consolidated 

kaolin clay under various levels of vertical sustained loading.  

The uplift capacity of strip anchors under long-term sustained loading requires an 

understanding of three main processes:  

1. the potential for breakaway at the base of the anchor, as summarised in Section 

2.3.1.10; 

2. the plate velocity dictating whether the mobilised strength is undrained, partially 

drained or drained, as presented in Section 3.7.2; 

3. any additional strength of the soil above the anchor associated with excess pore 

pressure dissipation. In normally consolidated clays, sustained loading can cause an 

increase in soil strength above the anchor due to the dissipation of excess pore pressures 

generated. This can be quantified from the undrained shear strength ratio of the soil, 

su/σv', where the vertical effective stress, σv', at the top face of the anchor will be higher 
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than the initial (pre-loading) value due to the net increase in bearing pressure applied to 

the soil during sustained loading.  An essential consideration is whether any increase in 

capacity is more than any reduction due to rate and magnitude of anchor movement.   

The influence of the above processes on anchor stability is revealed from the soil 

deformation mechanisms observed in the centrifuge tests that implemented particle 

image velocimetry technique, which is supported by the findings from large 

deformation finite element analyses. 

5.2  EXPERIMENTAL RESULTS 

The experimental results of the PIV tests on strip anchors under monotonic and 

sustained loading are reported and the soil flow mechanism revealed as a function of the 

anchor velocity. Tests have been conducted according to the experimental programme 

outlined in Chapter 3 (Section 3.9.1). 

5.2.1  Monotonic failure mechanism 

The maximum resistance in the monotonic loading test was measured at a displacement 

ratio, wf/B = 0.18. PIV analysis was conducted on the six consecutive images captured 

every 1/3 s immediately after the ultimate capacity. The results of this analysis are 

presented as normalised vectorial displacement fields on the left hand side of Figure 5.1, 

where the vectors represent instantaneous movements of the soil surrounding the anchor 

immediately after the maximum resistance was reached, and are normalised by the 

anchor velocity. The same measurements are presented as contours of normalised 

velocity on the right hand side of Figure 5.1. At the base of the anchor, the failure 

mechanism resembles the full flow-round mechanism that is typically associated with 

the behaviour of deeply buried plate anchors (Martin and Randolph, 2001; Merifield et 

al., 2001; Song et al., 2008). However, a dissymmetry of the flow-round mechanism is 
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evident at the top of the anchor, which becomes more pronounced close to the centre of 

the plate (i.e. at x/B = 0, where x is the horizontal distance from plate centre). This is 

different from the symmetrical full flow mechanism that is typically observed, and is 

potentially due to the rod on the loading frame (see Figure 3.6), which was located 

0.6 B from the anchor end, and may have caused soil movements to be restrained in a 

region between the rod and the Perspex panel. 

 

Figure 5.1. Failure mechanism in the test PIV-MP (left: incremental displacement 

vectors; right: contours of normalised incremental displacements) 

5.2.2  Sustained loading 

In the sustained loading tests, the anchor was loaded under displacement control at 

0.3 mm/s until the target displacement was reached, at which point the measured 
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resistance (which comprises the net pulling force plus the friction developed at the 

anchor-Perspex interface), was maintained for consolidation to take place.  

5.2.2.1  Anchor displacement 

Figure 5.2 presents the development of anchor displacement, ws, with non-dimensional 

consolidation time, T = cvts/B
2, for all the sustained loading tests. The value of cv was 

taken as 3.3 m2/y, as appropriate for the vertical effective stress at the initial embedment 

depth (approximately 4.6 B). Figure 5.2 shows that unstable conditions occurred for 

wp/wf ≥ 0.45, characterised by continuously increasing displacements until the load cannot 

be sustained any longer, whereas stable conditions occurred for wp/wf  0.39, in which 

anchor displacement stabilises eventually. Figure 5.2 also shows the expected increase in 

the magnitude of displacement at the end of consolidation with the level of sustained load. 

Accordingly, the threshold of the net force that can be sustained indefinitely corresponds to 

a normalised anchor displacement, wp/wf that lies in the range 0.39 to 0.45. Further insights 

into the anchor behaviour during consolidation at different sustained load levels are 

presented in Figure 5.3, which shows the dimensionless anchor velocity with dimensionless 

consolidation time. 
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Figure 5.2. Anchor displacement during centrifuge sustained loading tests: (a) relative 

displacement, (b) total displacement 
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Figure 5.3. Dimensionless anchor velocity during centrifuge sustained loading tests 

In the tests that failed during sustained loading (wp/wf = 0.45 and 0.55), the anchor 

velocities were generally sufficient to eventually generate an undrained response (V ≳ 

10) and increased rapidly at the onset of failure (at T ~ 0.6 and 0.02 for wp/wf = 0.45 

and 0.55 respectively). Among the four tests below the threshold displacement level, 

two distinct behaviours can be identified. For the three lowest levels of sustained 

loading (wp/wf = 0.11, 0.19 and 0.22), the anchor velocity reduced continuously during 

consolidation from initially partially drained conditions (V = 0.8 – 2) to drained 

conditions (V = 0.1) at between T = 0.02 and T = 0.1. In contrast, for the test with the 

highest (stable) sustained loading level (wp/wf = 0.39), the anchor velocity initially 

followed the response for wp/wf = 0.45, which eventually failed, but at T ~ 0.4 (and 

when partially drained conditions were being generated; V = 0.3) the velocity suddenly 
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reduced. The reasons for this metastable condition and for the anchor velocity to reduce 

abruptly are related to the behaviour of the soil at the base of the anchor, as will be 

revealed by the PIV measurements later.  

5.2.2.2  PIV analysis 

Figure 5.4 shows the soil flow mechanism at instants when the degree of consolidation 

(defined as the ratio of current to total displacement during sustained loading) U = 90% for 

stable tests (corresponding to points 1 - 4 in Figure 5.2) and when failure has occurred 

for tests that failed during sustained loading (corresponding to points 5 and 6 in Figure 

5.2). The left hand side of Figure 5.4 illustrates the incremental soil displacement 

vectors over a time interval corresponding to the last 0.005 B of anchor displacement, 

normalised by the anchor displacement (0.005 B) within the same time interval. The 

right hand side of Figure 5.4 shows contours of the normalised incremental soil 

displacement (or normalised velocity). Images of the soil surrounding the plate for each 

sustained loading test taken at points 1 – 6 in Figure 5.2 are shown as insets in Figure 

5.4, recalling that the anchor thickness for the first test was 4 mm compared with 5.6 mm 

for all subsequent tests.  

