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Abstract 

 

Offshore structures with jack-up systems can be operated at 

depths up to 150 meters and are used not only as drilling rigs and 

production rigs but also as support and accommodation units. The 

jack-up operation is carried out under environmental loads such as 

wind and wave, for which it is essential to understand jack-up 

behavior and structural response. As the boundary condition, the 

foundation model of offshore structures affects the vibration mode of 

the structure, and consequently, the behavioral and structural 

analysis results as well. Typical simple foundation models such as 

pinned and linear spring do not reflect a structure-soil interaction in 

the jack-up analysis. As an alternative, the International 

Organization for Standardization (ISO) guideline has suggested this 

structure-soil interaction model considering soil plasticity, from a 

simple secant model to a yield interaction model and a time-

consuming but accurate soil continuum model. In this study, a 

structural analysis of jack-up has been conducted, focusing on the 

yield interaction model and the soil continuum model as a structure-

soil interaction model. Jack-up structural analysis is performed for 

dynamic loads in consideration of the structure-soil interaction, and 

an appropriate interaction model for soft over stiff clay is presented 

in this study. A yield envelope study as yield criteria of the combined 

loads has been performed on soft over stiff clay. Studies on soft over 

stiff clay tend to be less studied because a squeezing effect ensures 
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sufficient vertical bearing capacity. Tensile vertical capacity is 

independent of the lower stiff clay, and a corresponding best-fit 

equation of yield envelope and the ultimate capacity ratio are 

presented about soft over stiff clay. The yield interaction model, the 

model B for clay, derived for consideration of the nonlinear behavior 

of soil, has been studied continuously improved until recently. The 

existing model generally assumes a linear load-displacement 

relationship in the elastic region. However, this linear relationship 

may overestimate the load as the plastic occurs gradually in soil 

behavior in practice. In this study, the Hyperbolic model B is 

proposed, and the horizontal and rotational load-displacement curves 

in the elastic region are assumed to have a hyperbolic relationship. 

The regression equation for the initial stiffness accompanying the 

model is presented. A fully coupled structure-soil interaction 

analysis with a soil continuum model has been performed to validate 

the yield interaction model. Large deformation of the soil 

accompanied by the deep penetration is considered simultaneously in 

the structural analysis of jack-up. The proposed yield interaction 

model uses yield envelope and ultimate capacities that are well suited 

to soft over stiff clay, and a hyperbolic nonlinear load-displacement 

relationship is assumed before the yield. As a result, inside the yield 

envelope, the existing model overestimates the moment acting on the 

soil, thereby underestimating the bending moment at the hull-leg 

joint. The model proposed in this study has predicted the soil 

response and bending moment distribution of the leg well, and these 

results are validated with the those of the soil continuum model. Wave 
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load analysis has been performed using the proposed yield interaction 

model and the soil continuum model. The dynamic effects that should 

be considered compared to the monotonic load analysis have been 

investigated, and it has been validated that the proposed yield 

interaction model can predict the response of the wave load analysis 

in the elastic region well. 

 

Keyword : jack-up, spudcan, yield interaction model, soil LDFE, 

structure-soil interaction (SSI) 

Student Number : 2014-21827 
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fast rotation motion equivalent to wave load 

(in Chapter 6) 

𝑀𝑠𝑝𝑢𝑑., 𝑞𝑠  : moment on spudcan of single spudcan analysis with 

slow rotation motion equivalent to quasi-static load 

(in Chapter 6) 

𝑅  : radius of spudcan 

𝑠𝑢  : undrained shear strength 

𝑠𝑢𝑚  : undrained shear strength at seabed (𝑤 = 0) 
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𝑠𝑢,𝐻  : undrained shear strength at boundary (𝑤 = 𝐻) 

𝑠𝑢,𝑠𝑡𝑖𝑓𝑓  : undrained shear strength of lower stiff clay 

𝑆𝑡  : sensitivity of soil 

𝑇𝑛  : natural period of jack-up 

𝑇𝑝  : peak period of wave 

𝑢  : horizontal displacement of spudcan 

𝒖  : displacement vector, (𝑤, 𝑢, 𝜃)T 

∆𝒖  : displacement increment vector 

𝑉  : vertical compressive reaction force on spudcan 

𝑉o  : vertical capacity of soil 

𝑉𝑢𝑙𝑡  : vertical capacity of soil (=𝑉o) 

𝑉𝑡𝑒𝑛  : vertical tensile reaction force on spudcan 

𝑉𝑛𝑜𝑟  : normalized vertical force 

𝑤  : vertical displacement of spudcan 

𝑧  : coordinates in depth direction 

𝛼𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛  : friction coefficient of soil 

𝛾′  : effective unit weight of soil 

𝛿𝑟𝑒𝑚  : strength ratio of the soil 

𝜃  : rotation of spudcan 

𝜃𝑒  : elastic component of rotation 

𝜃𝑝  : plastic component of rotation 

𝜇  : rate parameter 

�̇�  : maximum shear strain rate 

�̇�𝑟𝑒𝑓  : reference strain rate 

𝜉  : accumulated absolute plastic strain 

𝜉95  : accumulated absolute plastic strain required for 95% 

remolding 

𝜈  : Poisson’s ratio of soil 

𝜒  : tensile capacity ratio, 𝑉ten/𝑉𝑢𝑙𝑡 



 

 １ 

Chapter 1. Introduction 

 

1.1. Research background 

 

An offshore fixed platform is an offshore structure that installs 

structures on the seabed to withstand environmental loads such as 

waves and wind. Unlike floating platforms, it is relatively easy to 

install as it supports structures on the seabed. However, it is 

important to accurately consider this fixed state because the 

installed depth is limited and the behavior varies greatly depending 

on the seabed soil (Wilson, 2002). In the structural analysis of the 

fixed platform, these seabed soils act as boundary conditions. The 

boundary condition of the structure generally governs the global 

vibration mode and the local stress of the structure (Zhang et al., 

2017). In the preliminary design of the fixed platform, a simple 

support model or a linear spring is used as a simplified foundation 

model (Baglioni et al., 1982; Williams et al., 1998). This simple 

foundation model is still limited in use to date and is known to exhibit 

high accuracy only when the deformation of the soil is very small. 

However, when designing offshore structures, it is required to 

calculate the response of structures under severe environmental 

conditions, and in this situation with large deformation of the soil, 

simple foundation models, such as simple support conditions and 

linear springs cannot accurately simulate the actual soil (Houlsby et 

al., 1992; Williams et al., 1998). Inaccurate boundary conditions 
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possibly misestimate not only the structural response at a specific 

site, but also the entire vibration mode of the structure. So how the 

accuracy of the foundation model is an essential factor in the 

structure design. Significant deformation of the soil occurs by the 

structure, which leads to a change in boundary conditions and affects 

the structure behavior again. It is known that it is more challenging 

to simulate the exact behavior and structural response of the 

structure due to structure-soil interaction (SSI).  

A fixed platform generally refers to a jacket or a concrete 

caisson-structured platform supported by piles. In the case of piled 

structure, the pile-soil interaction (PSI) is considered and the soil 

is modeled through a linear spring for each depth of the pile 

penetrated deeply (API, 2002; Mao et al., 2015; Shi et al., 2015). A 

jack-up is a special platform that has both the characteristics of 

fixed and floating platforms. During operation, legs penetrated into 

soil behave like a fixed platform but can move like a floating platform 

before and after operation. Jack-up, called self-elevating unit, is 

equipped with a jacking system to lower and lift legs, and 3~6 legs 

are put on the seabed to support the hull from environmental loads 

(Young et al., 1984; Williams et al., 1999). The operation process 

of this jack-up is divided mainly into four stages: (1) transit, (2) 

installation, (3) operation, (4) retrieval (Le Tirant and Pérol, 1993). 

(1) The first stage is a transit process that moves to the target area 

while lifting the leg. In the case of a rig that does not have the self-

movability, it moves through a tug boat. Second, after reaching the 

target area, through (2) the preloading process, the leg is penetrated 
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and the jack-up platform is installed. In this process, the leg is 

penetrated into the seabed through the hull weight, ballast water, 

and jacking power. It is easy to secure stability during this 

penetration process and subsequent work through the spudcan, an 

inverted conical steel structure under the leg. Legs must be 

penetrated deeply until sufficient resistance is obtained, and this 

process should involve a large deformation of the soil and changes 

in soil properties. (3) The third stage is an operation stage in which 

the work is carried out with the hull lifted after the installation is 

completed. This is the process in which the structure is affected by 

the environmental loads during the operation period. In this process, 

the jack-up behaves like a fixed platform, and an appropriate 

foundation model must be used for structural and global behavior 

analysis. (4) The last step is the retrieval process of lifting the leg 

after the work is done. Unlike jackets, repeated preloading and 

retrieval processes are essential for jack-up that require a 

relatively short-term operation and move to a different location. In 

this process, suction force due to adhesion of the clay soil must be 

considered. 

In the preloading phase for the installation of the jack-up, the leg 

is penetrated into the seabed until their sufficient bearing capacity 

is obtained. A spudcan at the bottom of the leg has various shapes 

depending on applications but generally an inverted cone shape with 

a sharp spigot which help to facilitate penetration into the seabed, 

while allowing sufficient resistance through a large bearing area 

(Hossain et al., 2015). Leg penetration analysis calculates the 
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vertical bearing capacity curve of its corresponding spudcan shape 

through penetration and is necessary to determine the preloading 

load and leg penetration depth during design (Endley et al., 1981; 

Hossain and Randolph, 2010; Houlsby and Martin, 2003; Kee and 

Ims, 1984; Teh et al., 2008). The penetration process inevitably 

involves a large deformation of the ground, such as the backflow 

phenomenon where the spudcan is pushed directly under the ground 

and the surrounding ground moves. In particular, in the case of the 

North Sea, mainly consists of sand layer, sufficient resistance is 

secured even if the depth of penetration is not deep. However, in 

the case of the Gulf of Mexico (GoM), the South China Sea in the 

Southeast Asian region, and the southwest coast of Korea, the soft 

ground mainly composed of clay (Ahn et al., 2017; Menzies and 

Roper, 2008; Nancy et al., 2014). Spudcan must be deeply 

penetrated in this area, so the ground deformation behavior must be 

considered to perform the penetration analysis accurately. In order 

to calculate the bearing capacity of the spudcan by depth, analytical 

methods according to the existing bearing capacity theory have been 

verified and used, and the results of penetration analysis through 

the centrifugal model test have also been used in the design 

(Randolph and Gourvenec, 2017). In addition, recently, finite 

element analysis techniques using Arbitrary Lagrangian Eulerian 

(ALE) techniques or Coupled Eulerian-Lagrangian (CEL) 

techniques, which can simulate large deformation behavior, have 

been used for numerical simulation for this penetration behavior of 

a spudcan (Hu and Randolph, 1998; Qiu et al., 2009; Tho et al., 
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2010). Large Deformation Finite Element (LDFE) analysis 

technique can simulate not only the penetration analysis of jack-up 

leg but also various situations in which large soil deformation can 

occur. It can be more useful when designing offshore structures 

considering the seabed soil. 

In the operation stage, which is supported by the seabed soil and 

withstands environmental loads, the foundation model mentioned 

above affects the global behavior of the structure, and the 

structure-soil interaction in which boundary conditions change due 

to the soil is affected by the response (Martin, 1994; Schotman, 

1989; Vlahos et al., 2005). In addition, the large deformation of the 

seabed soil that occurs during the preloading process before the 

operation phase also affects the properties and corresponding 

foundation model after spudcan penetration (Zhang et al., 2014). 

There are a number of failure modes that can occur during jack-up 

operation (Fig. 1). Representatively, the failure modes can be 

'overturning' where the windward leg lifted up, sudden leeward leg 

penetration such as 'punch-through' (Fig. 2), and especially 'seabed 

slides' in which the leg is pushed without being able to penetrate 

stiff soil (Martin, 1994). In addition, a sudden collapse can be 

accompanied by structural failures at weak points such as spudcan-

leg connections or leg-hull connections. In order to prevent risks, 

the failure should be predicted in the design phase through the 

calculation of the bearing capacity and the combined loads analysis, 

but few studies have been conducted to solve this problem. 
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Fig. 1 Failure modes in jack-up operation; a) overturning; 

b) punch-through; c) seabed sliding; d) Critical point of leg 

 

  

Fig. 2 Maersk Victory : punch-through failure (Aust, 1997) 
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In this way, the foundation model used in the operation of jack-

up cannot be simplified as a simple boundary condition such as 

simple support or a linear spring because its complex behavior. 

Several foundation models have been proposed by ISO (2012). They 

are pinned model, linear spring, secant model, yield interaction 

model and soil continuum model as listed in Fig. 3. The secant model 

that uses arbitrarily reduced stiffness in the rotation direction. The 

yield interaction model that calculates plastic displacement using 

nonlinear stiffness. The secant model and yield interaction model 

are classified as simple foundation model. The soil continuum model 

that performs numerical analysis using soil continuum are 

representative foundation models that incorporate the interaction of 

structures and soil. From the pinned model to the soil continuum 

model, more accurate analysis is possible, and in the ISO, a more 

complicated model has been used when performing a high level of 

acceptance check (Table 1). 
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Fig. 3 Foundation models suggested in ISO (2012); 

a) Pinned model; b) Linear spring model; c) Secant model; 

d) Yield interaction model; e) Soil continuum model 

 

Table 1 Acceptance check in ISO (2012) 
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Before briefly explaining the existing foundation model, the load-

displacement curve assumed for numerical analysis has been briefly 

described (Fig. 4). The elasto-perfectly plastic curve, which is 

assumed to be the simplest material property, has a linear 

relationship in the elastic section and the slope of the plastic section 

after yield is zero. Therefore, after yield, the element cannot have 

stiffness. Another commonly used model is elasto-plastic with 

strain hardening. It is the same as elasto-plastic in that it has a 

linear relationship in the elastic region, but differs in that hardening 

occurs in the plastic region after yield. Hardening relationships are 

modeled linearly, logarithmic, and hyperbolic, depending on the 

properties. And the model that best describes the behavior of the 

actual material is the nonlinear elastic-plastic model. Even in the 

elastic region before yield, a nonlinear relationship is shown, and 

accordingly, a hysteresis curve is drawn according to loading and 

unloading. 

 

 

Fig. 4 Load-displacement curve in numerical analysis; 

a) Elasto-perfectly plastic; b) Elasto-plastic; 

c) Nonlinear elastic-plastic 

 

Initial stiffness
(𝐾𝑚)

𝜃, 𝑢,    𝑤

𝑀,𝐻,    𝑉

𝑀𝑦𝑖𝑒𝑙𝑑

Unloading

Loading

𝑀𝑦𝑖𝑒𝑙𝑑

𝑀,𝐻,    𝑉

𝜃, 𝑢,    𝑤

UnloadingLoading

𝑀,𝐻,    𝑉

𝜃, 𝑢,    𝑤

𝑀𝑦𝑖𝑒𝑙𝑑

Initial stiffness
(𝐾𝑚)

Unloading

Loading

𝑀𝑦𝑖𝑒𝑙𝑑 𝜃𝑝

a) b) c)



 

 １０ 

The yield strength that determines yield is generally a material 

property. When a material is subjected to a 1-dof load, it appears 

as a single value, but when loads in multiple directions are applied, 

the combination of loads is a condition of yield. The yield envelope 

is a set of these yield points, and in general, the yield envelope in 

the n-dimensional load space is an n-1 dimensional figure (Simo 

and Hughes, 2006). In the spudcan study, the soil is assumed to 

follow a force-resultant yield envelope (Cheng and Cassidy, 2016b). 

It is mainly represented by a two-dimensional surface for vertical, 

horizontal, and rotational forces applied on the soil. In ISO(2012), 

the equations of yield surfaces for vertical, horizontal, and rotational 

loads are presented in Eq.(1), and cigar-shaped yield surfaces for 

clay and sand are also presented in Fig. 5 (Martin, 1994; Cassidy, 

1999). If a combination of loads applied to the soil after the 

structure-soil analysis is inside the yield curve, it is considered to 

be in the elastic region. It is considered to be in the elasto-plastic 

if it is on the yield surface. If the combination of loads is outside the 

yield curve, it is assumed to plastic, and various foundation models 

try to explain their behavior in the plastic region. 
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Fig. 5 Cigar-shaped yield surface in jack-up research; 

a) Model B, clay (Martin, 1994); b) Model C, sand (Cassidy, 1999) 
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where 𝑉𝑜, 𝐻𝑜, 𝑀𝑜 is the maximum capacity of foundation in V, H, M 

direction, and 𝑉, 𝐻, 𝑀 is the reaction forces applied on the spudcan 

in V, H, M direction. 𝑎 is the coefficient about penetration depth. 

 

 

Fig. 6 Foundation model : Secant model in M-θ graph 
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ISO (2012) proposes a secant model as a simple foundation 

model that considers structure-soil interaction. The secant model 

in Fig. 6 uses secant stiffness in the rotational direction with linear 

vertical and horizontal stiffnesses (Purwana et al., 2012; Wong et 

al., 2012). In general, in numerical analysis, the behavior at the next 

increment is determined by considering the time increment (or load 

increment) and corresponding tangent stiffness of the load-

displacement curve. However, secant stiffness refers to the 

stiffness that connects from the starting point to the design point 

when all of the load or displacement is applied (Sullivan et al., 2004). 