Motivated by the PIV observations at U = 90% for tests PIV-CW22 (wp/wf = 0.22) and 

PIV-CW39 (wp/wf = 0.39), additional PIV analyses were conducted at U = 50% for test 

PIV-CW22, and at U = 10% and 50% for test PIV-CW39. The results from these 

additional analyses are provided in Figure 5.5 using the same presentation format as in 

Figure 5.4. Observations from these PIV mechanisms, and recalling the drainage conditions 

identified during each test in Figure 5.3, lead to the following comments: 
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Figure 5.4. Soil deformation mechanisms at U = 90% for stable tests (point 1 - 4) and 

when failure has occurred for failed tests (point 5 and 6) (left: incremental displacement 

vectors; right: contours of normalised incremental displacements) [Figure 5.4 continued 

in the next two pages] 
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Figure 5.4. [continued] 
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Figure 5.4. [continued] 
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Figure 5.5. Soil deformation mechanisms at U = 50% (point 3a) in Test PIV-CW22 and 

U = 10% (point 4a) and 50% (point 4b) in Test PIV-CW39 (left: incremental 

displacement vectors; right: contours of normalised incremental displacements) [Figure 

5.5 continued in the next page] 
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Figure 5.5. [continued] 

(i) In the tests with wp/wf = 0.45 and 0.55, both of which failed during sustained 

loading, the soil failure mechanism (points 5 and 6 on Figure 5.4) resembles the 

flow-round mechanism observed for the monotonic test in Figure 5.1. The volume of 

mobilised soil involved in the mechanism appears to increase with V (comparing point 

5, wp/wf = 0.45, V = 1 with point 6, wp/wf = 0.55, V = 379 in Figure 5.4). As the 

dimensionless velocity, V = 379 for point 6 is higher than that required for undrained 

conditions, suction is expected to be generated at the base of the anchor such that the 

soil remains bonded to the base of the plate. This is supported by the PIV 

measurements at point 6 (see Figure 5.4), which show essentially identical anchor 

velocities immediately above and below the plate. At point 5 (wp/wf = 0.45) the 

dimensionless velocity, V = 1, which is expected to generate partially drained 

conditions. This is still sufficient for generation of suction (albeit of lower magnitude 
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than at point 6 with V = 379), such that formation of a gap due to the absence of suction 

is not expected, and indeed is not observed (Figure 5.4).  

(ii) For stable tests in which the lowest loads (wp/wf = 0.11 and 0.19) were sustained 

indefinitely, similar patterns of soil flow are shown at 90% consolidation (points 1 

and 2). In contrast to the full-flow mechanism shown in Figure 5.1, the mechanisms 

are characterised by pure vertical displacements within a smaller region above and 

beneath the anchor. The normalised velocities adjacent to both the top and base of 

the plate are equal to unity, inferring that the soil is fully bonded to the anchor, 

which is also evident from the corresponding images for points 1 and 2.  

(iii)For the tests with wp/wf = 0.22 and 0.39, the patterns of soil deformation at 90% 

consolidation (point 3 and 4) differs from those at points 1 and 2, even though all 

relate to stable anchor behaviour. Figure 5.4 shows a lower normalised velocity at 

the base of the plate than above the plate for point 3, which indicates the onset of 

gap formation. This is more evident for point 4 as both the PIV and the image of the 

anchor-soil interface clearly shows breakaway at the base of the anchor. Further PIV 

analyses for Test PIV-CW22 (wp/wf = 0.22) at U = 50% (point 3a in Figure 5.2) are 

shown in Figure 5.5, where it is evident that the mechanism is similar to that 

observed at points 1 and 2; i.e. the soil movement is purely vertical above and under 

the plate and the soil remains fully bonded to the base of the plate. As noted above, 

this transitions at U = 90% (point 3 in Figure 5.4), at which point soil displacements 

beneath the anchor become localised and are about half of those above the anchor as 

the gap begins to form. However, this point coincides with completion of the anchor 

displacement, such that the emergence of the gap was somewhat subtle for this 

example. 

(iv) At higher loads (corresponding with wp/wf = 0.39), the overall pattern of soil 

displacement at U = 10% is similar to that at points 1, 2 and 3a, although involving a 
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larger volume of soil due to the higher anchor velocity (V = 1.2 compared with V ≤ 

0.15). At U = 50%, a wedge of soil above the plate moves upwards at a similar velocity 

to the anchor and soil at the top edge of the plate flows to the base of the plate. 

However, the flow around the plate sides does not fully extend to the middle of the plate 

base (i.e. the soil immediately underneath the anchor moves slower than the plate), 

which indicates initiation of breakaway (also shown in the inset image on Figure 5.5 

for point 4b). At U = 90%, the anchor velocity is reduced to V = 0.15 from V = 0.31 

at U = 50%, and hence the mobilised volume of soil at the anchor base is reduced. It 

is evident that at U = 90% there is growing dissymmetry of soil displacement 

between the top and base of the plate, and the displacement vectors beneath the base 

are primarily horizontal, meaning that the soil backflow under the plate does not 

evolve to soil uplift.  

(v) An interesting observation is the stability of the anchor even after breakaway. This 

is considered to be due to the dissipation of excess pore pressures that occurred prior 

to breakaway, which led to a consolidation-induced soil strength increase that was 

sufficient to compensate for the reduction in potential capacity due to breakaway.  

In summary, consideration of the anchor velocity, degree of consolidation and 

observation from the PIV analyses suggests that the stability of plate anchors under 

sustained loading is controlled by (i) the dimensionless velocity of the anchor, as this 

will inform the drainage conditions generated and hence the soil strength mobilised by 

the anchor, (ii) the extent to which excess pore pressures at the top of the anchor 

dissipate and lead to consolidation-induced strength increases, and (iii) the potential for 

a gap to form at the base of the plate. Overall stability is governed by a combination of 

these factors. For instance, and as demonstrated here through test PIV-CW39 (wp/wf = 

0.39), the reduction in capacity that may occur due to breakaway is offset by a 
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combination of strength increases due to the dissipation of excess pore pressures and the 

associated higher mobilised strengths due to the prevalence of drained, or near-drained 

conditions.  

5.2.2.3  Breakaway interpretation 

The variation in soil flow and anchor behaviour throughout consolidation may be 

interpreted in terms of changes in total stresses, σv, dissipation of excess pore pressures, 

u, and hence changes in effective stresses, σv', as illustrated schematically in Figure 5.6 

(noting that this is a schematic interpretation as no pressures were measured in the test). 

During the initial loading, undrained uplift induces an increase in total stresses and 

corresponding positive excess pore pressures at the top of the anchor, while total 

stresses at the base of the anchor are reduced and hence negative excess pore pressures 

(i.e. suctions) are generated. The magnitude of the excess pore pressure generated is 

directly proportional to the magnitude of the total stress applied (i.e. to the magnitude of 

the sustained load). 

For lower levels of sustained load the reduction in total stresses at the base of the anchor 

(and the corresponding suction generated) is low relative to the geostatic effective 

stresses, and the effective stress at the base of the anchor remains positive throughout 

consolidation. Therefore, the soil remains fully bonded to the base of the anchor. This is 

the case for tests at low values of sustained load, specifically for wp/wf = 0.11 and 0.19, 

in which a localised mechanism characterised by vertical displacements above and 

below the plate (see points 1 and 2 in Figure 5.4) is observed. 
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Figure 5.6. Schematic illustration of changes in stresses (σv and σv') and dissipation of 

pore pressures (u) throughout a sustained loading test at (a) top and (b) bottom 

interfaces 

If the change in total stress induced by initial loading is significant relative to the 

geostatic effective stress, the vertical effective stress at the base of the anchor will 

become nil at some point during consolidation, initiating breakaway, as is the case for 

the test with wp/wf = 0.39. However, in this case the breakaway, which should mobilise 
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a reduced capacity factor, did not lead to anchor failure. There are two reasons for this. 

First, the anchor dimensionless velocity at the onset of breakaway is 0.31, such that the 

response is either partially drained or drained and hence the mobilised strength is higher 

than would otherwise be mobilised under undrained conditions. Second, the soil strength at 

the top of the anchor is higher due to the increase in effective stresses during consolidation.  

For very high changes in total stresses, induced by higher levels of sustained load such 

as the tests with wp/wf = 0.45 and 0.55, breakaway would be expected to occur as the 

effective stresses at the base of the anchor are reduced to zero. However, in these 

particular cases, the anchor experiences continuous displacement at velocity (V ≳ 10), 

close to the undrained range, resulting in (i) limited strength enhancement due to 

consolidation at the top of the anchor and (ii) re-mobilisation of negative excess pore 

pressures at the base of the anchor, preventing the development of a gap. As the soil 

strength increases with depth, further migration of the anchor into new soils results in an 

increase of the anchor velocity until the anchor is completely pulled out. This is in 

contrast with tests at wp/wf = 0.39, which experienced similar total displacements that as 

test at wp/wf = 0.45 (see Figure 5.2(b)), but a lower level of sustained loading. The 

interpretation above is further investigated and validated in the following numerical 

analyses. 

5.3  FINITE ELEMENT ANALYSIS RESULTS 

It is worth reiterating that the PIV centrifuge tests could not accurately quantify the 

uplift resistance of the anchor due to the friction that developed along the Perspex 

windows. Therefore, two-dimensional large deformation finite element analyses were 

carried out to quantify the threshold sustained load that can be applied without leading 

to failure, and to numerically interpret the experimental observations. The procedure 
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and programme of the numerical simulations have been described in Chapter 4 (Section 

4.5.1). The numerical results are now presented in the followed sections. 

5.3.1  Monotonic loading 

In the monotonic loading analysis (FE-MP in Table 4.1), the anchor was displaced at 

V = 79, identical to that in the corresponding centrifuge test. The resulting 

dimensionless load-normalised displacement relationship is shown in Figure 5.7, and 

shows a limiting capacity factor, Nc = 12.14 at an anchor displacement, wf = 0.16 B for 

an anchor with sharp corners (shown by the dashed line in Figure 5.7).  This value is 

slightly higher than the upper bound solutions, Nc = 11.42 and 12.1 for an vanishingly 

thin plate, deduced by Rowe (1978) and O'Neill et al. (2003) respectively, and is 

attributed to a combination of the higher plate thickness and mesh density (as also 

demonstrated in Wang and O’Loughlin, 2014). To avoid severe stress concentrations 

and local mesh distortions that are detrimental to numerical stability (particularly in the 

subsequent sustained loading step), the side edges of the plate were filleted as 

semicircles. The load-displacement curve for an anchor with rounded edges is also 

presented in Figure 5.7, which predicts a slightly lower Nc = 11.05 at wf = 0.14 B. This 

limiting value from the analysis of the filleted anchor will be used in the following 

sections as the reference case for the sustained loading tests.  
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Figure 5.7. Dimensionless force versus displacement curves under monotonic uplift 

from finite element analyses (the closed circles represent values of Fsus/Fmax from 

subsequent sustained loading analyses) 

During the PIV tests, the anchor failed during consolidation if it was subjected to a 

sustained load at a displacement wp = 0.45 wf prior to consolidation. Assuming the same 

threshold (wp/wf = 0.45) applies in the LDFE analyses, the numerically determined wf = 

0.14 B at the limiting Nc corresponds to wp = 0.06 B. From Figure 5.7 the corresponding 

threshold load (at w = 0.06 B) from the LDFE results is inferred as Fsus/Fmax = 0.88, 

which is reasonably consistent with the experimental threshold ratio of 0.85 reported by 

Wong et al. (2012). 

The failure mechanism (from the LDFE monotonic uplift test FE-MP) immediately after 

the peak load was reached (at wf/B = 0.14) is shown in Figure 5.8. The presentation 

format is the same as that used in Figure 5.1, with displacement vectors on the left and 

contours of soil displacement (normalised by the anchor displacement) on the right. 

Comparing Figure 5.8 with Figure 5.1, it is apparent that the numerically and 
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experimentally observed failure mechanisms for monotonic loading are in quite good 

agreement, particularly in view of the effects caused by the loading frame described 

previously. Figure 5.8 also shows that the soil remains fully attached to the anchor base, 

as also observed in the monotonic PIV test. 

 

Figure 5.8. Failure mechanism in the test FE-MP (left: incremental displacement 

vectors; right: contours of normalised incremental displacements) 

5.3.2  Sustained loading 

To further understand breakaway under sustained loading, five sustained loading LDFE 

simulations (see Table 4.1) were carried out with Fsus/Fmax in the range 0.3 - 0.84 below 

the threshold level of around 0.88 identified previously. The five Fsus/Fmax ratios are 

shown by the markers on the load-displacement curve in Figure 5.7, which represent the 

load-displacement state at the start of the subsequent sustained loading stage. As the 
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robustness and accuracy of calculation at contact surfaces is sensitive to the remeshing 

and mapping procedure, particularly where potential breakaway would occur, 

consolidation under sustained load was therefore modelled in a single step (i.e. no 

remeshing) to clearly show the configuration of soil-anchor boundaries. The calculation 

was stopped either when full consolidation was achieved (under low sustained load) or 

when severe mesh distortion occurred after breakaway (under intermediate sustained 

load). Note that the latter cause of termination is not equivalent to anchor failure as 

conditions beyond this numerical instability could not be captured. 

The occurrence of breakaway is identified in the images shown in Figure 5.9. For low 

sustained loading levels (Fsus/Fmax ≤ 0.6), full consolidation was achieved in single 

calculation step, and images a – c in Figure 5.9 show anchor-soil boundaries at 90% 

consolidation. At 90% consolidation under sustained loading, Fsus/Fmax = 0.3 (Figure 

5.9a) and Fsus/Fmax = 0.45 (Figure 5.9b), the soil remains in contact with the base of the 

anchor. As Fsus/Fmax increases to 0.6, breakaway is observed at the anchor base as 

evident from the development of a gap in Figure 5.9c. For simulations with Fsus/Fmax ≥ 

0.7, the calculations terminated due to severe mesh distortion during the course of 

consolidation, and the corresponding images, d and e in Figure 5.9, correspond to the 

end of numerically achievable consolidation (at U = 85% and 19% for Fsus/Fmax = 0.7 

and 0.84 respectively for the soil above the anchor). As expected, images a – c are 

consistent with observations from the centrifuge tests, showing that at low levels of 

sustained loading a gap does not form, whereas at higher sustained load levels a gap 

may form. Images d and e are slightly different, showing the development of a small 

gap at the edge of anchor edge. These two instances are corresponding to levels of 

sustained load that can be regarded as transition from metastable condition with 
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breakaway to failure without breakaway. It is not further investigated due to the 

termination of calculations.  

 

Figure 5.9. Anchor soil boundaries established from finite element analyses under 

different values of Fsus/Fmax at the degree of consolidation: 90% (a - c), 85% (d) and 

19% (e) 

In addition to the cases where breakaway does or does not occur, Figure 5.10 shows the 

development of total and effective stresses and pore water pressures during 

dimensionless time T = 0.8 of consolidation, along the centreline of the interface at the 

base of the plate, for a no breakaway case (Fsus/Fmax = 30%) and a breakaway case 

(Fsus/Fmax = 60%). The numerically determined evolution of stresses and pore water 

pressures is consistent with the hypothesis presented in Figure 5.6, showing that 

breakaway may occur only when the effective stress at the base of the plate reaches 

zero. It is noteworthy that σv increases throughout consolidation in the breakaway case, 
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whilst remaining constant in the no breakaway case. This is because σv' remains nil after 

breakaway, whereas u increases due to the dissipation of negative excess pore pressure. 

As a result, the total stress, σv = u + σv', varies in the same proportion as u.  

Further insights and validation of the above observations can be obtained from Figure 

5.11, which presents soil velocity contours (normalised by the anchor velocity) at U = 

10%, 50% and 90% from the LDFE analysis with Fsus/Fmax = 0.6, for which breakaway 

was observed.  