In this secant stiffness concept, the load-displacement at the design 

point coincides, but an incorrect load-displacement relation occurs 

at different locations. Although the secant stiffness that fits only at 

a certain point has limitations, it also has the advantage of being a 

foundation model that can be modeled simply in the form of a linear 

spring in the structure in consideration of the plasticity of the soil. 

In the ISO, when the load combination is in the plastic region, 

structural analysis is repeatedly performed by arbitrarily reducing 

the rotational stiffness, and the iterative calculation ends when the 

load combination is placed on the yield envelope. In this process, the 

rotational stiffness decreases, and this reduced stiffness is used for 

structural analysis as secant stiffness. 
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Fig. 7 Foundation model : modified model B in M-θ graph 

 

The yield interaction model, which calculates moment failure 
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B, the tensile capacity due to spudcan extraction is implemented in 

yield envelope. This model has the advantage that it can express the 

elasto-plastic behavior of the soil relatively accurately and requires 

less time for analysis than the soil continuum model. Especially 

when the soil is in the plastic region and in a specific situation, there 

is an advantage that the accuracy of the model can be easily 

increased by improving the relational expression for it. However, by 

assuming a linear relationship other than the coupling in the 

horizontal-rotation direction in the elastic region, a vulnerability can 

be found in the case of repeated loads in the elastic area. 

 

 

 

Fig. 8 Foundation model : Hyperbolic model B in M-θ graph 
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to follow in the elastic region, which was extended in the horizontal 

direction and introduced into the model B framework along with the 

coupling behavior in horizontal-rotational direction (Fig. 8). The 

behavior of the elastic region has been improved while maintaining 

the advantages of the model B plasticity framework for calculating 

the plastic displacement, and the hysteresis curve could be 

expressed in the elastic region. 

 

  

Fig. 9 Foundation model : soil continuum model; a) Modified 

Mohr-Coulomb model for sand at shallow embedment (Pisanò et 

al., 2019); b) Jack-up structural analysis with soil LDFE technique 

 

The soil continuum model is the most reliable and accurate 

method in the numerical method to consider the structure-soil 

interaction (Fig. 9). The load transferred from the structure is 

applied to the ground simultaneously, and the influence of the 

structure due to the corresponding behavior of the soil is considered 

as two-way. Even if this accuracy, the computational cost makes 
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the method difficult to use widely, especially for time series analysis. 

In the jack-up problem, the soil continuum model has been 

considered by using a basic mohr-coulomb model for sands with 

relatively small deformation (Pisanò et al., 2019). However, for 

clays accompanied by large deformations, the fully coupled 

structure-soil interaction analysis is not widely performed due to 

the excessively high cost to simulate the large deformations and the 

resulting changes in soil properties. 

 

  

Fig. 10 Dynamic effects of wave load analysis in jack-up; 

a) Natural period of offshore platform; 

b) Jack-up structural analysis with dynamic load 
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structure, a natural period is in the range of 5 and 15 seconds, which 

makes dynamic effects in wave load analysis unavoidable (ABS, 

2014). Meanwhile, wave load analysis in the soil continuum model 

also causes the dynamic effects of the soil. Clay is a representative 

rate-dependent material, and it is known that hardening occurs 

according to the strain rate (Abelev and Valent, 2009; Nanda et al., 

2017; Robinson and Brown, 2013). In numerical analysis, quasi-

static analysis is generally performed to remove dynamic effects. 

However, in the wave load analysis, in which a wave of about 10 

seconds acts as environmental loads, quasi-static analysis can 

decrease the accuracy. 
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1.2. Research objective and scope 

 

The objective of this study is to propose an accurate method of 

dynamic wave analysis for jack-up by improving the structure-soil 

interaction model. For this objective, the yield envelope for soft over 

stiff clay and hyperbolic model B is proposed and implemented as 

boundary condition of jack-up structural analysis. Fully coupled 

structure-soil interaction analysis using soil LDFE technique is 

performed and compared with proposed model. Accompanying 

dynamic effects of jack-up wave analysis has also been presented 

and investigated. 

The southwest sea of South Korea is mainly deposited with clay, 

especially with a soil profile of stiff-soft-stiff clay. To operate a 

jack-up type “wind turbine installation vessel (WTIV)” to create an 

offshore wind farm, its legs should be penetrated until sitting on a 

stiff layer. In this case, penetrated spudcan are placed in transition 

zone that is affected by both the lower stiff and upper soft layers. 

To model this transition zone, the target soil has been simplified to 

soft over stiff clay. A nonlinear soil model for a general single clay 

soil has been studied by improving the accuracy of yield envelope 

and plastic potential from the model B, which considered the coupled 

effect of the combined loads. In addition, recently, studies on the 

nonlinear soil models for multi-layered soils, especially sand over 

clay, where punch-through can occur, have been conducted. On the 

other hand, studies have not been performed on soft over stiff clay 

where squeezing of the upper clay occurs. In the aspect of the 
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spudcan for installation, the squeezing phenomenon, in which the 

weak ground is squeezed due to the lower stiff soil and the bearing 

capacity increases, is very advantageous to secure sufficient 

bearing capacity. However, if a spudcan is placed between two clay 

soils during the operation phase of the jack-up, the spudcan is 

simultaneously affected by both upper soft clay and lower stiff clay, 

so the model on a single clay cannot be applied as it is. 

In this study, a nonlinear foundation model that interacts with the 

structural response of jack-up in real time is presented.  Combined 

loads, transferred to the soil through the jack-up structure from the 

environmental loads, change the foundation model and soil 

properties. The changed foundation model becomes a boundary 

condition and affects the structural behavior of jack-up in real time. 

This structure-soil interaction should be considered for simulating 

accurate jack-up behavior. This study has been conducted through 

numerical analysis considering the large deformation effect of the 

soil due to the spudcan penetration. For this, soil Large Deformation 

Finite Element (LDFE) analysis technique is implemented in 

Abaqus/Explicit commercial program, and validated (Chapter 2). 

Combined loads analyses on soft over stiff clay have been performed 

using the developed soil LDFE numerical model. Ultimate capacities 

in the vertical, horizontal, and rotational directions have been 

calculated and analyzed, and the effect of lower stiff clay on the 

capacities have been investigated. In addition, a best-fit yield 

envelope expression has been proposed (Chapter 3). The model B, 

the yield interaction model of clay, consists of elasticity, yield 



 

 ２０ 

envelope, flow rule, and hardening law. Unlike the actual soil in 

which gradual plasticity occurs, linear load-displacement 

relationship of the foundation model can overestimate the load acting 

on the soil. To improve this, a hyperbolic relationship has been 

applied to the elastic region, and a hysteresis curve in elasticity has 

been implemented. In addition, a regression model of initial stiffness 

is presented for the proposed hyperbolic model B (Chapter 4). The 

soil continuum model is the most accurate method to numerically 

simulate the structure-soil interaction. It was mainly used for small 

strain problems such as shallow embedment of sand due to 

computational cost. To validate the proposed hyperbolic model B, a 

fully coupled structure-soil interaction analysis using soil 

continuum has been performed. The interaction between the jack-

up and the soil was considered simultaneously in this model. Using 

the LDFE technique in Chapter 2, large deformation of clay is 

simulated and reflected in combined loads analysis. It has been 

confirmed that the proposed model follows the LDFE results well 

before the yield, and it has also been shown that the moment 

distribution of the leg can be accurately predicted compared to the 

existing linear relationship model (Chapter 5). Wave load analysis 

of jack-up has been performed using the proposed yield interaction 

model in soft over stiff clay and the soil continuum model using the 

LDFE technique. Comparative analysis has been conducted on the 

involved dynamic effects of the structure and soil behavior. As a 

result of the analysis, it has been confirmed that the proposed model 

and the continuum model have similar results for the repetitive wave 
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load in the elastic region. This will allow the proposed model to be 

used when performing the fatigue strength assessment of jack-up 

(Chapter 6). 
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Chapter 2. Soil LDFE analysis technique 

 

2.1. Introduction  

 

The jack-up system uses a pinion and guide to raise and lower 

legs of the hull. This system is installed in a jack-up rig and a jack-

up type Wind Turbine Installation Vessel (WTIV). When the jack-

up system stands on legs, a spudcan directly touches the seabed 

underneath the leg to support the load of the entire structure of 

platform. Since the jack-up type offshore structure can be installed 

in various soil environment, precise assessment of the structure 

during installation and operation phase is required. Especially in the 

installation process of the jack-up, it is accompanied by large 

deformation of the soil due to penetration of spudcan. Therefore, it 

is necessary at the design stage to accurately predict the large 

deformation behavior and bearing capacity of the soil. 
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Table 2 Conventional researches of soil LDFE analysis 

 

 

In general, three methods have been used to calculate the bearing 

capacity of the Spudcan. There are a method using a formula 

combining theoretical and empirical equations recommended by a 

guideline or rule (SNAME, 2008; ISO, 2012), a finite element 

method simulating the penetration behavior of the spudcan (Hossain 

and Randolph, 2010b; Hu et al., 2015; Zheng et al., 2017), and a 

centrifuge test method (Hossain and Randolph, 2010a; Hu and 

Cassidy, 2017; Teh et al., 2010). Various case studies have been 

conducted using numerical analysis methods. The remeshing and 

interpolation technique with small strain (RITSS) method developed 

by Hu and Randolph (1998) has been used for numerical analysis of 

large deformation problem based on ALE. In addition, Qiu (2009) 

has simulated the soil behavior using the CEL method provided in 

Centrifuge
LDFE

(RITSS)
LDFE
(CEL)

Description

• Model test which simulate 

the realistic stress field 
through centrifugal force

• Widely used in geotechnical 

problem

• Remeshing and 

Interpolation Technique 
with Small Strain (RITSS)

• Based on Arbitrary

Lagrangian and Eulerian 
(ALE)

• Coupled Eulerian-

Lagrangian
(CEL) method

• Supported by Abaqus 

commercial program

First suggestion

in geotechnical 
problem

• From 1960~1970

• Mikasa in Osaka univ.
• Schofield in Cambridge univ.

• Hu (1998)

‒ Large deformation
problems in soil

‒ Cavity

Strip footing
Spudcan 

• Qiu (2009)

‒ Large deformation 
problems in soil

‒ Strip footing

Pile jacking
Ship grounding 

Usage in

Spudcan 
penetration issue

• Yu (2018), Lattice leg effect

• Kim (2018), sloped seabed
• Hossain (2017), Footprint

• Hossain (2009), Spudcan penetration prediction

• Zhang (2018), Spudcan angle
• Jun (2018), Spudcan shape

Multi-layered soil

• Sand over clay

– Hu (2014), Analytic expression of bearing capacity for sand over clay
– Hu (2018), Post-peak behavior of spudcan in sand over clay

– Li (2018), Bayesian approach of spudcan behavior in sand over clay

• Multi-layered clay

– Hossain (2010), Bearing capacity of spudcan in stiff-over-soft clay
– Zheng (2018), Spudcan behavior in stiff-soft-stiff clay
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the Abaqus/Explicit commercial program, and since then, the method 

has been used for the large deformation problem of soil. 

In this paper, the large deformation behavior of the soil is 

simulated using the finite element method. Since the mesh distortion 

occurs due to the large deformation, the penetration behavior of the 

spudcan cannot be analyzed by general finite element method. 

Analysis technique for large deformation is adopted in the soil 

problem, and verification about the various case is performed. 

Simple structure is verified first, and then the spudcan penetration 

on clay and sand is verified, too. The soil model and the details of 

verification case is introduced. As a result, it is confirmed that the 

developed Large Deformation Finite Element (LDFE) method shows 

similar results to the centrifuge model test results and the existing 

LDFE analysis results. 

 

2.2. Numerical methodology  

 

Generally, the Lagrangian description is used for structural 

analysis problems, and the Eulerian description is used for fluid 

problems. In Lagrangian description, the detailed history of material 

deformation is represented by the movement of mesh. Lagrangian 

elements are always 100% full of single material, so it is easy to 

divide the material boundary. On the contrary, in Eulerian 

description, the mesh is fixed and the materials pass through the 

mesh. The material is allowed to move independently of the finite 
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elements, so the Eulerian elements may not always be 100% full of 

material. The CEL technique has been developed combining the 

Lagrangian description with advantages for boundary and contact 

problems and the Eulerian description, which are less affected by 

mesh distortion (Simulia, 2013). Remesh and advection process 

simulate large deformation of the soil. 

 Tresca model incorporating strain softening and rate 

dependency is used for the numerical modeling of clay soil. The 

undrained shear strength is determined using the following strain / 

strain rate dependent equation proposed by Einav and Randolph 

(2005) (Eq. (2)). 

 

 
𝑠𝑢 = [1 + 𝜇 l g(

Max(|�̇�|, �̇�𝑟𝑒𝑓)

�̇�𝑟𝑒𝑓
)] 

     [𝛿𝑟𝑒𝑚 + (1 − 𝛿𝑟𝑒𝑚)𝑒
−3𝜉 𝜉95⁄ ][𝑠𝑢𝑚 + 𝑘𝑧] 

(2) 

 

where, 𝑠𝑢 is the undrained shear strength at the depth z considering 

strain softening and rate hardening. 𝜇 is a rate parameter and has a 

value of 0.05 to 0.2 in marine clay typically. �̇� means the maximum 

shear strain rate. �̇�𝑟𝑒𝑓 is the reference strain rate and is 1 to 4%/h 

in the triaxial test and 20%/h in the direct simple shear test. 𝛿𝑟𝑒𝑚 is 

the inverse of the sensitivity as the strength ratio of the soil. In 

general, the sensitivity of marine clay is 2 ~ 5. 𝜉  stands for 

accumulated absolute plastic strain and has the definition of the 

following equation. 𝜉95  is the value of 𝜉  when 95% remolding is 

performed after the soil is disturbed. Generally, it has a value of 10 
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to 25 (Hossain and Randolph, 2009). 𝑠𝑢𝑚 is the undrained shear 

strength at the top surface of the clay layer. The 𝑘  value is a 

strength depth gradient. Using these two parameters, undrained 

shear strength at the corresponding depth, 𝑧, is obtained.  

 

2.3. Analysis model 

  

Using the CEL method provided by the Abaqus commercial 

program, the large deformation of soil caused by the penetration of 

the spudcan is simulated. As mentioned above, spudcan is modeled 

by using Lagrangian element, and soil by Eulerian element. 

Lagrangian element comprises both 6-noded linear triangular prism 

element(C3D6) and 8-noded linear brick element with reduced 

integration(C3D8R) is used for spudcan structure. Eulerian element 

comprises 8-noded linear brick element with reduced integration 

(EC3D8R) is used for the soil (Qiu and Grabe, 2012; Tho et al., 

2010). Mesh size is determined by considering the diameter D of 

the spudcan, D, and mesh size of 0.025D ~ 0.05D is used. In the 

spudcan penetration simulation, the rate of penetration is also 

important. It should be slow enough to avoid the inertia effect. 

Penetration rate is also determined considering the D, and the speed 

of 0.005D ~ 0.01D/s is mainly used.  This means a penetration rate 

of 0.05 ~ 0.1m/s assuming D of about 10m. The following figure is 

an example of the spudcan penetration model, which consists of 

spudcan structure and soil layer (Fig. 11). 
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Fig. 11 Numerical analysis model about penetration 

of spudcan in clay 

 

2.4. Verification results 

 

2.4.1. Penetration of pipe in clay 

 

Wang et al. (2010) is referred for the simulation about 

penetration of pipe in clay. In this referred paper, The LDFE 

approach has been verified by comparison with a centrifuge test of 

pipe–soil interaction in Kaolin clay, so the result of pipe penetration 

is used for this verification. Unit length (=1 m) is used to simulate 

2D in 3D domain, and diameter of pipe, D, is 0.8m. Pipe structure is 

assumed to rigid body, because the deformation of pipe is too small 

to neglect. 

Clay soil is modeled as the elasto-perfectly plastic material 

obeying a Tresca yield criterion. Effective unit weight of clay is 

6.5kN/m3. Undrained shear strength is 2.3 kPa at the top surface of 
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clay layer and increases to 3.6 kPa/m with depth. A rigidity index, 

the ratio between the Young’s modulus to the undrained shear 

strength (𝐸/𝑠𝑢), is used as 500, the general value of marine clay. 

There are several factors that should be selected for nonlinear 

model of undrained shear strength. In the strain softening term, 

0.3125 is used as strength ratio, 𝛿𝑟𝑒𝑚, and 10 of 𝜉95 is used for the 

value of 𝜉 required for the soil to undergo 95% remolding. For the 

strain rate hardening term, 0.1 of rate parameter value 𝜇 is used, 

and 1.5%/h is used as reference shear strain rate, �̇�𝑟𝑒𝑓. 

 

 

Fig. 12 Numerical analysis model about penetration of unit pipe 

 

 Numerical model of pipe penetration is introduced in Fig. 12. 

Pipe structure is modeled using Lagrangian element, and soil is 

modeled as Eulerian element. Mesh size is 0.04m, which is same 

with 0.05D, and penetration rate is 0.005m/s of 0.00625D. 
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Fig. 13 Cross-sectional view of deformed shape of soil 

(Ref. = Wang et al., 2010) 

 

Fig. 13 shows the deformed shape of soil when the penetration 

depth is 0.07D, 0.25D, and 0.35D. At each depth, it can be seen that 

the deformed shape of soil is similar to the results of centrifuge tests 

and referred LDFE. The movement of the soil during penetration and 

the shape of soil berm could be compared and confirmed similar. 

 

w=0.07D

w=0.25D

w=0.35D

LDFE (Ref.) Centrifuge test (Ref.) LDFE (this paper)
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Fig. 14 Soil response in clay (unit pipe); a) Mises stress;  

b) Equivalent plastic strain 

 

 Soil stress and plastic strain after the penetration of pipe are 

presented at Fig. 14. High stress is observed under the pipe after 

the penetration. This high stress is dominantly affected by the 

elastic behavior of the soil, so the little plastic strain occurs in that 

region. Unlike elastic strain, plastic strain occurs right under the 

structure where force is applied directely.  

 

a)

b)
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Fig. 15 Bearing capacity curve of unit pipe in clay 

 

As a result of the penetration behavior simulation, the bearing 

capacity curve is shown in the Fig. 15. The penetration of 0.5D is 

simulated, and the non-dimensionlized results are compared with 

centrifuge model tests and LDFE results. Simulation results are 

similar to those of the two references.  

 

2.4.2. Penetration of spudcan in single clay 

 

In Hossain et al. (2015), the bearing capacity about penetration 

of various shape of spudcan in clay has been studied. Penetration 

and extraction resistance has been researched using a series of 

centrifuge tests and LDFE analyses. Three different base 

geometries used in the real field is treaed in this paper, so a 
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representative shape of spudcan is selected for this verification. The 

penetration behavior of the spudcan is simulated, and the maximum 

bearing area of the spudcan has 6m of diameter. Spudcan structure 

is assumed to rigid body, same as the case of pipe, because the 

deformation of pipe is small enough. Detailed configuration of 

spudcan is shown in Fig. 16. 

 

 

Fig. 16 Spudcan used in validation (Hossain et al., 2015) 

 

Clay modeling is the same as the previous case of unit pipe. 

However, the properties are applied diffrenetly as used in Hossain 

et al. (2015). Soil layer is modeled as the elasto-perfectly plastic 

material obeying a Tresca yield criterion. Effective unit weight of 

clay is 7.5kN/m3. Undrained shear strength is 0.9kPa at the top 

surface of clay layer and increases to 1.95kPa/m as depth increases. 

The rigidity index is used as 500, the same as clay model used in 

unit pipe case. Several factors for nonlinear model of undrained 

shear strength is used in this clay model. In the strain softening term, 

0.3436 is used as strength ratio, 𝛿𝑟𝑒𝑚, and 15 of 𝜉95 is used. For the 

strain rate hardening term, 0.1 of rate parameter value is used, and 
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1.5%/h is used as reference shear strain rate �̇�𝑟𝑒𝑓 . Numerical 

analysis model about this verification case is shown in Fig. 11. 

spudcan structure is modeled using Lagrangian element, and soil is 

modeled as Eulerian element. Mesh size is 0.3m, which is same with 

0.025D, and penetration rate is 0.1m/s of 0.0083D, which is also 

used in the reference paper. 

 

 

Fig. 17 Soil response at spudcan penetration; a) Mises stress;  

b) Equivalent plastic strain 

 

a)

b)
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Soil stress and plastic strain after penetration are presented at 

Figure. High stress is observed under the pipe after penetration. 

This high stress is caused by the elastic behavior of the soil, which 

can be confirmed from the plastic strain results. Unlike elastic strain, 

plastic strain usually occurs right under the structure where force 

is applied directely, shear deformed region by spudcan edge, and 

upper part of the spudcan where large deformation occurs due to 

backflow.  

 

 

Fig. 18 Bearing capacity curve for numerical model validation 

 

The bearing capacity curve of spudcan penetration is shown in 

Fig. 18. The penetration is simulated unitil 0.6D depth. Simulation 

results are similar to a reference, however, the value is larger as 

the penetration depth is deeper. Since the size of the domain is small 
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in the depth direction, it is considered that the boundary effect is 

generated. Therefore, the greater the depth, the greater the bearing 

capacity. These results are expected to improve when the size of 

domain is large enough. 

 

2.4.3. Penetration of spudcan in multi-layered clay 

 

Before carrying out the present numerical analysis, the soil LDFE 

analysis technique needs to be validated. The results of the 

penetration analysis of the multi-layered clay soils are compared 

with those of the centrifuge model test and the existing numerical 

LDFE analysis. Hossain et al. (2011) performed the centrifuge 

model test on multi-layered clay soils and analyzed the occurred 

punch-through and squeezing phenomena. Notably, squeezing was 

observed in their T8 test due to the lowest stiff layer, and this case 

was also simulated by LDFE analysis in Zheng et al. (2018). 

 

 

Fig. 19 Spudcan used in validation (Menzies and Roper, 2008) 
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Fig. 20 FE model in multi-layered clay validation 

 

Since squeezing is an important phenomenon in soft-over-stiff 

clay, which is the target soil of the present study, this case is 

selected for validation of this LDFE analysis. The T8 test covered 

three-layered clay with interbedded soft clay. The undrained shear 

strengths of each layer in Zheng et al. (2018) were, in order, 21 kPa, 

8.5 kPa, and 35.5 kPa for the first, second, and third layers. With 

these undrained shear strengths, 200 rigidity index (𝐸/𝑠𝑢), rough 

condition of spudcan-soil interface, unit weights of 7.5 kN/m3 (top 

layer) and 7.3 kN/m3 (lower layers) in Zheng et al. (2014) are 

referred for the validation. The strain-softening and rate-

hardening parameters in this validation also are the same values as 

in Zheng et al. (2018) (i.e., 𝜇 =0.1, �̇�𝑟𝑒𝑓 =1.5%/h, 𝛿𝑟𝑒𝑚 =0.36, 

𝜉95=12). 

Top layer

Second layer

Bottom layer
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Fig. 21 Soil response in multi-layered clay validation; 

a) Mises stress in penetration analysis; 

b) Maximum principal plastic strain 

 

Fig. 21 shows the total equivalent mises stress and plastic strain 

of the soil due to the spudcan penetration behavior in stiff-soft-

stiff clay. In the strain rate dependent term in Eq. (2), total stress 

is used to calculate the total strain. Although not exactly the same, 

the range of mises stress plot is similar to the range affected by rate 

hardening. Likewise, although not exactly the same, the range that 

the maximum principal plastic strain plot affects is similar to that of 

strain-softening and has a large plastic strain around the disturbed 

soil. 

a) b)
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Fig. 22 Bearing capacity results of multi-layered clay 

 

The centrifuge test data, existing LDFE analysis result, and 

numerical analysis results of the present study well shows the 

squeezing effect at the interface of the second soft layer and third 

stiff layer (w=0.92B). Although a small difference in bearing 

capacity curve can be caused by application of a different modeling 

technique in numerical analysis, it is thought that reasonable results 

have been obtained by using this LDFE analysis technique. 

Verification of the multi-layered clay soil has been performed, and 

it has been confirmed that the vertical capacity value obtained 

results similar to those of the existing results. 

In this chapter, verification has been performed on the clay soil. 

For single clay and multi-layer clay soils, the results of the soil 

LDFE analysis developed in this study have been verified using the 

centrifugal model tests and LDFE results provided in the existing 

researches. As a result, it has been confirmed that the vertical 
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capacity value is well predicted according to the spudcan penetration 

behavior. This numerical analysis technique has been used to study 

the nonlinear soil model in the following chapters. 
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Chapter 3. Yield envelope in soft over stiff clay 

 

3.1. Introduction  

 

A fixed platform is an offshore structure that is fixed to the 

seabed in order to withstand wave, current, and wind loads. Whereas 

fixed platforms have long been used owing to their convenient 

installation, the operatable water depth is significantly limited. jack-

up platforms, in-service mainly at depths within 150m, behave like 

fixed platforms by penetrating their legs into the seabed, but 

transport in float before and after operation. A jack-up platform 

consists of a superstructure, hull, and three-to-six independent 

lattice legs, each with an underlying footing called a spudcan. The 

Legs need to be embedded until achieving sufficient bearing capacity. 

Especially in clay seabed such as in the Southwest Sea of South 

Korea, spudcans can penetrate up to three times their diameter or 

until meeting stiff soil (Menzies and Roper, 2008). In the operation 

phase after penetration, a jack-up platform is subjected to 

environmental loads in addition to the load of its own weight, 

applying combined loads to the spudcan. Combined loads applied to 

the spudcan can be simplified in their classification as vertical (V), 

horizontal (H) loads, and rotational moment (M). 

Strength assessment of a jack-up system subject to 

environmental loads is dynamically sensitive to the stiffness of the 

spudcan foundation due to the limited number of supporting 
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legs(Cheng and Cassidy, 2016a). Simple support and linear soil 

springs have been often used as the simplest stiffness models, and 

recently, a force-resultant model based on a plasticity framework 

has been formulated as an alternative foundation model. Models that 

described the combined foundation capacity and the empirical yield 

envelope expressed in terms of allowable combinations of V, H, M 

loads were pioneered and developed by Butterfield and Ticof (1979), 

Roscoe and Schofield (1956), and Schotman (1989). In the 

intervening years, significant improvements have been achieved in 

terms of clay and sand, as represented in the model B and model C, 

respectively (Cassidy, 1999; Cassidy et al., 2004; Martin, 1994; 

Martin and Houlsby, 2001). These models for both clay and sand 

have been the basis for plasticity framework models as well as 

modified models (Cheng and Cassidy, 2016b; Zhang et al., 2014a). 

In particular, for single clays, extensive research has been 

conducted into strength non-homogeneity, cyclic loading, soil plugs, 

and consolidation (Gourvenec and Randolph, 2003; Ragni et al., 2017; 

Vlahos et al., 2006; Vulpe, 2015). Vlahos et al. (2008a) 

demonstrated the concept of tensile capacity using a centrifuge 

model test, and Zhang et al. (2014b) formulated a modified model B 

by combining improvements such as tensile capacity, non-

associated plastic potential, and others. Centrifuge model tests have 

mainly been used in the development of foundation models, while 

additionally, numerical studies have been performed by Templeton 

(2009); Templeton et al. (2005); Zhang et al. (2011b). However, 

most of the conventional studies in this vein have used numerical 
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analysis that has assumed an embedded position of spudcans as 

wished-in-space, with no consideration of soil disturbance caused 

by spudcan penetration (Zhang et al., 2014b). Meanwhile, studies on 

multi-layered soil considering actual soil profiles also have been 

carried out. The relevant previous studies have mainly investigated 

conditions wherein a strong layer overlies a soft layer with a 

possibility of punch-through failure (Abyaneh et al., 2018; Hu et al., 

2017; Ko et al., 2017; Rao et al., 2015; Yin and Dong, 2019); that is 

to say, there has been no detailed investigation into a foundation 

model in soft-over-stiff layered soil such as clay-over-sand or 

soft-over-stiff clay, wherein the squeezing effect is operative 

(Wang et al., 2018).  

The present study aims to derive yield envelope for soft-over-

stiff clay, a condition that is mainly prevalent in the Southwest Sea 

of Korea. Large deformation finite element (LDFE) analysis using 

the Coupled Eulerian-Lagrangian (CEL) technique is adopted to 

simulate spudcan penetration and to perform a subsequent combined 

loads analysis to determine the disturbed soil properties owing to 

penetration and obtain, thereby, the yield envelope. Prior to the case 

of soft-over-stiff clay, the yield envelope data for single clay with 

a deep-embedded spudcan is accounted for. It is found that the 

conventional yield envelope equation is well matched for single clay, 

even at deep embedment more than 1.5 times the spudcan diameter. 

Subsequently, the effect of the lower stiff clay on the yield envelope 

is examined in two aspects: ultimate capacity and normalized shape. 

The underlying stiff clay enlarges the yield envelope directly in the 
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vertical direction due to the squeezing effect, which in turn affects 

the horizontal and rotational directions. As mentioned above, the 

squeezing effect refers to the phenomenon where the upper soft soil 

is squeezed due to the lower stiff soil. With this effect, the vertical 

bearing capacity of the foundation increases significantly, and the 

yield envelope changes accordingly. Furthermore, the shape of the 

resulting yield envelope cannot be represented by a simple quadratic 

surface. Consequently, it is found that the conventional equation for 

single clay has a limitation in its utility to express results for soft-

over-stiff clay. Accordingly, based on the form of the conventional 

formulation of the yield envelope for single clay, this paper proposes 

a modified equation that is applicable to soft-over-stiff clay. 

 

3.2. Numerical methodology  

 

3.2.1. Soil conditions and spudcan specifications 

 

Offshore wind farms have been established in the Southwest Sea 

of South Korea, in which location a common soil profile is soft-

over-stiff clay (Ahn et al., 2017; Jin et al., 2019). A wind turbine 

installation vessel (WTIV) of the jack-up type that is operated in 

this region needs to penetrate its legs into the stiff soil layer to 

ensure sufficient bearing capacity. 
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Fig. 23 Soil profiles of 8 boreholes in Southwest sea 

 

Eight boreholes were drilled to investigate the soil properties of 

the southwest sea of South Korea (Fig. 23). The result is a soil 

profile consisting mainly of stiff-soft-stiff clay layer or soft over 

stiff clay layer. In the jack-up design, stiff clay near the seabed is 

not enough to obtain sufficient bearing capacity. That is why the 

jack-up leg should penetrate deeply until meeting the stiff soil. 

When encountering such stiff soil, the spudcan is placed in the 
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transition area affected by both the upper soil clay and the lower 

stiff clay. However, the foundation model affected by both layers 

has not yet been established. In this study, soft over stiff clay is 

assumed as target soil of this study for simplicity. 

 

 

Fig. 24 Shear strength profiles of soft-over-stiff clay 

 

Assuming this general soil condition of soft-over-stiff clay, the 

present study adopts representative soft marine clay properties for 

the upper layer. Menzies and Roper (2008) obtained Gulf of Mexico 

(GoM) jack-up data for spudcan specifications, soil properties and 

the corresponding observed vertical bearing capacity. Among these 

data sets, the spudcan specifications and clay properties for their 

site 1 are used in the present study to represent the upper soft clay 

layer. Also, an intact undrained shear strength of 2.4 kPa and an 

increasing slope of 1.35 kPa/m with depth are applied (su = 
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2.4+1.35z kPa). An averaged value of unit weight (γ = 5.36 kN/m3) 

is assigned to the upper layer, and the general rigidity index and the 

Poisson ratio value of marine clay are used in the numerical analysis 

(E/su = 500, 𝜈 = 0.49). The height of the upper layer is modeled 

as 2.0B for the deep embedment necessary to achieve sufficient 

bearing capacity in soft clay. 

In the case of the lower stiff clay layer, homogeneous undrained 

shear strength is assumed for the purposes of a simplified case 

study on soil stiffness. The stiff clay layer in multi-layered seabeds 

has often been assumed as homogeneous in literatures (Hossain and 

Randolph, 2010; Zheng et al., 2015; Zheng et al., 2016), and so 

accordingly, the lower stiff layer in the present study is also 

assumed to have uniform properties. The undrained shear strength 

is set as two, three, and four times the value at the interface of the 

upper layer, which cases are named MWS2P, MWS3P, and MWS4P, 

respectively. In fact, the realistic profile of soil has the continuous 

increase of su in the boundary of multi-layered soil. However, there 

is no exact information about soil profile in this transition zone. This 

detailed soil profile can affect the soil capacities like horizontal 

capacity, so the specific discontinuous soil profile has been used to 

clarify the lower clay effect. A comparative study on the effect of 

the lower stiff layer is performed using these three cases along with 

a single clay case (SWP). These cases and the corresponding shear 

strength profiles are illustrated in Fig. 24. 
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Fig. 25 Combined loads applied to spudcan (Zhang et al., 2014) 

 

As noted earlier, a spudcan used in a real GoM field (Marathon 

LeTourneau Design, Class 166-C) is used as the basis for the 

simplified spudcan applied in the present study (Menzies and Roper, 

2008). The simplified spudcan has a circular cross-sectional shape 

with same maximum bearing area. The slope of the lower conical 

geometry and the overall volume are maintained, but the sharp edge 

is smoothed out for numerical stability and cost efficiency. 

Therefore, the simplified spudcan has an equivalent diameter of 

13.52m, a maximum bearing area of 143.6m2, and a volume of 275m3. 

Vertical, horizontal and rotational motions are loaded to the load 

reference point (LRP), the center of the lowest cross-section with 

the maximum bearing area. Displacements 𝑤, 𝑢, 𝜃  and reaction 

forces 𝑉,𝐻,𝑀 in the vertical, horizontal, and rotational directions at 

the LRP, respectively, are given in Fig. 25. 
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3.2.2. Finite element model 

 

A soil LDFE analysis based on the CEL technique and using the 

Abaqus/Explicit commercial program is performed to simulate soil 

behavior. Eulerian description is generally used to simulate the 

behavior of fluid, and so, in this description, the movement of the 

continuum is taken as a function of its instantaneous position and 

time. By comparison, Lagrangian description is mainly used for 

structural analysis with small deformation, and this description 

describes the movement of the continuum as a function of its initial 

coordinates and time (Qiu et al., 2009). Especially in large soil 

behavior problems such as spudcan penetration, Lagrangian 

description can incur mesh distortion. Eulerian description can solve 

this mesh distortion problem; however, it remains difficult to define 

an interface between structure and soil. Because the CEL technique 

overcomes each difficulty by taking advantage of both descriptions, 

spudcan penetration behavior has been simulated through this 

technique (Qiu and Grabe, 2012). 