At U = 10% the soil immediately surrounding the anchor exhibits a normalised velocity 

of unity, meaning that the soil moves at the same velocity as the anchor, indicating a 

fully bonded anchor-soil interface. At U = 50%, enough consolidation has taken place 

for the effective stresses to reduce to zero. As a consequence, the soil at the base of the 

anchor travels with a lower velocity than the anchor, which requires that the soil will 

separate from the anchor. It is therefore postulated that breakaway of the entire anchor 

base from the undersoil occurs between U = 10% and 50%, consistent with that shown 

in Figure 5.10(b). Numerical evidence to support this is presented in Figure 5.12, which 

shows the development of vertical effective stress with time for the same scenario 

considered in Figure 5.10(b) (i.e. Fsus/Fmax = 0.6), but for three locations at the bottom of 

the anchor, spaced at 0.1B with location 1 at the centre of the plate (as in Figure 

5.10(b)). Figure 5.12 shows that breakaway initiates at locations furthest from the centre 

of the plate and progressively works towards the centre of the plate. At U = 90% (see 

Figure 5.11), the gap broadens with negligible upward movement of soil at the back of 

the anchor. This is consistent with observations and interpretations made from the 

centrifuge PIV tests. 
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Figure 5.10. Finite element results showing the development of stresses (σv and σv') and 

pore pressures (u) throughout sustained loading test along centreline of the plate bottom 

interfaces at Fsus/Fmax = 30% (a) and 60% (b) 
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Figure 5.11. Contours of normalised incremental displacements at U = 10%, 50% and 

90% in the analysis FE-CF60 
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Figure 5.12. Development of σv' at different locations along anchor bottom during 

consolidation in the analysis FE-CF60 

5.4  CONCLUSIONS 

This chapter reports results from both centrifuge tests and LDFE analyses that 

investigate the performance of plate anchors in normally consolidated clay under 

sustained loading. The soil deformation mechanisms around the anchor were established 

for sustained uplift at different ratios of the monotonic capacity. The focus of the work 

has been on identifying conditions under which sustained loading may lead to failure 

and whether the soil at the base of the plate breaks away.  

 Under low sustained load (lower than 60% of the ultimate monotonic capacity), the 

anchor remains stable throughout consolidation with small displacements and low 

velocities. The anchor-soil interface is fully bonded and the anchor capacity after 

maintaining the sustained load is increased due to strength enhancement through 

consolidation. 
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 For high levels of sustained loading (beyond 88% of the ultimate monotonic capacity), 

the anchor experiences significant displacement at velocities generating undrained 

behaviour. The anchor-soil interface remains fully bonded as negative excess pore 

pressures (suction) are continuously generated at the base of the anchor. The anchor 

fails by displacing into soil (above the initial anchor position) exhibiting lower strength 

that can no longer sustain the level of loading applied. 

 For intermediate levels of sustained loading (between 60% and 88% of the ultimate 

monotonic capacity), breakaway at the base of the anchor occurs during the 

consolidation process as the vertical effective stress reaches zero and suction can no 

longer be sustained.  However, this does not lead to anchor failure as the reduction in 

capacity due to the change in failure mechanism is compensated by an increase in 

capacity at the front of the anchor. The latter is due to (i) strength enhancement during 

consolidation and (ii) reduced anchor velocities that leads to mobilisation of higher 

partially drained or drained soil strength.  
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CHAPTER 6  CAPACITY OF PLATE 
ANCHORS UNDER SUSTAINED UPLIFT 

6.1  INTRODUCTION 

The soil flow mechanisms around vertically loaded plate anchors subjected to 

monotonic and sustained loading were identified and interpreted in the previous chapter. 

However, direct measurement of the threshold level of sustained loading was limited: 

experimentally, the configuration for PIV visualisation incurred a non-measurable 

friction at the contacting interfaces between the anchor and the walls of the PIV 

chamber. Numerically, the stability requirements did not allow further calculation after 

the occurrence of breakaway.  

This chapter presents the results of a rigorous experimental and numerical investigation 

into the uplift behaviour of plate anchors. The threshold level of sustained loading is 

investigated through centrifuge tests using rectangular anchor models and 

corresponding LDFE analyses. Another fundamental concern for SEPLA permanent 

applications is the post-consolidation uplift capacities in terms of various levels of 

sustained loading, which are quantified through centrifuge tests. 
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6.2  EXPERIMENTAL RESULTS 

The experimental results of a series of centrifuge tests on rectangular anchors are 

presented and the anchor response under both monotonic and sustained uplifts in clay 

examined. The tests have been conducted in accordance with the experimental 

programme outlined in Chapter 3 (Section 3.9.2). 

6.2.1  Monotonic pullout 

The experimental results of the monotonic pullout are presented in terms of the uplift 

resistance and excess pore pressure development. 

6.2.1.1  Uplift resistance 

The soil flow mechanism around vertically loaded plate anchors subjected to monotonic 

loading was identified through PIV tests in Chapter 5. However, the uplift resistance 

could not be accurately determined in those tests because of the unknown magnitude of 

friction between the O-ring rubber and the walls of PIV chamber. In the current tests, 

the uplift resistance and the corresponding capacity factor, Nc, can be inferred from the 

available load cell readings, combined with the measured model self-weight and soil 

strength from the T-bar tests.  

Figure 6.1 shows the normalised net resistance (after subtracting the submerged anchor 

weight), F/Asu, where su is the intact undrained shear strength of normally consolidated 

kaolin at the current embedment depth of the anchor inferred from T-bar tests, against 

normalised anchor displacement, w/B. The load-displacement relationships found in 

both tests are in good agreement, and the capacity factor is between Nc = 15.2 and 15.3 

at wf/B = 0.18 - 0.2. The limiting capacity factors for deeply embedded anchor found in 

the literature are also plotted in Figure 6.1: the lower bound Nc = 11.8 for ultrathin 

plates with an aspect ratio L/B = 2 in uniform clay by Merifield et al. (2003); Nc = 13.3 
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for a plate with L/B = 2 and thickness t/B = 0.05, provided by the three-dimensional 

LDFE analysis in Wang et al. (2010). Wang et al. (2010) also suggested using Nc = 14.0 

for a square plate, nearly 5% higher than the rectangular anchor with L/B = 2. For 

square plates embedded at z/B ~ 3, Gaudin et al. (2006) reported Nc values in the range 

of 12.3 - 13.5 in the centrifuge tests, which are 12 - 19% lower than current results. This 

is possibly because the plate models in Gaudin et al. (2006) were jacked into soil and 

followed by keying installation. The soil was thus remoulded partially, in comparison to 

the minimal soil disturbance in the current tests. 

 

Figure 6.1. Load-displacement history in the centrifuge monotonic pulling tests (EP-MP 

and EP-MP2) 

6.2.1.2  Pore pressure development 

The original purpose of these pressure transducers engraved on the plate surfaces was to 

track the changes of total pressures and pore pressures, ∆σv and ∆u, respectively, at the 

specified locations, so that the previous interpretations (in Chapter 5) regarding the 

occurrence of breakaway at the anchor base from suction release and the enhancement 
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of soil strength at the anchor top could be evaluated. However, the measured values 

from the total pressure transducers exhibited inconsistent and unrealistic relationships 

with loading time. These unreliable readings were probably caused by interior electrical 

faults. Therefore, the total pressure measurements from the centrifuge tests were not 

obtained. 

To evaluate the magnitude of base suction, the response of ambient soils was monitored 

through the change in excess pore pressures, ∆u, at the P1 and P2 locations (as shown in 

Figure 3.8) and normalised by the corresponding su of the undisturbed sample at the 

current depth from T-bar tests, against the normalised pullout distance in Figure 6.2. 