Soil properties change sensitively according to significant 

environmental disturbances. These clay properties are known to be 

dependent on both strain and strain rate (Einav and Randolph, 2005). 

In order to simulate the disturbed properties of clay, elasto-

perfectly plastic material obeying a Tresca yield criterion 

incorporating strain softening and rate dependency is used. Einav 

and Randolph (2005) proposed the following equation of undrained 

shear strength as a function of strain softening and rate hardening 
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and this nonlinear model is presented in Eq.(2). 

In the case of the upper soft layer, 𝑠𝑢𝑚 is 2.4 kPa and 𝑘 has the 

value of 1.35 kPa/m, as mentioned above. For general marine clay, 

the typical values of the parameters in Eq.(2) are provided below. 

The parameters in this study for the penetration and combined loads 

analysis (𝛿𝑟𝑒𝑚=0.35, 𝜉95=15, 𝜇=0.1, �̇�𝑟𝑒𝑓=1.0%/h) are adopted 

appropriately from within the following ranges:  

 𝛿𝑟𝑒𝑚 (strength ratio) : 0.2 ~ 0.5 

      (inverse of sensitivity 𝑆𝑡, 2 ~ 5) 

 𝜉95 (value of 𝜉 for 95% remolding) : 10 ~ 25 

 𝜇 (rate parameter) : 0.05 ~ 0.20 

 �̇�𝑟𝑒𝑓 (reference strain rate) : 1 ~ 4%/h in triaxial sehar test, 

20%/h in direct simple shear test. 

 

 

Fig. 26 Finite element model for constant V test and swipe test 

 

The numerical analysis is performed using the CEL technique and 

the nonlinear undrained shear strength model. The geometry of the 

spudcan is face symmetric, and the vertical, horizontal, and 
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rotational motions also have symmetricity. Therefore, the half model 

and corresponding soil domain are modeled in this simulation (Fig. 

26). The Eulerian element comprises 8-node linear brick elements 

with reduced integration (EC3D8R) for the soil domain, and the 

Lagrangian element comprises both a 6-node linear triangular prism 

element (C3D6) and an 8-node linear brick element with reduced 

integration (C3D8R) for the Spudcan structure. To avoid the 

boundary effect, a sufficiently large soil domain should be selected. 

Considering several previous numerical analyses such as 

penetration and combined loads analyses, 6.0B (=81.12m) of 

diameter and 6.0B of depth have been determined and validated 

through parametric study (Bienen et al., 2012; Ragni et al., 2017; 

Zhang et al., 2014b). 

 



 

 ５１ 

  

Fig. 27 Mesh convergence test in single spudcan analysis 

 

A mesh convergence test has been carried out (Fig. 27), based 

on which, the spudcan and its surrounding mesh size used in this 

study are adopted as 0.05B (=0.676m). This fine mesh zone is 

modeled in the 3.0B range, with larger mesh sizes being used outside 

the region for computational efficiency. In the penetration analysis 

and subsequent combined loads analysis in this study, the coefficient 

of friction between the spudcan structure and the soil is assumed to 

be 0.1. 
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3.3. Penetration analysis to simulate soil disturbance  

 

 

     a)     b) 

Fig. 28 Penetration curve for soft-over-stiff clay; 

a) Bearing capacity curve; 

b) Bearing pressure curve and typical bearing pressure of jack-up 

 

Penetration analysis, performed for consideration of disturbed 

soil properties due to large deformation, is completed prior to the 

combined loads analysis for the yield envelope calculation. The 

vertical bearing capacities for the soft-over-stiff clay cases 

(MWS2P, MWS3P, and MWS4P) as well as the single clay case 

(SWP) are shown in Fig. 28(b).  

The effects of lower layer stiffness on the vertical bearing 

capacity can be checked in this penetration curve. As the spudcan 

tip passes to the boundary of the two layers, w = 27.04 m (= 2.0B), 

the squeezing effect starts to occur. The stiffer the clay is in place 

below, the larger the squeezing effect and the greater the increase 
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of vertical bearing capacity. On the basis of the depth at the 

boundary, 1.8B, 2.0B, 2.2B, and 2.4B are selected as the spudcan 

embedment for the yield envelope research. 1.8B shows a slight 

squeezing effect, which starts from the depth of 2.0B (the upper 

layer height). This squeezing effect becomes large at 2.2B, and the 

2.4B embedment represents a situation wherein the maximum 

bearing area of the spudcan has passed to the boundary between the 

two layers. The calculated bearing capacity results for these 

penetration depths are shown in Table 3. There is little difference 

in these results according to the lower clay property at 1.8B, and 

the bearing capacity starts to vary at 2.0B. From the embedment of 

2.2B, the bearing capacity has a larger value as the lower clay 

property becomes stiff. Typical spudcan bearing pressure is known 

to be in the range of 200 ~ 600 kPa, and a few cases have shown 

higher bearing pressures up to 1000 kPa (Hu & Cassidy, 2017). The 

penetration depths between 2.0B and 2.2B are calculated for the 

soft-over-stiff clay cases based on 600 kPa, which is generally the 

maximum bearing pressure. The stiffer cases, MWS3P and MWS4P, 

are also able to cover the specific case of 1000 kPa before 2.4B (Fig. 

28(b)). Therefore, it can be thought that the selections of upper 

layer height and clay properties are appropriate in that the typical 

spudcan bearing pressure can be covered. 
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Table 3 Penetration results for single clay and 

several cases of soft-over-stiff clay 

Bearing capacity (MN) 

w/B SWP MWS2P MWS3P MWS4P 

1.8 60.70 61.86 61.83 61.97 

2.0 68.15 72.56 74.41 74.82 

2.2 75.00 99.53 127.44 153.64 

2.4 83.25 123.27 170.84 216.44 

Bearing pressure (kPa) 

w/B SWP MWS2P MWS3P MWS4P 

1.8 422.78 430.87 430.71 431.64 

2.0 474.70 505.45 518.29 521.16 

2.2 522.41 693.29 887.71 1070.21 

2.4 579.92 858.61 1190.01 1507.60 

 

 

3.4. Combined loads analysis for single clay  

 

3.4.1. Applied load sequence and load cases 

 

Combined loads (V, H, M) analysis is conducted for the 

calculation of the yield envelope following the penetration analysis. 

This analysis is divided into two types of test, the swipe test and 

the constant V test. A commonly used swipe test has been 
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performed to outline the overall shape of the yield envelope. Both 

the compressive swipe test, which is the horizontal/rotational motion 

or combined motion after spudcan penetration, and the tensile swipe 

test, which is the motion after a small extent of extraction, are 

carried out. In addition, a constant V test is used to calculate the 

horizontal and rotational capacities at a specific constant vertical 

load. The obtainable results from the swipe test and constant V test 

are illustrated conceptually in Fig. 29. As shown in the figure, the 

overall shape of the yield envelope can be calculated through two 

swipe tests (blue line). Then, the maximum values of the 

horizontal/rotational directions are calculated through the constant 

V test (red line). 

 

 

Fig. 29 Conceptualization of swipe test and constant V test 

 

Through the swipe test, the combined critical state can be 

calculated from the load path after spudcan penetration and 

subsequent achievement of the critical state of the soil. Since it was 

adopted from the yield envelope studies by Tan (1990), the swipe 

test has often been used to calculate the yield envelope in 

conventional studies (Cassidy et al., 2004; Cheng and Cassidy, 2016; 
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Gourvenec and Randolph, 2003; Martin and Houlsby, 2000; Zhang et 

al., 2014a). The swipe test first moves the spudcan in a vertical 

direction by displacement control until the vertical capacity 

converges. The critical state is then maintained when the spudcan 

moves in the horizontal or rotational direction while fixing the 

vertical displacement. The critical load combination is calculated 

during the displacement controlled motion, and consequently, the 

load path tracks the yield envelope (Gourvenec and Randolph, 2003). 

The test is divided into the compressive and tensile swipe test, 

according to whether the vertical motion is penetration or extraction, 

respectively. In the present study, the approximate shape of the 

yield envelope is calculated using these swipe tests. 

The constant V test has been used mainly in conventional studies 

to calculate the plastic behavior of soil. However, calculating the 

reaction force through the displacement-controlled motion 

occurring in a specific environment is the most common way to 

calculate the capacity. In this study, the specific point in the yield 

envelope is calculated by this test, especially a capacity at V = 0 

and the maximum capacity in the horizontal or rotational direction 

(red line). Existing studies have indicated that the maximum value 

of horizontal/rotational capacity is reached at the median of the 

compressive and tensile vertical capacities (Vlahos et al., 2008; 

Zhang et al., 2013), and this is also shown in the numerical analysis 

of the present study. After calculating the compressive and tensile 

vertical capacities from the penetration and extraction motion, the 

median value is loaded vertically. While the vertical load is kept 
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constant, the horizontal/rotational movement is given. The 

converged reaction force in each direction is defined as the 

horizontal and rotational maximum capacity, respectively. 

At the various spudcan embedments (1.8B, 2.0B, 2.2B, and 2.4B), 

capacity calculations and combined loads analyses for the yield 

envelope are carried out for both the single clay and soft-over-stiff 

clay cases. Prior to the multi-layered clay cases, a numerical 

analysis for single clay is conducted with the different embedments. 

The results for above the 1.4B embedment are recorded and 

validated against the existing theories suggested for single clay at a 

shallow depth. The capacities at 1.4B are additionally calculated for 

comparison. Then, the capacities in the three directions and the yield 

envelopes are calculated for the soft-over-stiff clay cases. Owing 

to the lower stiff clay, spudcan embedment and soil stiffness can 

affect the capacities and yield envelopes. The representative soft-

over-stiff clay case (MWS2P) is selected for the case study with 

various embedments. Also, for the same penetration depth (w = 

2.2B), the calculated yield envelope results are analyzed by 

changing the stiffness of the lower clay (MWS2P, MWS3P, MWS4P). 

The results from the softest case (SWP) to the stiffest case 

(MWS4P) for the effect of the lower stiff clay on the yield envelope 

are analyzed according to spudcan embedment and the soil 

properties. 
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3.4.2. Maximum capacity analysis for single clay 

 

As mentioned earlier, the maximum capacities are calculated by 

constant V test. Fig. 30 shows the load-displacement (𝐻-𝑢) curve 

in the horizontal direction and the moment-rotation (𝑀-𝜃) curve in 

the rotational direction. The displacement-controlled motion is 

applied in the horizontal and rotational directions under the vertical 

median load between the compressive and tensile vertical capacities. 

Consequently, as in the experiments with plastic materials, the 

linear 𝐻-𝑢 (𝑀-𝜃) relationship is shown until the yield point and 

then gradually converged in the plastic region. The converged 

values of 𝐻  and 𝑀  are defined as the horizontal and rotational 

maximum capacities (𝐻𝑜 and 𝑀𝑜), respectively. At this time, the 

location of the convergence point can have a significant effect on the 

calculation of the capacity. Based on the yield point, which is the end 

of the linear relationship, the convergence load becomes too small. 

If the displacement is applied until load convergence, it is difficult to 

determine the end, because the load and moment continue to 

increase little by little due to the characteristics of the nonlinear 

material. For this reason, a clear criterion is needed to determine 

the convergence. In previous research, the maximum capacity was 

defined based on a displacement of 0.5% diameter in the horizontal 

direction (Martin and Houlsby, 2000). Vlahos et al. (2008a) 

presented the horizontal load-displacement relationship until 

0.035B, and Cassidy et al. (2006) and Zhang et al. (2013) described 

the displacement up to 0.15B and 0.083B for clay and sand, 
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respectively. Taken together, it can be confirmed that the 

convergence is sufficiently satisfied if the horizontal displacement 

of 0.1B is considered as the criterion. In the present study, 

convergence loads corresponding to 4, 7, and 10% diameters (u = 

0.04B, 0.07B, 0.1B) are defined as the horizontal maximum capacity. 

The rotation multiplied by the diameter (Bθ) is also used on the 

same basis as the horizontal displacement (u), so the moment at the 

Bθ of 0.04B, 0.07B and 0.1B are calculated as the rotational 

maximum capacity. As such, since the convergence point can affect 

the capacity results, the equations of yield envelope are proposed 

with three different criteria. No matter which criterion is adopted, 

reasonable conclusions can be drawn if the capacity is calculated on 

a consistent basis for convergence. 

 

 

     a)                             b) 

Fig. 30 Load(Moment)-displacement(rotation) curve; 

a) in horizontal direction; b) in rotational direction 
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 𝑚𝑜 =
𝑀𝑜
𝑉𝑢𝑙𝑡

 (4) 

 

The horizontal and rotational maximum capacities of single clay 

are calculated, and the results are shown in Fig. 31. ℎ𝑜 and 𝑚𝑜 are 

the maximum capacity ratio and the mean of the horizontal maximum 

capacity and rotational maximum capacity divided by the vertical 

ultimate capacity, respectively (Eq. (3), (4)). These ratio values are 

used to compare the maximum capacities on the same basis as in the 

conventional studies. First, as mentioned above, the maximum 

capacities are calculated by using the constant V test. This test can 

calculate the horizontal/rotational capacity for the specific vertical 

load under which other factors are not taken into account. However, 

conventional studies such as that of Zhang et al. (2014c) have 

calculated the maximum capacities by regression of the peak from 

the swipe test results. Conventional studies suggested that the yield 

envelope from numerical analysis accords the ellipsoid, and that the 

yield envelope from the centrifuge test follows the paraboloid. In 

consideration of this, in the present study, both the elliptic and 

parabola shapes are fitted to the swipe test results of each VH, VM 

plane. The regressed peak values of the two shapes are illustrated 

with the results of conventional studies in Fig. 31. 
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                a)                                b) 

Fig. 31 Comparison of maximum capacity ratio; 

a) horizontal direction; b) rotational direction 

 

In Fig. 31(a), the calculated horizontal maximum capacity ratio 

(ℎ𝑜) is compared with the results from the centrifuge tests and 

numerical analyses of conventional studies (Zhang et al., 2013; 

Zhang et al., 2014b). The two numerical analysis cases that can 

cover the sensitivity of 2.78 used in the present study are presented 

(St = 2.0, 3.0), and the regression results for the elliptic shapes 

exist between those cases. The results of the constant V test and 

the regression with the parabola have a larger value of about 0.33. 

In the numerical results of the previous study, the slope of the ℎ𝑜 

value decreased as the embedment increased, which is the same as 

the result of the present study. For 1.4B, the ℎ𝑜 value is smaller 
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than 0.3, but approaches to a larger value for 1.8B and above. The 

results of the centrifuge test exist only below 1.45B of embedment, 

and the ratio value also increases as the depth increases in that 

range. In summary, it is found that ℎ𝑜  increases linearly with 

embedment up to a specific depth (about 1.5B). After that depth, the 

rate of increase decreases and ℎ𝑜 finally comes close to a certain 

value, about 0.33.  

The ratio values of rotational maximum capacity (𝑚𝑜 /B) are 

shown in Fig. 31(b) in the same way as in the horizontal direction. 

The  𝑚𝑜 /B values of this study are found to exist between the 

numerical analysis and the centrifuge test results of conventional 

studies. In the previous study, the slope in the rotational direction 

was smaller than that in the horizontal direction, and the same result 

is shown in this figure. The 𝑚𝑜/B values from the constant V test at 

embedments from 1.4B to 2.4B have a similar value of about 0.115, 

and the regression results also converge near 0.12. Unlike the 

horizontal direction, the maximum capacity in the rotational direction 

can be considered to show a relatively similar trend to that of the 

vertical ultimate capacity, due to the converged capacity ratio. 
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3.4.3. Yield envelope in single clay 

 

Fig. 32(a) summarizes the calculated yield envelope results for 

the vertical-horizontal (VH) plane, vertical-rotational (VM) plane, 

and horizontal-rotational (HM) plane in the case of single clay. 

Combined loads analyses are carried out for the embedments of 1.8B, 

2.0B, 2.2B and 2.4B, respectively. The size of the yield envelope 

increases regularly as the embedment deepens. The uniform spacing 

of the graphs means that the shapes of the yield envelope are similar, 

which phenomenon can also be seen in the normalized yield envelope 

(Fig. 32(b)). The graphs in Fig. 32(a) are normalized using the 

vertical ultimate capacity (𝑉𝑢𝑙𝑡) in the vertical direction, and the 

capacities at V = 0 in the horizontal/rotational directions (𝐻𝑉=0 , 

𝑀𝑉=0), respectively. These values represent the vertical positive 

intercept, the horizontal intercept, and the rotation. In the single clay, 

the normalized yield envelopes all have a similar shape in the VH, 

VM, and HM plane, regardless of the embedment. Since the 

normalization process divides the influence of the two factors of the 

yield envelope, the size and shape are analyzed separately. 
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a)                         b) 

Fig. 32 Numerical analysis results of SWP; a) Load path;  

b) Normalized shape with each intercept 

 

In the VH, VM planes, the shape has a vertex defined as the 

maximum horizontal/rotational capacities at the median between the 

compressive and tensile vertical capacities. This load path is shaped 

like a quadratic curve, which is consistent with the results of Vlahos 

et al. (2008a) and Zhang et al. (2013) considering the tensile 

capacity.  Backfill soil has a significant impact on the calculation of 

tensile capacity, which has already been considered in this study. 
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However, time effects such as consolidation and suction effects have 

not considered in this study. The calculated tensile capacity ratio is 

similar to the value in the existing centrifuge model test, and it is 

used as it is. However, it is considered that a more accurate yield 

envelope can be calculated by using the tensile capacity reflecting 

these effects. 

The yield envelope at deep embedments above 1.5B through 

numerical analysis is calculated in the present study, unlike the 

existing studies which used relatively shallow embedment. The 

normalized yield envelope illustrates that the embedment does not 

affect the yield envelope shape, and so the conventional analytic 

equation for shallow depth can also be applied to the deeper case. 

This conventional equation is fitted to the single clay results at deep 

embedments in the present study, and the regression results are 

reported in Table 4. 

 

Table 4 Parameters fitted with conventional equation of single 

clay 

 w ℎ𝑜 𝑚𝑜 𝑒 𝜒 

Centrifuge test 

(Zhang et al., 

2014a) 

0.7D 0.182 0.089 0.380 0.6 

1.0D 0.198 0.092 0.244 0.6 

1.45D 0.242 0.094 0.150 0.6 

Numerical analysis 

(present study) 

1.8B 0.317 0.123 0.140 0.54 

2.0B 0.314 0.122 0.118 0.54 

2.2B 0.338 0.125 0.079 0.58 

2.4B 0.344 0.122 0.053 0.60 
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The ℎ𝑜 and 𝑚𝑜 values of Table 4 are also presented in Fig. 31 

above, where the conventional centrifuge test data is the black line 

with empty square points, and the numerical analysis result is the 

purple line with filled square points. The trend in the centrifuge test 

that appears as the embedment increases is also continued in the 

numerical analysis. The eccentricity continues to decrease, so that 

the yield curve approaches symmetry, and the tensile capacity ratio 

(𝜒) has a similar value of 0.6. This slight eccentricity is presented 

in the HM plane. Zhang et al. (2011a), who performed a small-strain 

finite element (SSFE) analysis below the 1.4B depth, documented 

that the deeper the embedment, the more minor the eccentricity. 

The embedment covers in the present study ranged from 1.8B to 

2.4B, and the earlier study noted above also has determined that the 

eccentricity is not significantly revealed at these depths. The 

normalized shapes of the HM plane are grouped as one regardless 

of embedment, like those of the VH, VM planes. This shows that, in 

the formulation of the yield envelope, size and shape can be 

considered separately through the normalization process. 

 

3.4.4. Soil flow mechanism in combined loads analysis 

 

Combined loads analyses are subsequently performed on the 

soft-over-stiff clay, which is the target soil of the present study. 

Fig. 33 shows the soil behavior of each motion when the tip of the 

spudcan has touched the boundary. As can be seen in Fig. 33(a), 

when the spudcan penetrates vertically, the soil below is first 
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pressed. At the same time, the soil on both sides moves upward, and 

so the soil below flows round and rises up. This flow of soil is called 

backflow, and ISO (2012) suggests an analytic equation for this. As 

such, the lower soil has a great influence on the vertical behavior of 

the spudcan. On the other hand, the horizontal behavior of the 

spudcan causes movement of the lateral and upper soil (Fig. 33(b)). 

When the spudcan rotates, the around soil rotates in the same 

direction (Fig. 33(c)). The right-side soil of the spudcan moves 

downward and the left-side soil moves upward, and so both the soil 

below and above affect the rotational behavior of the spudcan. The 

main concern for soft-over-stiff clay is the existence of lower stiff 

clay. Penetration behavior is predicted to be strongly influenced by 

the underlying soil, whereas horizontal behavior is predicted to be 

relatively independent. Rotational behavior, meanwhile, is expected 

to be affected by both the upper and lower soils, depending on the 

side of the spudcan. 

 

 

a)                    b)                    c) 

Fig. 33 Soil flow in combined loads analysis; a) vertical 

direction; b) horizontal direction; c) rotational direction 

 

Soil boundary (w=2B)
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3.5. Combined loads analysis for soft-over-stiff clay  

 

3.5.1. Maximum capacity for soft-over-stiff clay respecting 

embedment 

 

Fig. 34 shows the horizontal and rotational maximum capacities 

in a soft-over-stiff clay case (MWS2P), under the vertical median 

load between the compressive and tensile vertical capacities. The 

calculated results from the constant V test are plotted according to 

the embedment and the lower soil properties. The penetration 

results for soft-over-stiff clay and single clay show very little 

difference until the spudcan tip reaches 2.0B, the soil boundary (Fig. 

34). The maximum capacity calculation of the embedment from 1.8B 

to 2.4B is performed to cover the range with and without influence 

from the lower stiff soil. The maximum capacity is greater with 

deeper embedment, due to stiffness, pressure, and so on. This 

tendency is presented not only in the vertical capacity, but also in 

the horizontal/rotational capacity in Fig. 34(a). The single clay 

results (the red dashed line) increase nearly linearly with increasing 

depth, whereas the soft-over-stiff clay shows a sharp increase in 

capacity values near 2.2B. When the spudcan tip penetrates more 

than 2.0B, the squeezing effect begins to occur, and 2.2B is the depth 

affected by the lower stiff clay, while 2.4B is the point where the 

maximum bearing area of the spudcan penetrates into the lower stiff 

clay, thus resulting in increased capacity. 

Fig. 34(b) shows the ratio of the maximum capacity in the 
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horizontal/rotational directions to the vertical ultimate capacity. In 

the case of the horizontal direction, the ratio of the maximum 

capacity decreases at the depth of 2.2B. According to the soil flow 

mechanism and Wang et al. (2018) and Wang et al. (2019), the 

horizontal behavior of the spudcan is affected by the lateral soil. The 

laterally projected area of the spudcan is not overlapped with the 

lower stiff clay, and so the horizontal behavior is less affected by 

the lower stiff clay than is the vertical capacity. As the horizontal 

capacity increases less than the rapidly increasing vertical capacity, 

the ratio value starts to decrease at 2.2B. However, at 2.4B, where 

most of the spudcan has penetrated the soil, the laterally projected 

area overlaps much with the lower clay. This causes the horizontal 

capacity to be much larger, and the ratio value increases compared 

to the 2.2B depth. Regardless of the underlying soil stiffness and 

embedment, it is found that the ratio value in the stiff clay region 

becomes smaller than that of single clay, due to the squeezing effect. 

The ratio value in the rotation direction shows a difference from 

the horizontal direction. The slightly reduced ratio value at 2.2B 

starts to decrease significantly at 2.4B. As shown in Fig. 33(c), the 

rotational behavior of the spudcan causes movement of the 

surrounding soil, and so both the soil below and above affects the 

capacity. Unlike the horizontal direction, a side of the maximum 

bearing area of the spudcan is pressed against the lower stiff layer 

at 2.2B (Fig. 33(c), right). As the squeezing effect occurs in that 

area, the rotational capacity also increases significantly. The 

capacity ratio decreases due to the left side, which is less affected 
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by the lower stiff clay, but the difference is small. However, as the 

spudcan penetrates, no further squeezing effect occurs, and the 

movement of the opposite side raises the upper soft clay. As a result, 

the rotational capacity does not increase much compared with the 

vertical capacity, which is affected directly by the lower stiff clay, 

and consequently, the capacity ratio decreases at 2.4B. 

 

                  a)                               b) 

Fig. 34 Constant V test results for depth; a) maximum capacity; 

b) maximum capacity ratio 
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3.5.2. Maximum capacity in soft-over-stiff clay for lower clay 

properties 

 

Fig. 35 shows the trend of the maximum capacity according to 

the stiffness of the lower clay. The results of the combined loads 

analysis in the 1.8B case, which show little difference between 

single clay and soft-over-stiff clay, are presented first. And then, 

the maximum capacities and the capacity ratios at the 2.2B and 2.4B 

depths represent the region affected by the lower stiff clay. At 1.8B, 

where the spudcan tip does not reach the soil boundary, the soft-

over-stiff clay has similar vertical, horizontal and rotational 

capacities to those of the single clay (Fig. 35(a)). This result is also 

consistent with the capacity results respecting embedment. In the 

regions where there is no effect from the lower stiff clay, the single 

clay and soft-over-stiff clay shows the same results. 

At the graph about the maximum capacities of 2.2B, the effects 

of the lower stiff clay are presented in Fig. 35(b). As the undrained 

shear strength of the lower clay becomes two, three, and four times 

stiffer than that of the upper soft clay, the maximum capacities in 

the horizontal/rotation direction all increase. Large capacities 

relative to single clay reflects a large effect of the lower layer, which 

has also been demonstrated by the tendency according to which 

stiffer lower clay properties mean greater maximum capacity values. 

In comparison, the maximum capacity ratio for the vertical ultimate 

capacity decreases as the lower clay properties become stiffer. The 

horizontal capacity is greatly reduced, and the rotational capacity is 
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small but also tends to decrease. As mentioned above, the horizontal 

behavior has been affected by the lateral soil, not the underlying soil, 

and so the horizontal capacity in the soft-over-stiff clay does not 

increase as much as the vertical capacity does. As a result, the 

horizontal maximum capacity ratio is greatly reduced. However, the 

rotational behavior is found to be related to the lower stiff soil, as it 

is influenced by both the soil below and above, and accordingly, the 

maximum capacity increases significantly according to the stiffness 

of the lower clay. Since this increase rate is smaller than that of the 

vertical capacity due to the squeezing effect, the capacity ratio 

decreases slightly as a result.  

The maximum bearing area of the spudcan crosses the soil 

boundary at 2.4B of spudcan tip penetration, and so the squeezing 

effect is stronger and the trend mentioned in the previous paragraph 

becomes more pronounced (Fig. 35(c)). As shown in Fig. 34(a), the 

horizontal capacity starts to be affected by the lower clay at 2.4B 

because the spudcan laterally significantly overlaps the lower 

ground, and thus too, the capacity value is slightly increased. 

Nevertheless, the rate of increase in vertical capacity is the greatest, 

and the capacity rate decreases accordingly. The same phenomenon 

happens in the rotation direction. The value of maximum capacity 

increases due to the lower stiff clay; however, the capacity ratio for 

the vertical capacity decreases as the lower clay becomes stiffer. 
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            a)                 b)                 c) 

Fig. 35 Constant V test results for lower clay properties; 

a) w=1.8B; b) w=2.2B; c) w=2.4B 

 

3.5.3. Yield envelope in soft-over-stiff clay respecting embedment 

 

Fig. 36 shows the results of the yield envelope calculation for 

different depths of soft-over-stiff clay, the target soil of this study. 

The MWS2P case, where the undrained shear strength of the lower 

clay is twice the boundary value of the upper clay, is selected as the 

representative case. As with the case of single clay, the yield 

envelopes are shown for the VH, VM, and HM planes. 
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  a)                   b)                     c) 

Fig. 36 Numerical analysis results for MWS2P respecting depth; 

a) Load path; b) Normalized shape with each intercept; 

c) Normalized shape considering vertical tensile capacity 
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the depth, the greater the vertical capacity due to the squeezing 

effect becomes. In comparison, the tensile maximum vertical 

capacity does not increase significantly. The tensile capacity is 

calculated from the extraction of the spudcan, which is mainly 

influenced by the soft clay of the upper part. This change in vertical 
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capacity causes the center of the yield envelope to move to the right. 

The maximum capacity in the horizontal and rotational directions is 

calculated at this center point by moving along the vertical direction. 

As with the trend of maximum capacity, the yield envelope results 

from the swipe test consistently show increasing capacity. The 

deeper the embedment, the larger is the yield envelope in all 

directions. 

Fig. 36(b) shows the yield envelope normalized to the 

compressive maximum vertical capacity, horizontal capacity at V = 

0, and rotational capacity at V = 0, respectively. For the VH, VM 

planes, the yield envelope of 2.0B depth is similar to that of 1.8B. 

There is little effect of the lower stiff clay at the embedment of 2.0B, 

so that the shape is consistent as in the case for the single clays. 

However, the shape starts to change from 2.2B, when the effect of 

the lower stiff clay begins to be not negligible. It is found that the 

tensile capacity does not increase relative to the compressive 

maximum vertical capacity, which increases due to the squeezing 

effect, and thus the normalized shape narrows in the tensile part. 

The tensile capacity is normalized as the tensile capacity ratio (χ), 

and it is found that χ gradually decreases from the typical value of 

single clay, about 0.6. This trend is further exacerbated at 2.4B, 

where the effects of the lower stiff clay are greater.  

Narrowed shape in the vertical direction makes the effect in the 

horizontal/rotational direction less obvious. The normalization 

method is changed in the vertical direction as depicted in Fig. 36(c), 
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so the maximum capacities at the different embedments gathers at 

a line. In Fig. 36(c), the yield envelope is normalized to have a value 

between 0 and 1 in the vertical direction. It is first horizontally 

shifted first by the tensile capacity and then is divided by the sum 

of the tensile and compressive capacities. The tensile capacity is 

defined as 𝜒𝑉𝑜 using the definition of the tensile capacity ratio used 

in the existing equation, and the equation summarized using this is 

shown in Eq. (5). 

 

 𝑉  →   𝑉𝑛𝑜𝑟 =
𝑉 + 𝜒𝑉𝑜
(1 + 𝜒)𝑉𝑜

 (5) 

 

where 𝑉: Vertical reaction force in load path, 𝑉𝑜: Vertical ultimate 

capacity (compressive capacity), 𝜒: Tensile capacity ratio.  

Fig. 36(c) shows that deep embedment makes the ratio of the 

maximum capacity ratio large. As in the vertical direction, the 

shapes rise in the horizontal/rotational direction from the 

embedment of 2.2B, and the maximum capacity ratio also increases. 

The ratios of the maximum capacity and intersection point at V=0 

are constant in the case of single clay, so that the peak matches; 

however, lower stiff clay ensures that the horizontal/rotational 

capacities do not increase at a constant rate with respect to other 

vertical loads. This effect should be considered at the yield envelope 

of soft-over-stiff clay. 

The yield envelope in the HM plane shows a different trend from 

the VH and VM planes. As indicated in Fig. 36(a), the deeper the 
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embedment, the larger the yield envelope. However, if the calculated 

yield envelope is normalized to the horizontal and rotational 

capacities at V = 0, the shape becomes similar regardless of the 

embedment. It is noted earlier that the tensile part is calculated from 

the extraction behavior of the spudcan and is affected by the upper 

soft soil. The point V = 0 is close to the tensile maximum vertical 

capacity, and so its cross-section, the yield envelope in the HM 

plane, is more affected by the upper soft soil. For this reason, it can 

be determined that the yield envelope in the HM plane is less 

affected by the lower stiff clay than in the VH and VM planes. 

 

3.5.4. Yield envelope in soft-over-stiff clay for lower clay properties 

 

In order to analyze the effect of lower stiff clay in detail, the yield 

envelope is plotted for varying undrained shear strengths of the 

lower layer (Fig. 37). It is noted above that the characteristics of 

single clay and soft-over-stiff clay diverge from 2.2B of 

embedment. Accordingly, with the 2.2B embedment fixed, the swipe 

test are performed when the undrained shear strength of the lower 

clay is two, three, and four times the boundary value of the upper 

clay, and those results are showed in Fig. 37. Those cases are 

named MWS2P, MWS3P, and MWS4P, and are plotted with the single 

clay case (SWP) for comparison. 
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 a)                    b)                     c) 

Fig. 37 Numerical analysis results for lower clay properties at 

w=2.2B; a) Load path; b) Normalized shape with each intercept; 

c) Normalized shape considering vertical tensile capacity 

 

Fig. 37(a) shows the calculated yield envelope according to the 

lower clay properties. There is a larger vertical capacity in the 

stiffer lower clay in the penetration curve, which is also presented 

in the compressive maximum vertical capacity of the yield envelope. 

On the other hand, it is apparent that the tensile capacity has a 

constant value regardless of the stiffness of the lower clay. From 

the results for embedment, it has already been concluded that the 

tensile capacity is less affected by the underlying soil. These results 
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according to the stiffness of the lower clay clearly indicate that the 

tensile capacity is little related to the lower stiff clay. These effects 

make the tensile part fixed and enlarge the yield envelope in the 

compressive direction. It can also be found that the maximum 

capacity increases in the horizontal and rotational directions as the 

lower clay stiffens. Just as the deeper embedment makes the effect 

of the lower clay increase, the stiffness of the lower clay also 

increases this effect. 

The normalized shapes in Fig. 37(b) show the effect of the lower 

stiff clay, which increases with stiffness. As in the Fig. 36(b), the 

calculated yield envelopes are normalized using the intercept value 

of each axis. The width of the yield envelope is narrowed due to the 

decreasing tensile capacity ratio (χ). The ratio decreases due to 

the increasing compressive capacity relative to the constant tensile 

capacity. Fig. 37(c) shows the modified normalization in the vertical 

direction as in Eq. (5) considering the tensile capacity. According to 

the stiffness of the lower clay, the shape and the maximum capacity 

ratio are increased in the horizontal/rotational direction. All of these 

trends are identical to those observed at the embedments of 2.2B 

and 2.4B, and so they can be considered to be characteristic of the 

shape of the yield envelope due to the lower stiff clay. 