The excess pore pressure at the base plate ∆uB in test EP-MP2 is not available because 

of a transducer malfunction. The abrupt fluctuation of the pore pressure at the anchor 

base in test EP-MP is potentially due to insufficient filter saturation of the transducer 

attributable to the installation procedure. As expected, the monotonic uplift led to an 

increase in the pore pressure at the top surface (∆uT), whereas the reading of the base 

pore pressure (∆uB) decreased. Figure 6.2 indicates that the pressure drop at the model 

base is |∆uB/su| ~ 10 when failure occurred (at w/wf = 1), which is higher than the 

corresponding range of |∆uB/su| = 6 - 7 reported by Rattley et al. (2005) for square 

anchors embedded at depths between 1 D and 1.5 D. This is possibly caused by two 

reasons: (i) the higher embedment depth (approximately 3.6 B) in the current study 

incurs a larger suction at the anchor base; (ii) the measured pore pressure at P2 location 

in this study does not correspond to the average values across the plate in Rattley et al. 

(2005) since the distribution of excess pore pressures along the anchor may not be 

uniform. 
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Figure 6.2. Normalised excess pore pressure during monotonic tests EP-MP and EP-

MP2 in the centrifuge (where the subscripts T and B refer to the top and base of the 

anchor, respectively) 

Figure 6.2 also shows that the rise of pore pressure above the anchor top is ∆uT/su ~ 4, 

significantly lower than the drop at the anchor base. However, although P1 and P2 were 

located symmetrically about the centreline of the model, they may measure different 

variations of pore pressures (which may not be uniform across the anchor) if the excess 

pore pressure field within the surrounding soil was asymmetric. Therefore, a direct 

comparison between ∆uB/su and ∆uT/su at the specified locations cannot be extrapolated 

to the full anchor section, and hence the contribution of base suction to the ultimate 

monotonic resistance cannot be quantified rigorously. In the normally consolidated clay 

sample, the changes of ∆uB and ∆uT incurred by the monotonic pullout were expected to 

have similar magnitudes since the soil immediately in front of and behind the anchor 

had similar strength properties given that the disturbance from the anchor installation 

was minimal.  
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6.2.2  Sustained loading tests 

In the sustained loading tests, the anchor was initially uplifted using displacement 

control at a dimensionless velocity V = 83 until the resistance Fsus shown in Table 4.2 

was achieved; Fsus was then maintained by switching the actuator from displacement to 

load control.  

As noted in Section 5.2.2.3, the ambient soil response to different stages of the 

sustained loading procedure can be interpreted in terms of change in vertical effective 

stress, ∆σv', and dissipation of excess pore pressures, ∆u, as illustrated in Figure 6.3. At 

normally consolidated geostatic state prior to any loading, i.e., instant a in Figure 6.3, 

the effective stresses at the top and base interfaces resulting from overburden pressures 

are of similar magnitudes and no excess pore pressures are developed at either location. 

When a pre-sustained load with a velocity that generates undrained conditions is applied 

at instant b (see Figure 6.3), the soil response leads to a positive excess pore pressure 

above the top surface whilst a negative value exists below the anchor base to resist Fsus.  

During the sustained loading, the reduced anchor velocity allows dissipation of excess 

pore pressures and the associated changes in effective stresses; i.e., σvT' increases, and 

σvB' decreases. If the negative excess pore pressure at the start of sustained loading is 

significant so that σvB' is reduced to nil during sustained loading, breakaway of the soil 

from the anchor base would occur, causing a potential loss of holding capacity. In 

contrast, the increase of σvT' in the soil above the anchor leads to a reduced void ratio 

and the associated increase of su for normally consolidated clay. If the capacity loss 

because of potential breakaway cannot be offset by the strength enhancement from 

consolidation at the top, anchor failure is expected as the anchor migrates into upper 

soils with lower strength. However, if the sustained load is maintained, the increase in 

soil strength at the top of the anchor results in an overall increase in the undrained uplift 
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capacity. The interpretation above will be examined through the measured loads, 

displacements and pore pressures in this section. 

 

Figure 6.3. Schematic illustration of the development of effective stresses (σv') and 

excess pore pressures (∆u) during sustained loading at the anchor top and base (the 

subscripts T and B refer to the anchor top and base, respectively) 

6.2.2.1  Threshold sustained load 

As schematically shown in Figure 3.21, by considering the evolution of anchor 

displacements during sustained loading, two consequences can be recognised: 
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(i) There is an ever-increasing anchor displacement under the sustained load until the 

anchor is completely pulled out.  

(ii) The sustained load is eventually stabilised at a certain displacement and further 

post-consolidation uplift would mobilise a higher anchor capacity.  

These two consequences are separated by a threshold level of sustained load, which can 

be determined from the development of anchor displacement. In Figure 6.4, the 

normalised consolidation displacement, ws/wf, and the corresponding dimensionless 

velocity, V, are reported separately with dimensionless consolidation time, T = cvts/B
2. 

The value of cv was taken as 3.4 m2/year, as appropriate for the vertical effective stress 

at the initial embedment depth (approximately 3.6 B). The current tests on rectangular 

models are compared with the PIV tests carried out in Chapter 5 on strip anchors. 

Figure 6.4 indicates that despite the difference in model shapes, similar patterns of 

displacement development are observed: 

(i) When Fsus/Fmax = 0.85, the anchor displacement is increased continuously during 

consolidation and failure (which is characterised by an accelerating upward 

movement) occurs progressively.  

(ii) For a sustained load Fsus/Fmax ≤ 0.7, the induced consolidation displacement 

eventually levels off within a duration of up to T = 0.7 (equivalent to approximately 

2 years in the prototype time). Within this loading range, the time required for full 

consolidation and the final displacement achieved increase with the load magnitude.  

Therefore, the threshold sustained load is established between 0.7 Fmax and 0.85 Fmax, 

which is consistent with the range of 0.8 - 0.85 Fmax reported from the centrifuge tests 

on West African clays for L/B = 1.7 (Wong et al., 2012) and is slightly lower than 0.88 

Fmax as estimated by the LDFE analyses in Chapter 5. 
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Figure 6.4. (a) Normalised anchor displacement and (b) dimensionless anchor velocity 

under sustained loading in the centrifuge tests 
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6.2.2.2  Pore pressure development 

Figure 6.5 shows the evolvement of excess pore pressure at each pore pressure 

transducer for all sustained loading tests with full consolidation; in this figure, the 

measured excess pore pressure, ∆u, is normalised by its initial value, ∆ui, at the 

beginning of the sustained loading stage. It can be observed that for the test in which 

failure occurred, i.e., Fsus/Fmax = 0.85, the excess pore pressures at both anchor top and 

base exhibit minimal changes throughout sustained loading, until the undrained failure 

at T ~ 0.07 when the anchor velocity corresponds to V > 10 (see Figure 6.4), after which 

the excess pore pressure development resembles that of the monotonic failure (see 

Figure 6.2). This finding indicates that the high level of sustained load led to a high 

anchor velocity and prevented sufficient consolidation before undrained failure 

eventually occurred.  

 

Figure 6.5. Development of normalised excess pore pressure at the anchor top 

(∆uT/∆uiT) and anchor base (∆uB/∆uiB) during sustained loading in the centrifuge tests 
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For the tests with Fsus/Fmax ≤ 0.7, the excess pore pressures in the soil above the anchor 

top followed typical consolidation curves, with the time required for full consolidation 

increasing with the magnitude of the sustained load. However, the ∆u response at the 

anchor base exhibits variations with different levels of sustained load. For the lowest 

level of sustained load, i.e., Fsus/Fmax = 0.34, the ∆uB/∆uiB and ∆uT/∆uiT curves exhibit 

symmetry about the horizontal axis with ∆u/∆ui = 0. When the sustained load is 

increased to Fsus/Fmax = 0.52, the symmetry of two curves becomes less obvious and 

there is a sudden rise in the ∆uB/∆uiB curve at T ~ 0.03. If the sustained load is further 

increased to Fsus/Fmax = 0.6 and 0.7, the development of ∆uB/∆uiB exhibits no 

consistency between tests. This finding may be attributed to the occurrence of 

breakaway. Based on the observations of PIV tests reported in Chapter 5, breakaway 

occurred in the tests with wp/wf in the range of 0.22 – 0.39. As shown in Table 4.2, the 

tests with Fsus/Fmax in the range of 0.52 - 0.7 correspond to a pre-loading displacement 

ratio, wp/wf, between 0.25 and 0.35, falling in the range of 0.22 - 0.39. Therefore, 

breakaway occurred during the sustained loading. 