In the HM plane of Fig. 37, similar results are found between 

single clay and soft-over-stiff clay. The calculated yield envelopes 

are larger when the lower clay becomes stiffer, but similar when 

normalized. As with the results in Fig. 36, it is found that stiff clay 

affects the VH and VM plane sections of the yield envelope, but the 
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HM plane section less so. In this study, the effects of lower stiff clay 

in the VH and VM planes are quantified into an analytic expression. 

For the HM plane, since the soft-over-stiff clay has a shape similar 

to that of the single clay, the existing formula of the single clay is 

used as is. 

 

3.6. Yield envelope equation proposed for soft-over-stiff 

clay 

 

3.6.1. Derivation of the quadratic curve in the VH, VM plane 

 

Keeping the form of the single clay equation suggested in the 

previous studies, an analytic equation that can express the yield 

envelope for soft-over-stiff clay is proposed. The equation for the 

yield envelope of single clay has been sought after in various studies. 

ISO (2012) has suggested a yield envelope equation with 

interpolating paraboloid and ellipsoid using a depth coefficient. In 

addition, spudcan-soil adhesion can be considered to provide 

additional horizontal and rotational capacity. Recently, a yield 

envelope in the form of a paraboloid in consideration of the tensile 

capacity was presented in Zhang et al. (2013) via a centrifuge model 

test. With reference to these equations, this paper intends to present 

an analytical equation that can represent soft-over-stiff clay in 

consideration of its tensile capacity. 

Before presenting the analytic expression, the normalization 
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method is modified in order to express the result of the swipe test 

as a representative shape. In the vertical direction, the yield 

envelope is normalized to have a value between 0 and 1 (Eq. (5)). 

In the horizontal and rotational directions, the calculated load path is 

normalized using the maximum capacity in each direction (Eq. (6), 

(7)). The maximum capacity value is obtained using the constant V 

test at the specific vertical load, and the swipe test results are 

divided by this value. All normalized values should be between 0 and 

1 in theory. However, in Fig. 38, there are some graphs that are 

expected to exceed 1 at the vertex. This is due to the fact that, 

because of the calculation procedure of the constant V test, a slight 

difference can exist between the calculated maximum capacity from 

the constant V test and that from the swipe test. In numerical 

analysis, instability occurs when horizontal or rotational motion has 

been given immediately after penetration behavior. In order to 

prevent this, a small downward displacement is applied along with 

the vertical load prior to loading of the horizontal or rotational motion. 

Especially in the cases of the 2.2B and 2.4B embedments, where 

squeezing occurs, the vertical capacity is sensitively increased even 

with a slight downward movement, which is considered to affect the 

maximum horizontal and rotational capacity. However, these effects 

are not significant, and so analysis stability is given priority in the 

present study. 

 

 𝐻  →   𝐻𝑛𝑜𝑟 =
𝐻

𝐻𝑜
 (6) 
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𝑀  →   𝑀𝑛𝑜𝑟 =

𝑀

𝑀𝑜
 

(7) 

 

where 𝐻 , 𝑀 : Horizontal reaction force and Rotational reaction 

moment in load path, 𝐻𝑜, 𝑀𝑜: Horizontal and Rotational maximum 

capacity 

Through this normalization process, the load path becomes a 

curve that passes through (0,0), (1,0) and has vertices of (0.5, 1) 

in the VH and VM planes. Before presenting the new expression of 

this curve, a quadratic curve is derived. First, a parabola is assumed, 

one of the representative quadratic curves (blue dashed line). 

Assuming that the cross-section in VH (VM) plane is a parabola, 

the yield envelope becomes paraboloid. The parabola about the VH 

plane is summarized through the procedure of Eq. (8). Since the 

form of the equation is the same in the VM plane, it is omitted. 

 

 

𝐻𝑛𝑜𝑟 = 4 ∙ 𝑉𝑛𝑜𝑟 ∙ (1 − 𝑉𝑛𝑜𝑟) 

    = 4 ∙
𝑉 + 𝜒𝑉𝑜
(1 + 𝜒)𝑉𝑜

∙ (
𝑉𝑜 + 𝜒𝑉𝑜
(1 + 𝜒)𝑉𝑜

−
𝑉 + 𝜒𝑉𝑜
(1 + 𝜒)𝑉𝑜

) 

    =
4

(1 + 𝜒)
∙ (
𝑉

𝑉𝑜
+ 𝜒) ∙ (1 −

𝑉

𝑉𝑜
) 

(8) 

 

As in Eq. (8), the exponent of V in three-dimensional paraboloid 

has two times that of H (or M). Regardless of the consideration of 

tensile capacity, this form of paraboloid has been used as the yield 

envelope by Martin (1994); Martin and Houlsby (2000); Vlahos et 

al. (2008a); Zhang et al. (2014b). ISO (2012) also has 
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recommended a paraboloid formula for shallow depths (w=0). If the 

tensile capacity is not taken into account, the ratio of 𝑉 to 𝑉𝑜 is 

used as the value of 𝑉𝑛𝑜𝑟 (𝑉/𝑉𝑜). 

Second, the equation is derived by assuming the normalized 

shape as an elliptic, another form of quadratic curve (blue dotted 

line). The cross-section of the ellipsoid becomes an ellipse, and so 

this elliptic equation is derived as Eq. (9) by formulating it with 

respect to the VH plane. Also, the result for the VM plane is the 

same as that for the VH plane. 

 

 

(𝑉𝑛𝑜𝑟 − 0.5)
2

0.52
+ 𝐻𝑛𝑜𝑟

2 = 1 

              𝐻𝑛𝑜𝑟
2 = 4 ∙ 𝑉𝑛𝑜𝑟 ∙ (1 − 𝑉𝑛𝑜𝑟) 

                   =
4

(1 + 𝜒)2
∙ (
𝑉

𝑉𝑜
+ 𝜒) ∙ (1 −

𝑉

𝑉𝑜
) 

(9) 

 

In the form of the last expression, the right side is the same as 

the parabolic equation in Eq. (8), but the exponent of 𝐻𝑛𝑜𝑟 on the 

left side is square. This type of equation has been used as the yield 

envelope for the case of deep penetration (w > 2.5B) in ISO (2012). 

Through this derivation procedure, it is found that the existing 

equations of the yield envelope have used parabolic and elliptic 

quadratic equations. The expression of the normalized shape is 

adjusted in this study while maintaining the form of the existing 

equation.  
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3.6.2. Modified equation of soft-over-stiff clay 

 

As noted above in the case of ISO (2012), linear interpolation 

between paraboloid and ellipsoid has been used in the equation for 

single clay. In the present study, the shape of the curve is controlled 

by exponent fitting rather than linear interpolation. A different form 

of expression from the quadratic curve can effectively represent the 

results of the swipe test, and this exponent-fitting process was 

carried out by Vulpe (2015). Fig. 38 shows the newly normalized 

shapes of all of the load paths calculated by the swipe test, along 

with the fitted curves to all of those results.  

 

 

                 a)                             b) 

Fig. 38 Fitted results to quadratic curves and modified equation; 

a) VH plane; b) VM plane 
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Fig. 38(a) shows the fitting results for the VH plane and Fig. 38(b) 

for the VM plane. The values of the exponent fitted in the two planes 

are applied to the equation of the yield envelope, respectively. The 

soft-over-stiff clay shows similar behavior to that of the single clay 

in the HM plane, and so the related terms are not changed. The fitted 

equations in the two planes and the final three-dimensional equation 

of the yield envelope are shown in Eq. (10) to Eq. (11). As 

formulated above, an exponent of 1 in 𝐻𝑛𝑜𝑟  and 𝑀𝑛𝑜𝑟  term 

represents the parabolic shape, so that the regressed result 

approaches to the parabolic. Although somewhat different, Eq. (11) 

has a similar form compared to that of single clay. This means that 

the lower stiff clay does not significantly affect the shape of the 

newly normalized yield envelope. The yield envelope in soft-over-

stiff clay is found to be more sensitive to the capacity in each 

direction than the interaction of V, H, and M. 

 

 𝐻𝑛𝑜𝑟
1.140 = 4 ∙ 𝑉𝑛𝑜𝑟 ∙ (1 − 𝑉𝑛𝑜𝑟) (10) 

 𝑀𝑛𝑜𝑟
1.075 = 4 ∙ 𝑉𝑛𝑜𝑟 ∙ (1 − 𝑉𝑛𝑜𝑟) (11) 

 

(
𝐻

𝐻𝑜
)
2.28

+ (
𝑀

𝑀𝑜
)
2.15

−
2𝐻𝑀𝑒

𝐻𝑜𝑀𝑜
 

       −(
4

(1 + 𝜒)2
)
2

(
𝑉

𝑉𝑜
+ 𝜒)

2

(1 −
𝑉

𝑉𝑜
)
2

= 0 

(12) 

 

 

Yield envelope expressed as Eq. (11) is represented in three 

dimensions (Fig. 39). First, in the Fig. 39(a), the yield envelope is 
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shown along with all swipe test results about soft-over-stiff clay 

in the normalized space. The results in HM plane when V is zero are 

shown in several planes, with Vnor varying with the compressive and 

tensile maximum vertical capacities at each case. It is found that the 

yield envelope obtained from the swipe test results effectively is 

represented in three dimensions. Fig. 39(b) shows the non-

normalized results of MWS2P case, for example. The yield envelope 

when the spudcan is subjected to upward force (V < 0) is revealed. 

Tensile swipe tests are performed through numerical analysis, and 

the yield envelope of soft-over-stiff clay including the negative 

region can be calculated. 

 

 

a)                                b) 

Fig. 39 Three-dimensional yield envelope; 

a) Yield envelope with the swipe test results in normalized space; 

b) MWS2P case results and corresponding yield envelope 
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3.6.3. Effect of convergence criteria on the yield envelope 

 

The maximum capacity is defined as the converged value of the 

load-displacement (moment-rotation) curve at the constant V test 

(Chapter 3.4.2). Convergence criterion is properly decided through 

the existing studies as u = Bθ = 0.1B, however, it is needed to find 

out how this criterion affects the yield envelope calculation. 

Maximum capacity is one of the main reasons why the yield envelope 

of soft-over-stiff clay differs from that of single clay, and 

convergence criterion can affect this value significantly. This study 

focuses on how the yield envelope is changed by the maximum 

capacity values obtained through three different criteria. Table 5 

summarizes the estimation results. The maximum capacities 

increase with the displacement criteria, which results in reduced 

exponents. As mentioned above, the exponent close to 1 means a 

parabola, so this means that large convergence criterion makes the 

normalized shape narrower and closer to the parabola. This 

tendency is represented in Fig. 40. As the criteria for capacity 

calculation, small displacement criteria render the yield envelope 

closer to an ellipsoid, while large criteria to a paraboloid. 
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Table 5 Regression results for different maximum capacity 

criteria 

Displacement criteria 𝐻𝑛𝑜𝑟
𝑎 𝑀𝑛𝑜𝑟

𝑏 

0.04B 1.508 1.467 

0.07B 1.239 1.216 

0.10B 1.140 1.075 

 

 

                   a)                             b) 

Fig. 40 Fitted results according to the convergence criteria; 

a) VH plane; b) VM plane 
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Chapter 4. Yield envelope in soft over stiff clay 

 

4.1. Introduction  

 

During the operation phase where the jack-up is designed, the 

leg penetrates and receives environmental loads under sufficient 

bearing capacity. Due to the environmental loads, the soil 

experiences loads in the V, H, and M directions. The study on the 

yield envelope, which determines the yield for these acting loads, 

has been conducted in Chapter 3. How the force-resultant yield 

envelope for V, H, and M in soft over stiff clay is different has been 

figured out.  

 

 

Fig. 41 Jack-up operation in overall procedure 

 

The fitted parameter values and the expression of yield envelope 

for the soft over stiff clay within the possible range have been 

presented in Chapter 3. The foundation model, which is a boundary 

condition for structural analysis, is a ground model that performs 

Arrival Preloading Unloading Operation
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structural-soil interaction analysis through the process of 

determining the reaction force of the soil by receiving the reaction 

force in real-time. Model B framework, the foundation model of clay, 

formulates not only the yield envelope that determines yield, but 

also the elasticity that defines the behavior before yield, the flow 

rule that determines the behavior in plasticity, and the hardening law 

that establishes the additional penetration of spudcan. Plastic 

displacement is calculated through the formulation of those relations, 

and this is reflected to simulate the plastic behavior of the soil. In 

this chapter, a study on elasticity has been conducted to determine 

the behavior in the elastic range before yield. Hyperbolic relation is 

suggested as the more realistic elasticity relationship than that of 

the existing model. Through this, spudcan behavior in the elastic 

region along with the yield envelope of Chapter 3 has been described. 

Through the yield envelope that determines the elastic region and 

the elasticity within the elastic region, it has been intended to 

accurately represent the behavior within the elastic region in soft 

over stiff clay. 

The existing model B is a work hardening plasticity-based 

numerical model for spudcan behavior on clay, as briefly described 

above. This concept of work hardening plasticity-based numerical 

model was first introduced in jack-up behavior by Schotman(1989) 

as model A. Afterward, elasticity, yield envelope, flow rule, and 

hardening law were improved overall by Martin(1994) and 

presented as model B. The model B presented an empirical yield 

envelope formula based on the results of the 1g experiment. After a 
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minor improvement, a yield envelope formula was proposed that 

included an eccentricity concept in a horizontal-rotation plane as a 

cigar-shaped shape. 

 

 

Fig. 42 Schematic diagram of model B in 𝑀−𝜃 graph 

 

 

Fig. 43 Schematic diagram of model B; a) Load path in yield 

envelope; b) Horizontal-rotational interaction term in elasticity 

 

In the elasticity relationship inside the yield envelope, 

Martin(1994) introduced terms related to interaction with horizontal 

and rotational directions (Eq. (13)). Through this, despite the linear 

diagonal term, it shows a characteristic that does not have a 

perfectly linear relationship in each material curve in the horizontal 

and rotational directions. 

HenvResponse (M)

iteration

Tangent stiffness

Yield envelope

a) b)
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 𝐾𝑒𝑙 = [

𝐾𝑣 0 0
0 𝐾ℎ 𝐾𝑐
0 𝐾𝑐 𝐾𝑚

] = [

𝑘𝑣𝐺𝑅 0 0

0 𝑘ℎ𝐺𝑅 𝑘𝑐𝐺𝑅
2

0 𝑘𝑐𝐺𝑅
2 𝑘𝑚𝐺𝑅

3

] (13) 

 

The model B expresses plasticity by calculating the plastic 

displacement of the soil. First, if displacement is given through 

global jack-up analysis, it is assumed to be elastic, and response is 

calculated by using elasticity relation. If the calculated response is 

in the plastic region outside the yield envelope, an iterative 

calculation is performed. Elasticity, yield envelope, flow rule, and 

hardening law are all formulated and used for iterative calculation. 

Plastic displacement is calculated through iteration, and design point 

and tangent stiffness are calculated using this value. These 

calculated values are the result of this step and are used to calculate 

the next step in the global jack-up analysis. Through this process, 

model B proposed a plasticity framework reflecting each equation. 

Modified model B is the state-of-art yield interaction model for 

clay that has improved model B. The plasticity framework of the 

model B was used as it was. Still, the model was improved, 

considering the backflow and surrounding soil in spudcan behavior. 

The modified model B is proposed by Zhang et al. (2014b) and is 

applied not only to single clay but also to various multi-layered soils 

containing clay in subsequent studies. 
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Fig. 44 Schematic diagram of modified model B; 

a) Load path in yield envelope; b) Modified model B in 𝑀−𝜃 graph 

 

First, Zhang et al. (2014b) proposed a yield envelope equation 

considering tensile capacity through a centrifuge model test and 

suggested the coefficients for this expression. In the improved yield 

envelope, horizontal and rotational capacity remained even when the 

vertical load is zero due to tensile capacity. In actual single clay, 

capacity remains even when there is no vertical load due to backflow 

and adhesion after the penetration, and this phenomenon was 

reflected. The elastic relationship and plasticity are the same as that 

of the existing model B of Martin (1994), but the necessary 

coefficients for the elastic relation were presented for a single clay 

in various embedments and properties. Accordingly, improvements 

have been made to simulate the behavior of spudcan more accurately 

in a single clay. 

Vlahos et al. (2006) simulated a non-linear relationship rather 

than a linear relationship as the elastic behavior within the yield 

envelope. In the rotational direction, the stiffness decreases as 

rotation occurs, and the hysteresis curve in the elastic region is 

Yield envelope iteration

a) b)
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simulated through this (Eq. (14)). To simulate this strength 

degradation, Vlahos et al. (2006) introduced the hyperplasticity 

theory to simulate the rotational direction spring, which adopted the 

thermomechanical principle to formulate soil plasticity. The spring-

slider element suggested in the hyperplasticity theory, the non-

linear spring in the rotational direction is simulated (𝐸𝑁∗
𝑡 ). In contrast, 

the horizontal and rotational interaction term of the elastic relation 

is removed for simplicity. Hyper-model B with this nonlinear 

rotational spring was introduced. 

 

 𝐾𝑒𝑙 = [

𝑘𝑣𝐺𝑅 0 0
0 𝑘ℎ𝐺𝑅 0

0 0 8𝐸𝑁∗
𝑡 𝐺𝑅3

] (14) 

 

 

Fig. 45 Schematic diagram of Hyper-model B; 

a) Load path in yield envelope; b) Hyper-model B in 𝑀−𝜃 graph 

 

Like the previous yield interaction model, Hyper-model B has 

the same plasticity framework because it is based on existing model 

B. First, the response is calculated according to elastic relation and 

Yield envelope

Hyperbolic

iteration

a) b)
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displacement. At this time, the moment of rotation is calculated 

according to the hyperbolic relationship. At this time, if the response 

is in the plastic region, iterative calculations are performed as well, 

and the plastic displacement is calculated. And the reaction force 

and moment also decrease accordingly. In this process, hyperbolic 

relations are used. 

In this chapter, hyperbolic model B is proposed, which extends 

the nonlinear hyperbolic relation in the elastic region in the 

horizontal and rotational directions and presents the coefficients for 

this. The existing Hyper-model B applied a nonlinear relationship 

only to the direction of rotation; however, the proposed model has 

extended it in the horizontal direction and added the interaction 

terms of horizontal and rotational directions (Eq. (15)). In addition, 

the state-of-art model for single clay proposed by Zhang et al. 

(2014b) has been combined and applied. 

 

 𝐾𝑒𝑙 = [

𝑘𝑣𝐺𝑅 0 0

0 𝒇𝑲𝒉(𝒖) 𝑓𝐾𝑐(𝜃)

0 𝑓𝐾𝑐(𝜃) 𝒇𝑲𝒎( )
] (15) 

 

 

Fig. 46 Schematic load path in Yield envelope 

 

Yield envelope
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Fig. 47 Hyperbolic model B in a) 𝐻−𝑢; b) 𝑀−𝜃 graph 

 

The yield envelope for the soft over stiff clay presented in 

Chapter 3 has been applied. Also, the nonlinear hyperbolic relation 

can be used not only to the moment-rotation but also to the 

horizontal force-displacement relation. The interaction terms of the 

horizontal and rotational direction of the elastic relation of the model 

B is considered as a function of rotation. In the plastic region, the 

existing model B plasticity framework is used as it is. So the 

response is calculated according to the given nonlinear elastic 

relation within the yield envelope, and the plastic displacement is 

calculated to simulate the behavior outside the yield envelope. At 

this time, the nonlinear hyperbolic relation is determined by the 

initial stiffness and capacity. In particular, the initial stiffness can 

vary significantly depending on the criteria. Accordingly, a 

regression model has been proposed to present the initial stiffness 

for the soft over stiff clay. When using the hyperbolic model B 

presented in this chapter, the regression model and fitting results 

are expected to be used for nonlinear hyperbolic relations. 

 

Hyperbolic Hyperbolic

iteration
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4.2. Model B with hyperbolic elastic curve  

 

Hyperbolic backbone curves have often been used to express 

ground hysteresis behavior (Vlahos et al., 2006; Huang, 2020). The 

equation of the hyperbolic curve is as follows in Eq. (16). 

 

 𝑓ℎ𝑦𝑝𝑒𝑟(𝑥) =
𝑥

𝑎 + 𝑏𝑥
 (16) 

 

This hyperbolic curve equation has been used to express the 

strength degradation in the horizontal and rotational directions. In 

Chapter 3, the combined loads analysis of the single spudcan has 

been performed. Spudcan penetration has been simulated, and then 

reaction force and moment have been calculated through a horizontal 

and rotational motion under a specific vertical force with the 

maximum capacity. In this chapter, H-u and M-θ relationships are 

assumed to be hyperbolic, and this relation is fitted to those results 

of single spudcan analysis. The model B with hyperbolic elastic 

curve is proposed as Hyperbolic model B. 

First, the hyperbolic expression has been formulated using 

physically meaningful parameters (Eq. (17), (18)). 

 

 
𝐻(𝑢) =

u

(
1
𝐾ℎ
+
1
𝐻𝑜
𝑎𝑏𝑠(𝑢))

 
(17) 
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𝑀(𝜃) =

𝜃

(
1
𝐾𝑚

+
1
𝑀𝑜
𝑎𝑏𝑠(𝜃))

 
(18) 

 

where, 𝐾ℎ and 𝐾𝑚 are initial stiffness, respectively, and mean the 

slope at u=θ=0. 𝐻𝑜  and 𝑀𝑜  mean the capacity and converged 

value at u=θ=∞. Each soil parameter is presented in Fig. 48. 

 

 

Fig. 48 load-displacement curve from single spud. LDFE 

 

The results of fitting according to the proposed equation are 

shown in Fig. 49, Fig. 50 and Table 6. In one of several cases, the 

results of single clay and soft over stiff clay at w=2.2B has been 

selected. 
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Fig. 49 Fitting results in single clay; 

a) horizontal direction; b) rotational direction 

 

 

Fig. 50 Fitting results in soft over stiff clay; 

a) horizontal direction; b) rotational direction 

 

Table 6 soil parameter of single clay and 

soft over stiff clay(MWS2P) 

 Single clay Soft over stiff clay 

𝐾ℎ 473.90 MN/m 622.90 MN/m 

𝐻𝑜 24.20 MN 26.16 MN 

𝐾𝑚 19760 MNm/rad 35080 MNm/rad 

𝑀𝑜 121.40 MNm 165.20 MNm 
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As shown in the Fig. 49 and Fig. 50, the fitted hyperbolic curve 

(blue dashed line) fits the single spudcan analysis (black line) result. 

When it is assumed to be elastic-perfectly plastic (red dotted line), 

the strength degradation is poorly expressed. The effect of lower 

stiff clay on soil parameters obtained through fitting is well revealed. 

In Chapter 3, vertical and rotational capacity with downward motion 

have increased in soft over stiff clay due to squeezing effect. In the 

case of soil parameters obtained through the fitting, the horizontal 

capacity does not change much, while the moment capacity 

increases. Initial stiffness is a parameter that determines the initial 

part of the material curve. Both the horizontal and rotational 

stiffness increases due to the influence of the lower stiff clay. In 

particular, the rotational stiffness affected by the surrounding soil 

increases significantly. The fitting results for different embedments 

and properties of lower clay are as follows. 

 

Table 7 Fitted result about horizontal initial stiffness (MN/m) 

𝐾ℎ SWP MWS2P MWS3P MWS4P 

1.8B 415.73 478.01 505.89 522.12 

2.0B 444.22 605.58 706.74 759.16 

2.2B 455.64 646.88 918.74 1014.40 

2.4B 524.81 806.74 1661.17 2502.79 
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Table 8 Fitted result about rotational initial stiffness (MNm/rad) 

𝐾𝑚 SWP MWS2P MWS3P MWS4P 

1.8B 12829 19214 22400 23646 

2.0B 17366 27448 36762 41904 

2.2B 17581 30432 41698 18796 

2.4B 17711 35113 44346 75547 

 

Table 9 Fitted result about horizontal capacity (MN) 

𝐻𝑜 SWP MWS2P MWS3P MWS4P 

1.8B 18.73 18.47 18.61 18.65 

2.0B 21.32 21.67 21.54 21.50 

2.2B 24.62 25.96 28.98 32.77 

2.4B 28.03 28.62 35.42 44.42 

 

Table 10 Fitted result about rotational capacity (MNm) 

𝑀𝑜 SWP MWS2P MWS3P MWS4P 

1.8B 99.44 97.99 97.28 96.62 

2.0B 108.87 117.26 116.85 116.14 

2.2B 127.63 174.68 183.34 299.08 

2.4B 140.84 175.32 227.13 284.55 
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4.3. Regression model of initial stiffness 

 

To define the horizontal and rotational hyperbolic relations in 

Hyperbolic model B, two parameters, initial stiffness and capacity, 

should be determined. It is not easy that the response reaches the 

capacity in the jack-up analysis, because combined loads are 

applied to the soil and the capacity is the yield condition of a single 

dof. Initial stiffness, dominant factor of the initial phase of the 

material curve, is very important in this respect. However, the initial 

stiffness is determined by the response at a small strain, and the 

value varies greatly depending on the criteria of the displacement 

causing the small strain. 

 

 

Fig. 51 Difficulties in determination of initial stiffness; 

a) initial stiffness of two different criteria; b) enlarged graph 

 

The Fig. 51 shows that the initial stiffness may vary depending 

on the criteria. The smaller the displacement interval yields the 

larger the stiffness. It seems that the blue slope at a larger reference 

reveals the overall shape better in overall shape. In contrast, when 
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it is enlarged(Fig. 51(b)), it can be confirmed that the red slope is 

the better representative of the slope at the beginning. This 

difference in the initial slope also causes a difference in the 

hyperbolic curve using the corresponding value. Even if the capacity 

is the same, the difference in the initial slope can cause a large 

difference in the early stage as shown in the Fig. 51(b). As the 

displacement increases, it converges to the same capacity, but 

differences occur in small displacements where jack-up analysis 

experiences actually, which means that hyperbolic relations can be 

greatly affected by soil parameters. Although the initial stiffness 

obtained through centrifuge model tests or other methods is the 

correct value, if used differently in the hyperbolic model according 

to the criteria, the results may not be validated. This study has 

presented a regression model for initial stiffness in soft over clay 

that can be used in hyperbolic model B. Equations are presented so 

that the corresponding parameters can be used in the range of the 

given embedments and the lower clay properties. 

Before presenting the regression equation, two variables that can 

reveal spudcan in soft over stiff clay have been selected. In chapter 

3, the impact of the lower stiff clay has been analyzed by dividing it 

into the properties of lower clay and embedment. In the regression 

model of this chapter, two variables have been selected, undrained 

shear strength ratio and depth ratio, for the purpose of clarifying the 

effects of normalization and lower stiff clay. 
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 und ained shea  st ength  ati =
𝑠𝑢,𝑠𝑡𝑖𝑓𝑓

𝑠𝑢,𝐻
 (19) 

 depth  ati =
𝑤

𝐻
 (20) 

 

 

Fig. 52 Two variables in regression model 

 

The undrained shear strength ratio refers to the ratio of the 

undrained shear strength of the upper soft clay and the lower stiff 

clay at the boundary (Eq. (19)). The effect of the lower clay can be 

normalized and expressed using the ratio of undrained strength. A 

regression model has been proposed for the lower stiff clay, which 

is 1 to 4 times harder than the upper clay. The depth ratio means 

the ratio of the depth of penetration to the height of the upper clay 

(Eq. (20)). Simple penetration depth cannot clearly present the 

relationship with the lower stiff soil, and for this purpose, the depth 

ratio has been selected by including the location of the lower stiff 

clay. A regression model has been proposed for depth ratios from 

0.9 to 1.2, and in particular, when looking at the results of chapter 

3, it is expected that the depth ratio of 0.9 or less will only affect 
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the upper soft clay and not the lower clay. This selected range can 

cover the bearing pressure of a typical jack-up. 

For the selected undrained shear strength ratio and depth ratio, 

fitting has been performed for the combined loads analysis results 

in the horizontal and rotational directions. The soil parameters 

obtained through these fittings are listed in the Table 7 ~ Table 10. 

 

Fig. 53 Horizontal material curve obtained from single spudcan 

analysis and fitted results; a) SWP; b) MWS2P 

 

 

Fig. 54 Horizontal material curve obtained from single spudcan 

analysis and fitted results; a) MWS3P; b) MWS4P 
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The result of varying embedment according to the properties of 

the lower stiff clay has been shown for the H-u curve in the 

horizontal direction. The fitting result is shown as a solid black line. 

For all cases of SWP, MWS2P, MWS3P, and MWS4P, it has been 

confirmed that the deeper the penetration depth, the greater the 

initial stiffness and the capacity, which are the slope at the origin 

and the convergence value, respectively. This significant increase 

occurs in MWS3P and MWS4P, which have a large impact by the 

lower stiff clay. In addition, it is shown that the increase is large at 

w=2.2B and 2.4B. 

 

 

Fig. 55 Schematic diagram of horizontal reaction force acting on 

the spudcan at; a) w=1.8B; b) w=2.4B 

 

As mentioned in Chapter 3, horizontal capacity is greatly 

influenced by the overlapped area with lower stiff clay. As shown in 

the figure, at w=1.8B, spudcan does not meet the lower stiff clay, 

so the soft clay applies the small reaction force. However, at 

w=2.4B, spudcan overlaps much with the lower stiff clay, and the 
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stiff clay applies a corresponding large reaction force. The 

horizontal capacity increases significantly in 2.2B and 2.4B, where 

overlapped areas are increased due to the large reaction force from 

the stiff clay. 

 

 

Fig. 56 Rotational material curve obtained from single spudcan 

analysis and fitted results; a) SWP; b) MWS2P 

 

 

Fig. 57 Rotational material curve obtained from single spudcan 

analysis and fitted results; a) MWS3P; b) MWS4P 
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The result of varying the embedment according to each lower 

stiff soil is shown for the M-θ curve in the rotational direction in 

Fig. 56 and Fig. 57. The fitting result is shown as a solid black line. 

As in the horizontal direction, The initial stiffness, which is the slope 

at the origin, and the capacity, which is the convergence value, 

increases as the depth of penetration increases for all cases of SWP, 

MWS2P, MWS3P, and MWS4P. 

 

 

Fig. 58 Schematic diagram of rotational reaction moment acting 

on the spudcan at; a) w=1.8B; b) w=2.4B 

 

The reaction moment increases more than the horizontal reaction 

force due to the downward motion of one side to the lower stiff clay. 

This increase is particularly pronounced in 2.2B and 2.4B, which 

also depends on the location of the spudcan. When the spudcan is 

located at 1.8B, the side with downward motion will be affected by 

squeezing. However, when the spudcan is located at 2.4B, the side 

with downward motion is only affected by the stiff clay, and the 

reaction force increases accordingly. On the other hand, the side 
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with upward motion is affected by soft clay and has little influence. 

Due to this effect, the stiffness and capacity in the rotational 

direction also have a more considerable value as the penetration 

depth increases and the lower clay is stiffer. 

Initial stiffness and capacity for hyperbolic relations are 

calculated by the fitting from the results of single spudcan LDFE 

analysis. The following regression model is presented for the initial 

stiffness calculated as above. 

 

 𝑘ℎ = 0.15(
𝑠𝑢,𝑠𝑡𝑖𝑓𝑓

𝑠𝑢,𝐻
)

2.15

(
𝑤

𝐻
)
14.78

+ 1.04(
𝑠𝑢,𝑠𝑡𝑖𝑓𝑓

𝑠𝑢,𝐻
) +  .0  (21) 

 
𝑘𝑚 = 1 .8 (

𝑠𝑢,𝑠𝑡𝑖𝑓𝑓

𝑠𝑢,𝐻
)(
𝑤

𝐻
− 0.85)

0.53

+ 1.01(
𝑠𝑢,𝐻
𝑠𝑢,𝑠𝑡𝑖𝑓𝑓

− 2. 0) 

                                +4.50 

(22) 

 

The regression model is presented for the stiffness coefficient 

concept presented by ISO (Eq. (21), (22)). The actual fitting has 

been performed for Kh and Km, but an equation for the normalized 

coefficient is provided to be applied to general properties and 

spudcan (Eq. (23), (24)). Shear modulus (G) and spudcan radius (R) 

have been used for normalization. G used at this time has been 

calculated by using the general relation with E and the relationship 

with su (Eq. (25)). GH uses the upper soft clay properties at the 

boundary for the normalization (Eq. (26)). The properties of the 

lower clay have been considered in the regression model through 

the undrained shear strength ratio variable. Therefore, when 
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normalizing using the upper soft clay property, all the properties of 

soft over stiff clay can be considered. 

 

 𝐾ℎ = 𝑘ℎ𝐺𝐻𝑅 (23) 

 𝐾𝑚 = 𝑘𝑚𝐺𝐻𝑅
3 (24) 

 𝐺 =
𝐸

2(1 + 𝜈)
=

500

2(1 + 𝜈)
𝑠𝑢 (25) 

 𝐺𝐻 =
500

2(1 + 𝜈)
𝑠𝑢,𝐻 (26) 

 

 

Fig. 59 Accuracy of regression model about initial stiffness 
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4.4. Hysteresis curve 

 

The results from the LDFE analysis and that from the regression 

model are shown in the Fig. 59. In the Fig. 59, the x-axis represents 

the results from LDFE, and the y-axis represents the results from 

the regression model. The diagonal dotted line is a set of points 

where both results are the same, that is, the closer to this dotted 

line, the higher the accuracy of the regression model. Stiffness 

coefficients in both horizontal and rotational directions are shown. 

Both results are close to the linear dotted line. This means that the 

regression model expresses the initial stiffness well within the 

range (0.9~1.2 of depth ratio, 1~4 of undrained shear strength 

ratio). 