6.2.3  Post-consolidation capacity 

For tests in which the anchor eventually stabilised under the sustained load, a pullout at 

v = 0.3 mm/s (the same velocity as the monotonic tests) was imposed following the 

sustained loading stage. This allowed the additional capacity caused by the 

consolidation to be measured.  

The normalised load-displacement curves for the entire pull-sustain-pull processes are 

plotted in Figure 6.6. According to the illustration in Figure 3.21, the post-consolidation 

peak resistance, Fp-max, corresponds to the displacement wf-post. In Figure 6.6, the 

observed wf-post for the sustained loading tests is larger than the corresponding wf 

required for the monotonic pullout, and it increases with increasing Fsus/Fmax. This 
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indicates that the embedment depth at which post-consolidation failure occurred is 

smaller than that at the monotonic failure and it decreases with the magnitude of 

sustained loading. The total displacements reached at each loading stage for the tests 

with full consolidation are presented in Figure 6.7 against various loading levels, which 

are also compared with wf = 0.18 B from the monotonic tests. The figure indicates that 

the increase in wf-post with Fsus/Fmax is caused primarily by the anchor displacement 

during consolidation (ws), whereas the incremental displacements between the end of 

consolidation and the post-consolidation failure are between 0.13 B and 0.16 B and are 

barely affected by the load level. 

 

Figure 6.6. Dimensionless post-consolidation uplift resistance against normalised 

anchor displacement for all centrifuge sustained loading tests 
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Figure 6.7. Anchor displacement at each loading stage for all centrifuge sustained tests 

with full consolidation 

Figure 6.6 also indicates that in all sustained loading tests the post-consolidation peak 

dimensionless resistances are higher than the peak monotonic resistance (i.e. the 

monotonic capacity factor, Nc). The increase in capacity is attributed to the 

enhancement of undrained shear strength in the soil above the anchor during sustained 

consolidation. In engineering practice, it is preferred to quantify the amount of capacity 

enhancement relative to the designed monotonic capacity Fmax. The ratios of Fp-max/Fmax 

for various sustained loading levels are shown in Figure 6.8, in which the reference 

monotonic capacity Fmax in each test was determined by following the procedure 

outlined in Section 3.9.2 to allow for the variation of su between tests. The maximum 

capacity ratio is Fp-max/Fmax = 1.23 observed in the test with Fsus/Fmax = 0.52, while the 

lowest Fp-max/Fmax ratio of 1.08 is observed in the test with Fsus/Fmax = 0.7, owing to the 

combined effect of the smaller soil strength at a shallower depth and the strain softening 

of the surrounding soil after a large consolidation displacement. For the range of 
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sustained load with Fsus/Fmax < 0.34, the capacity ratio of Fp-max/Fmax was assumed to 

increase linearly with Fsus/Fmax, with Fp-max/Fmax = 1 under monotonic loading 

condition (i.e. Fsus/Fmax = 0). 

 

Figure 6.8. The ratio of post-consolidation capacity over the monotonic capacity at 

various sustained loading levels from the centrifuge tests 

For the tests with Fsus/Fmax = 0.34 and different degrees of consolidation U = 60% and 

100%, the difference in Fp-max/Fmax between the two tests is only 1%, indicating the 

marginal effect of consolidation degree under the lowest level of sustained loading. 

However, because of the limited testing space and schedule, the influence of the degree 

of consolidation on the post-consolidation capacity could not be investigated thoroughly 

for a wider loading range. 

6.3  FINITE ELEMENT ANALYSIS RESULTS 

As discussed in Chapter 5, the effective stress states of soil determine whether the 

anchor will fail during the long-term holding period. The comparison between the PIV 
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tests and LDFE analyses was not straightforward. In this section, the anchor 

performances observed in the rectangular model tests in the centrifuge are reproduced 

using coupled pore water-effective stress LDFE analyses.  

The numerical approach adopted for the monotonic pullout followed that used in 

Chapter 5 (explained in Section 4.5), except for the slight alteration of thickness 

ratio (from t/B = 0.22 to 0.17). The monotonic capacity factor was Nc = 11.33 for the 

filleted strip anchor, which is close to the corresponding value of 11.03 reported in 

Chapter 5. This monotonic result was used for the followed sustained loading 

simulations. 

To further understand the soil response to different levels of sustained loads, six 

sustained loading LDFE simulations (see Table 4.2) were carried out with Fsus/Fmax in 

the range 0.34 – 0.95. Simulation of the centrifuge test with Fsus/Fmax = 0.6 was not 

presented because it produced numerically similar results to the test with 

Fsus/Fmax = 0.52. Instead, two more simulations with Fsus/Fmax = 0.9 and 0.95 were added 

to identify the sustained load that causes anchor failure. 

It is noted that for the sustained loading cases, the LDFE analyses carried out in 

Chapter 5 were able to capture the configuration of the anchor-soil interface, but the 

simulations had to be terminated if severe mesh distortion occurred because of 

breakaway. As a result, the threshold level of sustained loading could not be determined 

numerically. To overcome this limitation, the existing method was improved in this 

study: if breakaway occurred and incurred a gap width greater than 0.5 B during the 

current incremental step, the incurred gap was filled with a soil material having the 

effective stresses and pore pressures similar to those in the ambient soil at the beginning 

of the subsequent incremental step. This strategy was used in the simulations with 
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Fsus/Fmax = 0.7 and 0.85, in which an apparent gap was formed during sustained loading. 

The accuracy of this strategy has been examined by comparing the consolidation 

histories under sustained loading from both the method without this gap-filling strategy 

as used in Chapter 5 (and explained in Section 4.5.1) and the gap-filling method 

developed in this chapter. Results are shown in Figure 6.9. The gap-filling method 

predicted results that are in good agreement with those predicted by the existing method 

without using the gap-filling strategy and further captured the remaining sustained 

loading stage. Therefore, numerical stability can be improved at the reasonable 

compromise of accuracy such that the full loading range can be imposed without 

triggering any unwanted termination. 

 

Figure 6.9. Normalised displacement during consolidation for various levels of 

sustained loads from the finite element analyses 
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Figure 6.9 also presents the development of anchor displacement under various levels of 

sustained load, in comparison to the centrifuge results. It is acknowledged that the 

current numerical method is unable to accurately predict the anchor displacements 

under sustained loading in the centrifuge because of the limitation on geometric 

simplification (i.e., rectangular plates were idealised as strips). Therefore, the 

displacements presented here are not consistent with the experimental results. However, 

the trend that the consolidation displacement increases with increasing Fsus/Fmax 

observed in the centrifuge can be captured numerically, and according to such a trend of 

displacement development, the threshold level of sustained load can be determined. The 

threshold sustained loading is established when the anchor displacement accelerates 

during the sustained consolidation, and thus a transition is observed in the analysis 

between Fsus/Fmax = 0.85 and 0.9, which is slightly higher than the range 0.7 - 0.85 from 

the centrifuge tests. Because the rectangular and strip anchor shapes are typically 

adopted in offshore applications, the threshold loading ratio for a typical SEPLA with 

an aspect ratio L/B greater than 2 can be bracketed between 0.7 and 0.9. Conservatively, 

the lower bound of 0.7 corresponds to a factor of safety of 1.43 (= 1/0.7), against which 

the designed anchor is considered to be safe under sustained loading, with an even 

higher capacity after the loading period.  

The normalised excess pore pressures along the centreline of the anchor top and anchor 

base, for the tests with Fsus/Fmax = 0.34, 0.52 and 0.7, are presented in Figure 6.10 

against the consolidation time T. These results are compared to the corresponding 

curves from the centrifuge tests (see Figure 6.5). In all simulations, the soil at the 

anchor top exhibits similar consolidation history to the experimental data, whereas the 

base soil exhibits some discrepancy especially when Fsus/Fmax ≥ 0.52. This is possibly 

due to the occurrence of breakaway, after which the material in the gap at the anchor 
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base did not exhibit typical constitutive soil behaviour and the gap material could not be 

accurately represented in the LDFE simulations. 

 

Figure 6.10. Development of normalised excess pore pressures at the anchor top 

(∆uT/∆uiT) and base (∆uB/∆uiB) during sustained loading in the LDFE simulations with 

Fsus/Fmax = 0.34, 0.52 and 0.7 (compared to experimental results) 

For a typical simulation with Fsus/Fmax = 0.7, the contours of undrained shear strength, 

su, calculated using Equation (4.7) at the start and the end of the sustained load are 

shown in Figure 6.11. The increase in su is primarily observed in the region with a 

height of approximately B above the anchor top surface, whereas a significant decrease 

is observed beneath the anchor base in a wedge with a height of approximately 0.5 B. 

However, because of the limitations of the current LDFE method, the post-consolidation 

stage was not simulated in this study. A detailed description regarding the limitations of 

current research and a recommendation for the scope of future studies will be presented 

in the conclusions in Chapter 7.  
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Figure 6.11. Contours of undrained shear strength for the soil domain from the LDFE 

analysis with Fsus/Fmax = 0.7 (left: at the start of sustained loading; right: at the end of 

sustained loading) 

6.4  CONCLUSIONS 

In this chapter, results from both centrifuge tests and LDFE analyses have been 

presented to investigate the performance of plate anchors in normally consolidated clay 

under monotonic and sustained loading. For monotonic loading conditions, the ultimate 

capacity factor has been established, and the contribution of base suction to the net 

uplift resistance has been evaluated. For sustained loading conditions, the main findings 

are as follows: 

 The threshold level of sustained loading was directly measured from the centrifuge 

tests and lies in the range of 70% - 85% of the ultimate monotonic capacity. 
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 A slightly higher range of 85% - 90% of the ultimate monotonic capacity was 

determined numerically. It is argued that the two-dimensional strip analysis causes 

this higher value.  

 For a sustained load lower than the threshold level but higher than 52% of the 

ultimate monotonic capacity, breakaway occurs during sustained loading. However, 

this does not lead to anchor failure because the reduction in capacity corresponding 

to breakaway is compensated by the capacity gain in front of the anchor top 

throughout sustained consolidation. 

 For a sustained load lower than the threshold level, the overall anchor capacity at the 

completion of sustained consolidation is improved. In UWA kaolin, the capacity 

enhancement can be up to 23% under a sustained load of 52% of the ultimate 

monotonic capacity. There is a reduction in the capacity enhancement as the 

sustained load becomes closer to the 70 - 85% ultimate capacity limit (i.e. the 

benefit reduces as the sustained loading ratio approaches the failure threshold).  
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CHAPTER 7  CONCLUDING REMARKS 

7.1  INTRODUCTION 

The performance of Suction Embedded Plate Anchors (SEPLAs) in normally 

consolidated clay under various levels of vertical sustained uplift has been investigated 

in this thesis. Two groups of centrifuge model tests and large deformation finite element 

analyses were used. To avoid the complexity associated with the vertical penetration 

and subsequent keying in practical SEPLA applications, the anchor models were 

inserted horizontally from one side of the centrifuge sample prior to any loading and 

were idealised as wished-in-place in numerical simulations. The initial embedment 

depth was between 3.57 B and 4.78 B, which is considered sufficient to form localised 

deep failure mechanisms during monotonic uplift. Monotonic and sustained loading was 

achieved using displacement- and force-control modes, respectively. 

To understand the physical process of anchor uplift, a series of centrifuge tests were 

carried out on strip anchors to observe the soil flow mechanisms under monotonic and 

sustained loading. The digital images captured during the tests were analysed using the 

particle image velocimetry (PIV) technique to accurately quantify the soil velocities. 

The evolution of soil movement patterns associated with different levels of sustained 

loading was interpreted in terms of the developments of the vertical effective stresses 
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and excess pore pressures in the soil above and below the anchor plate. The 

experimental studies were reproduced numerically using coupled effective stress-pore 

pressure large deformation finite element analyses incorporating the modified Cam-

Clay model. The fundamental interpretations established through the centrifuge tests 

were validated numerically. 

The threshold level of sustained loading and the enhancement of the anchor capacity 

after consolidation under the sustained loading were investigated through an additional 

series of centrifuge tests on rectangular plate anchors with an aspect ratio of two. The 

model anchors were fitted with transducers to enable the monitoring of the pore 

pressure variations throughout each loading stage. These tests were further compared 

with two-dimensional large deformation analyses. Three-dimensional large deformation 

coupled analyses are more reasonable for rectangular plates, but it is difficult to 

maintain computational accuracy. To improve numerical stability under large 

amplitudes of sustained loading, the anchor-soil interface was modelled by a gap-filling 

method once breakaway occurred, which facilitated determination of the threshold 

sustained load. 

7.2  MAIN FINDINGS 

The research objectives outlined in Chapter 1 have been achieved through the main 

findings reported from the following perspectives: 

7.2.1  Monotonic uplift 

From the observed soil movement around the strip anchors, both experimentally and 

numerically, it can be concluded that the monotonic failure mode is localised and 

resembles the full flow-round mechanism of deeply buried plate anchors. The soil 
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underneath the anchor base exhibits velocities similar to the anchor throughout the 

pullout, indicating a no-breakaway condition arising from base suction. 

The monotonic capacity factor for strip anchors has been found numerically as 12.14, 

which is in good agreement with values reported in the literature, whereas the 

corresponding factor for rectangular anchors with an aspect ratio of two is 15.2, as 

measured from centrifuge tests, which is relatively higher than those between 12.3 and 

13.5 for square anchors reported by Gaudin et al. (2006). The discrepancy is attributed 

to the difference between the experimental configurations. 

In general, it was found that the top soil resistance and base suction are the primary 

components of the net monotonic uplift resistance of an anchor. The former consists 

mainly of the excess pore pressure incurred by the undrained uplift, whereas the base 

suction arises from the negative excess pore water pressure with respect to the 

corresponding hydrostatic value at the anchor base level. Measurement in the centrifuge 

from pore pressure transducers on rectangular anchors indicated that the base suction is 

higher than the top soil resistance at the prescribed locations. However, this limited data 

cannot be extrapolated to the full anchor section due to the potential that the distribution 

of pore pressures is non-uniform across the anchor and the soil flow mechanism is 

asymmetric about the centreline of the anchor. Therefore, further investigation is 

required to determine the magnitude of base suction. 

7.2.2  Anchor performance under sustained loading 

The performance of plate anchors under sustained loading was investigated primarily 

from the aspects of the failure threshold, anchor-soil interactions and post-consolidation 

behaviour. 
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7.2.2.1  Anchor velocity and threshold sustained load 

For both strip and rectangular anchors, it was observed that if the sustained load is 

smaller than a threshold level, the anchor velocity during sustained loading decreases 

continuously from that which generates nearly undrained conditions (V ≳ 10) at the 

early stage through the partially drained range (10 ≳ V ≳ 0.1) to that which generates 

fully drained conditions (V ≲	 0.1). If the sustained load is greater than the threshold, the 

anchor cannot be stabilised during consolidation and is pulled out with an accelerating 

displacement. 

The sustained loading will eventually lead to the failure of strip anchors if the anchor 

displacement at the commencement of sustained loading is greater than 40% of the 

displacement at the peak monotonic resistance. This experimental finding corresponds 

to a threshold sustained load of approximately 88% of the monotonic capacity, as 

identified from numerical analyses. The threshold of sustained loading for rectangular 

anchors with L/B = 2, as determined from centrifuge tests, is between 70% and 85% of 

the monotonic capacity, which is in line with the ratio between 80% and 85% reported 

by Wong et al. (2012). 

7.2.2.2  Anchor-soil interactions 

When subjected to sustained loading, the soil deformation mechanism around a strip 

anchor was found to vary with the magnitude of the sustained load and the contact state 

at the anchor base: 

 Under low sustained load (lower than 52% of the ultimate monotonic capacity), the 

anchor remains stable throughout consolidation, with very limited anchor displacement. 

The anchor-soil interface is fully bonded, and the soil both in front of and behind the 

anchor exhibits the typical consolidation relationship with the dissipation of excess pore 
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pressures. The post-consolidation capacity under undrained conditions increases as a 

result of strength enhancement through consolidation.  

 For high levels of sustained loading (higher than 88% of the ultimate monotonic 

capacity, see above), the anchor experiences significant displacements at velocities 

generating undrained behaviour that prevents any dissipation of excess pore pressures. 

The anchor-soil interface remains fully bonded as negative excess pore pressures are 

generated at the base of the anchor. The anchor fails by moving upward significantly 

into soil that has a lower strength and can no longer sustain the level of loading applied. 

 For intermediate levels of sustained loading (higher than 52% and lower than 88% of 

the ultimate monotonic capacity), breakaway at the base of the anchor occurs during the 

consolidation process as the vertical effective stress is reduced to zero and suction can 

no longer be sustained. However, this does not lead to anchor failure as the reduction in 

capacity from the change in failure mechanism is compensated by an increase in 

capacity at the front of the anchor. The latter is due to (i) strength enhancement during 

consolidation and (ii) reduced anchor velocities that lead to mobilisation of higher 

partially drained or drained soil strength.  

7.2.3  Post-consolidation capacity 

The centrifuge tests on rectangular anchors have shown that for a sustained load lower 

than 70 – 85% of the ultimate monotonic capacity, the overall anchor capacity after the 

sustained consolidation is improved. In UWA kaolin, the enhancement of capacity can 

be up to 23% under a sustained load of 52% of the ultimate monotonic capacity, 

whereas the enhancement is reduced to 8% at the sustained loading ratio of 70%. 
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7.3  PRACTICAL APPLICATION 

According to the design code DNV-RP-E302 (2002), the reference capacity factor 

Nc = 12 for deep anchors is established from strip anchors on a short-term basis and 

accounts for the variation of anchor configuration by applying a shape factor. The fact 

that the capacity of a plate anchor under sustained loading is lower than its monotonic 

capacity raises concerns regarding whether SEPLAs can serve as permanent mooring 

systems. For anchors subjected to long-term sustained loading, the reference capacity 

factor should be reduced to account for the sustained loading effect. This research 

addresses strip and rectangular plate anchors corresponding to an aspect ratio greater 

than or equal to two, which are typically adopted for the majority of offshore SEPLAs 

(Wilde et al., 2001). The threshold sustained loading ratio has been found to be 

approximately 88% for strip anchors and between 70% and 85% for rectangular 

anchors. According to the above findings, it would be safe to adopt a capacity reduction 

factor of 0.7 for anchors with different aspect ratios, which would lead to a decreased 

reference capacity factor of Nc = 8.4 (i.e. Nc = 0.7 × 12). 

In the event that a sustained load arising from environmental forces has a magnitude 

close to the threshold level, it is necessary to monitor the anchor displacement 

continuously throughout the loading period because the benefit from sustained 

consolidation reduces, and a potential failure may occur gradually after the start of the 

loading. 

The observations, measurements and interpretations regarding the base suction, 

dissipation of excess pore pressures and breakaway phenomena are applicable to 

problems involving analogous soil response, such as the sustained uplift of suction 

caissons, spudcans and bucket foundations. In addition, these problems can also be 
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investigated in a straightforward manner by implementing the numerical approaches 

developed from the current research. 

7.4  RECOMMENDATIONS FOR FUTURE WORK 

The present study is limited to normally consolidated kaolin clay. Since the soil at a 

particular offshore site may have different material properties, it is recommended to 

expand the existing database to a wider range of in-situ soil types that have different 

pre-loading stress states and over consolidation ratios. In addition, cyclic loading during 

the anchor operation period was not studied. As reported by Wong et al. (2012), cyclic 

loading can cause additional damage to the anchor capacity, compared to sustained 

loading with a similar magnitude. This is crucial for permanent applications of plate 

anchors since the designed anchor capacity may be overestimated. Therefore, it is 

suggested that the experimental configurations used in the current study are adopted to 

carry out additional tests to quantify any strength degradation caused by cyclic effects, 

and to reveal the soil flow mechanisms leading to these consequences. 

Experimentally, the soil-anchor interaction was not examined explicitly from the 

effective stress perspective because of the unreliable measurements recorded by the 

total pressure transducers at the specified locations. Therefore, obtaining these results 

from a comprehensive testing programme is recommended. For instance, a field test can 

be performed on a full-scale anchor. An array of pore pressure and total pressure 

transducers are engraved at the anchor surfaces and buried in the surrounding soil so 

that the pore pressure dissipation and total stress variation under the sustained loading 

can be monitored. The variation of effective stress along the anchor-soil interface can 

then be derived as the difference of changes in total stress and pore pressure at the same 

interface location. From these recommended tests, the occurrence of breakaway can be 

identified once the effective stress reduces to zero, and the associated soil strength can 
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also be assessed through the effective stress values monitored at various locations. 

Results from these suggested tests could provide further evidences that help 

understanding engineering problems involving sustained uplift. 

Numerically, the current LDFE effective stress-pore pressure coupled analyses apply 

only to two-dimensional problems. According to the discussions in Chapter 6, the 

geometric simplification (that idealises three-dimensional rectangular anchors as two-

dimensional trip ones) may miscalculate the consolidation displacements observed in 

the centrifuge tests. Therefore, further research is recommended to increase the 

capability of the current method in modelling three-dimensional problems. To do so the 

primary challenge lies in overcoming the limitation of available three-dimensional large 

deformation methods in maintaining mapping accuracy. Additionally, the modified 

Cam-clay material model used in this thesis was unable to accurately predict the 

variation of anchor capacity during and after sustained loading because the complex 

factors other than consolidation that affect the anchor performance cannot be rigorously 

incorporated. Research effort needs to be extended to a more theoretically sound model 

to capture this soil behaviour. A future large deformation program should be able to 

address sudden local mesh distortions after breakaway, such that a full range of 

sustained loads can be modelled with minimal assumptions, as opposed to the current 

gap-filling method. The outcome of this proposed comprehensive analysis could serve 

as a guideline for future SEPLA permanent mooring design.  
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