The hyperbolic curve is introduced in the horizontal and 

rotational directions, and a backbone curve and hysteresis relation 

can be implemented in the elastic region. Bolisetti(2014) used 

hyperbolic backbone curves and implemented the hysteresis relation 

of the soil using the Masing rule (Masing, 1926). Masing rule is 

about material curves to be followed when loading and unloading and 

is divided into three rules. 
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Fig. 60 Masing rule (Masing, 1926) for hysteresis curve 

 

First, the initial loading follows the backbone curve. In this study, 

since the hyperbolic relation is adopted for the nonlinear material 

curve, the hyperbolic backbone curve has been used for 

implementation. The blue LDFE result(Fig. 60) can be seen as the 

initial loading, and it is shown to follow the hyperbolic backbone 

curve well. Second, after unloading occurs at a certain point, the 

material curve follows the reversal curve. The reversal curve is 

twice the enlarged backbone curve in the opposite direction (Eq. 

(27)). 
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𝑀−𝑀𝑟
2

= 𝐹 (
𝜃 − 𝜃𝑟
2

) (27) 

 

Finally, if unloading continues along this reversal curve, the 

backbone curve meets again at the origin symmetric point with the 

point where the unloading started. From this intersection point, the 

material curve follows the backbone curve again, not the reversal 

curve. Loading and unloading are repeated accordingly, and the 

hysteresis curve is made around the backbone curve. 

This Masing rule is identical to the ideal hysteresis curve in 

general materials. The hyperbolic model B has been designed to 

express the hysteresis curve in the horizontal and rotational 

direction under repeated loads by implementing the hysteresis curve 

through the Masing rule. In the case of Modified model B, a linear 

relationship is used in the elastic region except for the interaction 

term, so the loading and unloading curves in the elastic region are 

almost the same. However, jack-up structure is frequently 

subjected to wave-like repetitive loads, and not only large loads 

that cause yield but also repetitive loads in the elastic region are 

important in terms of fatigue strength. In the hyperbolic model B, 

the nonlinear hyperbolic relationship and the hysteresis curve have 

been used to accurately simulate the response to repeated loads in 

the elastic region. 
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Chapter 5. Validation with structural analysis of 

jack-up using different foundation models 

 

5.1. Introduction  

 

The structure-ground interaction model among the foundation 

models of jack-up is the secant model, yield interaction model, and 

soil continuum model. Chapter 3 has studied the yield envelope of 

soft over stiff clay which can be used in the secant model and the 

yield interaction model. The characteristics of the yield envelope in 

soft over stiff clay have been analyzed and the yield envelope 

expression and corresponding coefficients have been presented. In 

Chapter 4, the elastic relationship that determines the behavior in 

the elastic region has been improved in the yield interaction model. 

Strength degradation in the elastic region has been implemented 

through hyperbolic relations, and soil parameters applicable to soft 

over stiff clay have been introduced in the form of regression model 

and tables. 
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Fig. 61 Jack-up operating phase considered in Chapter 5 

 

In Chapter 5, LDFE has been used to implement the soil 

continuum model. Structure-soil interaction analysis with soil 

continuum model has been performed. The yield interaction model 

in soft over stiff clay presented in Chapters 3 and 4 has been 

validated with the soil continuum model. The complicated structure-

soil interaction model, yield interaction model and soil continuum 

model, have been presented that it can be applied to single clay and 

soft over stiff clay. In order to perform the jack-up structural 

analysis under the environmental loads during the operation phase, 

the penetration of the jack-up structure should be first simulated. 

Penetration procedure and corresponding disturbed soil properties 

are reflected in this chapter (Fig. 61). 
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5.2. User element (UEL)  

 

5.2.1. Implementation of model B 

 

The elasto-plastic framework of the model B, which is the basis 

of modified model B and hyperbolic model B, has been implemented 

first in order to perform structural analysis using the yield 

interaction model. For the explicit formulation of the model B, Vlahos 

et al. (2008b) is referred. The macro element reflecting the 

formulated expression has been implemented using the user element 

subroutine of Abaqus. UEL subroutine can directly define the 

constitutive equation of element, and thus the relationship between 

load and displacement for multiple dof. In particular, the model B, 

which is the yield interaction model of clay, is effectively 

implemented through the user element because it is necessary to 

perform repetitive calculations using displacement and reaction 

forces, and define elastic and plastic relations, respectively. 

 



 

 １１７ 

 

Fig. 62 Iterative procedure in macro element of the model B 

 

First, the displacement of the increment from the global jack-up 

analysis of Abaqus is inputted. In the corresponding increment, the 

response is temporarily calculated according to the elastic 

relationship (𝑲𝑒𝑙) of the model B using the previously received 

displacement, and the value is defined as the trial load state (𝑭𝑡𝑟𝑖𝑎𝑙). 

𝑭𝑡𝑟𝑖𝑎𝑙  is substituted to the force-resultant yield envelope to 

determine whether the trial load state is in the elastic region or the 

plastic region. If the load state is in the yield envelope, it is elastic, 

so the elastic stiffness of the model B becomes tangent stiffness, 

and the trial load state becomes the final load state. However, if the 

trial load state is outside the yield envelope, iteration begins because 

it is plastic. The purpose of this iteration is to calculate the plastic 

displacement, so the elasticity, yield envelope, flow rule, and 

hardening law are considered in the interactive calculation. The 

𝒖
 𝒖

 Assume  𝒖 =  𝒖𝑒 +  𝒖𝑝
 Elasticity

Yield envelope

Flow rule

Hardening law

𝑭𝑡𝑟𝑖𝑎𝑙 = 𝑲𝑒𝑙 𝒖+   
𝑓 𝑭𝑡𝑟𝑖𝑎𝑙

Plastic disp.  𝒖𝑝
𝐾𝑡𝑎𝑛𝑔𝑒𝑛𝑡  𝒖𝑝

Input Macro-element

𝑲𝑡𝑎𝑛𝑔𝑒𝑛𝑡
𝑭 𝒖, 𝒖𝑝

Formulation

Iteration

  𝒖𝑝 = 0

 Elasticity

𝑲𝑡𝑎𝑛𝑔𝑒𝑛𝑡 = 𝑲𝑒𝑙

Elastic

Plastic
𝑓  0

𝑓  0

Output

𝑲𝑡𝑎𝑛𝑔𝑒𝑛𝑡

𝑡

𝑡 +  𝑡

𝒖𝑡  t
 𝒖𝑡  t

𝑡 −  𝑡

𝑲𝑡𝑎𝑛𝑔𝑒𝑛𝑡

𝑭 𝒖, 𝒖𝑝

𝑭

𝒖



 

 １１８ 

plastic displacement is finally calculated through the iterative 

calculation, and the total displacement is divided into elastic 

displacement and plastic displacement. The tangent stiffness is 

defined as a function of plastic displacement, and the load state is 

placed on the yield envelope through repeated calculations. This 

load state at this time is calculated from the elastic displacement. 

The calculated tangent stiffness and load state (response) become 

the load-displacement relationship in the corresponding increment. 

This information is transferred to the global jack-up analysis, where 

checks the analysis convergence and calculates the displacement of 

the next increment, and the same process is repeated. 

 

 

Fig. 63 Schematic diagram of yield envelope check 

using trial load state (𝑭𝑡𝑟𝑖𝑎𝑙) 
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There are six cases where a trial load state can place on, among 

which two cases outside the yield envelope need the iteration(Fig. 

63). After the plastic displacement is calculated through the iterative 

calculation, the final load state is placed on the yield envelope. In 

this procedure, the flow rule determines the direction and speed of 

approaching the yield envelope. If additional penetration in the 

vertical direction should be needed during this process, the vertical 

compression capacity is changed and the yield envelope and 

accompanying other equations are recalculated in consideration of 

this. Four plasticity equations, including elasticity which is the 

elastic relationship that determines the behavior within the elastic 

region, each play a role in the model B framework. 

 

5.2.2. Validation of macro element 

 

The model B implemented through the UEL in the Abaqus 

commercial program has been validated. First, the swipe test 

performed in Chapter 3 has been selected as a verification case as 

it has been to see if the result calculates well (Fig. 64). 
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Fig. 64 Loading sequence of the swipe test 

 

 

Fig. 65 Swipe test results in a) VH plane; b)VM plane 

 

The vertical, horizontal, and rotational capacity and yield 

envelope entered in the subroutine are shown in dotted lines in the 

picture. As a result of the swipe test of the UEL, it has been 

confirmed that the results (circular point) follow the dotted line well. 

This well-matched result indicates that the input entered into the 

UEL is implemented as it is (Fig. 65). 

Validation using jack-up structural analysis should be performed 

on whether the macro element is well implemented. 2D jack-up 

H

M
V

Implemented Model B element
based on 2D/3D beam

Compression

Yield envelope input
Swipe test using UEL

Compressive
swipe test

a) b)



 

 １２１ 

analysis in Vlahos et al. (2008b) has been selected as a validation 

case. Validation on the simplified jack-up is conducted and then 

expanded into a 3D case to compare the results. 

 

 

Fig. 66 2D Jack-up validation case; 

a) Schematic diagram of validation case; 

b) Soil responses of macro element and Vlahos(2008) 

 

The environmental load is 7MN, and the applied vertical load is 

50MN in the validation case. The capacity of each direction given in 

reference has been used as it is. The results of Vlahos et al. (2008b) 

are shown as a mark (o, +) in the Fig. 66. As a result, yielding at 

about Henv=4MN and moment failure of the leeward leg has been 

simulated well. In addition, the reaction force in the vertical and 

horizontal directions of the macro element follows the reference 

results well. 
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The same validation case has been used in expanded 3D UEL. 3D 

yield envelope equation (Eq. (28)) using symmetric conditions has 

been used (Bienen and Cassidy, 2006). 

 

 

𝑓 = (
𝐻2
𝐻𝑜
)
𝛼

+ (
𝑀3
𝑀𝑜
)
𝛽

− 2𝑒
𝐻2
𝐻𝑜

𝑀3
𝑀𝑜
+ (
𝐻3
𝐻𝑜
)
𝛼

+ (
𝑀2
𝑀𝑜
)
𝛽

 

    +2𝑒
𝐻3
𝐻𝑜

𝑀2
𝑀𝑜
+ (

𝑄

𝑄𝑜
)
2

− (
4

(1 + 𝜒)2
)
2

(
𝑉

𝑉𝑜
+ 𝜒)

2

(1 −
𝑉

𝑉𝑜
)
2

 

(28) 

 

The sign of horizontal and rotational direction is changed according 

to the sign convention, and a torsion term(Q) is added. As a result 

of performing the validation case analysis using this equation, the 

same result of the 2D UEL code result has been obtained. Through 

this validation process, it has been confirmed that the macro element 

using UEL subroutine can effectively implement the existing model 

B. Modified model B (state-of-art model) and hyperbolic model B 

presented in this study have been implemented based on the existing 

model B subroutine. These implemented yield interaction models are 

used in this chapter for the structure-soil interaction analysis. 
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5.3. Single clay at deep embedment  

 

5.3.1. Jack-up structure 

 

Jack-up, corresponding to the spudcan used in Chapter 3, has 

been selected for modeling of jack-up structure (Menzies and Roper, 

2008). MLT 116C (Fig. 67) is a jack-up oil platform with leg length 

= 125.08m, leg spacing 39.32m, hull length 74.09m, and breadth 

61.11m.  

 

 

Fig. 67 Jack-up structure used in numerical analysis; 

a) Jack-up oil platform (MLT-116C); 

b) Simplified spudcan used in Chapter 3 

 

However, it is challenging to know detailed information about this 

actual jack-up, so the similar-sized jack-up used in the other 

research has been selected. Zhang et al. (2014a) presented a 

13.5m

a) b)
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detailed specification of the jack-up structure used for verification 

of modified model B. Given detail has legs with 120m length and 

37.87m spacing and spudcans with 14m equivalent diameter. This 

model closely resembles the leg and spudcan specification of MLT 

116C, which is referred in this study. Therefore, corresponding leg 

section information and stiffness have been used in this study model. 

The second moment of area of the leg modeled by the equivalent 1D 

beam in the reference is 7.2m4, and this study assumes a 

rectangular-shaped section of 3.05 m with the same second section 

moment. In the case of Hull, the reference gives as a 1D beam with 

a second section moment of 72m4, and similarly, in this study, the 

hull structure is modeled with a rectangular-shaped section of 5.42 

m with the same second moment of area. The elastic modulus and 

shear modulus of the leg use the value of 200 GPa and 80 GPa, 

respectively, which are common steel values. 

 

5.3.2. FE model used in single clay analysis 

 

The FE model used in structure-soil interaction analysis using 

the soil continuum model is shown in the figure.  
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Fig. 68 FE model used in single clay analysis;  

a) Starting position; b) Penetration; c) Environmental load analysis 

 

First, jack-up penetrates from the seabed to the target location 

of 2.2B (Fig. 68(b)). The penetration process simulating the jack-

up installation phase has been performed at a 0.2 m/s (=0.015 B/s) 

of penetration rate. After penetration and positioning at the target 

position, structure-soil interaction analysis has been performed by 

applying an environmental load (Fig. 68(c)). The weight of the 

jack-up structure has been applied to the hull-leg joint as a vertical 

point load. In the case of environmental loads, a load has been 

applied to the 105m position (airgap 15m) from the spudcan, 

assuming the water depth. The environmental load has been applied 

until the structure failure, so a total of 15MN has been applied by 

combining the three legs. 
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Fig. 69 FE model of jack-up structure 

 

The details of the jack-up structure are as follows (Fig. 69). An 

equivalent beam model has been used for the jack-up model 

consisting of leg and hull. This model called stick model has been 

proposed as one of the leg model types, which can be used for 

structural analysis in ISO (2012). The stick model can calculate the 

global response of jack-up, such as base shear and overturning 

moment, and global leg force such as bending moment, and 

overturning check and foundation check are also possible because 

the overall soil reaction response and displacement are calculated. 

However, since detailed modeling of leg members has not been 

performed, it is impossible to calculate local response like member 

forces of legs, hulls, jacking unit, and fixation system. The beams 

JU leg
(beam)

JU hull (beam)

6-dof
coupling

Spudcan
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that make up the legs and hulls are modeled as Timoshenko beams 

that allow transverse shear deformation (Fig. 70(a)). 

 

 

Fig. 70 Analysis condition of jack-up structure; 

a) Applicability of leg stick model suggested in ISO(2012); 

b) spudcan assumed as rigid body 

 

Spudcan is a steel structure that transfers reaction force and 

moment by directly performing interaction with the soil. For 

simulating the structure-soil interaction through the CEL technique, 

spudcan has been modeled using 3D solid elements. The lagrangian 

mesh comprises C3D6 and C3D8R elements. The local strength of 

the spudcan has a minimal effect in terms of overall structural 

Ref. ISO(2012), Table A.8.2-1

Reference point
= Load reference point

in combined load analysis 

Rigid link

a)

b)



 

 １２８ 

strength. Therefore, spudcan is assumed to be rigid to clarify the 

structure-soil interaction without compromising the accuracy of the 

global analysis. The load reference point(LRP) of spudcan becomes 

a rigid link (Fig. 70(b)), and this point has been connected to the 

lower part of the leg through 6-dof coupling. 

 

 

Fig. 71 FE model of soil continuum 

 

The soil continuum has been modeled as 3D soild to perform 

LDFE analysis through CEL. The eulerian mesh comprises the 

EC3D8R element. Tresca model incorporating strain softening and 

rate dependency is used for modeling clay. This nonlinear clay 

model has been introduced in Chapters 2 and 3. Soil domain has been 

modeled large enough to avoid boundary effects, width 10 times the 

spudcan diameter, and height 5.5 times the spudcan diameter (Fig. 

71). 
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Fig. 72 Mesh convergence test in jack-up analysis 

 

The element size has been determined to be 0.065B considering 

the computational cost and the accuracy of the analysis. As the 

element size increases, the analysis time decreases, but the 

accuracy of the analysis also decreases. Large-sized element 

typically shows that the bearing capacity value increases (Fig. 72). 

An element size of 0.065B, which shows similar results compared 

to 0.05B used in single spudcan analysis, has been adopted. 
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Table 11 Soil properties used in single clay analysis 

 Value Remarks 

𝛾′ 5.36 kN/m3 Unit weight 

𝑠𝑢𝑚 2.4 kPa 𝑠𝑢 at mudline 

𝑘 1.35 kPa/m 𝑠𝑢 slope with depth 

𝐸/𝑠𝑢 500 Rigidity index 

𝜈 0.49 Poisson’s ratio 

𝛼𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 0.35 Friction coefficient 

𝑆𝑡  (= 1/𝛿𝑟𝑒𝑚) 2.86 

[𝛿𝑟𝑒𝑚 + (1 − 𝛿𝑟𝑒𝑚)𝑒
−3𝜉/𝜉95] 

𝜉95 15 

𝑢 0.1 

[1 + 𝜇 l g (
𝑀𝑎𝑥(|�̇�|, �̇�𝑟𝑒𝑓)

�̇�𝑟𝑒𝑓
)] 

�̇�𝑟𝑒𝑓 1%/h 

 

The soil properties used in single layer modeling are shown in 

the Table 11. The single clay used in Chapter 3 has been used in the 

same way. It has been attempted to compare under the same 

conditions as the yield interaction analysis using soil parameters 

obtained from the single clay analysis performed in Chapter 3. 
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5.3.3. Yield interaction model used in single clay analysis 

 

jack-up structural analysis has been performed using the yield 

interaction model implemented in UEL and compared with the 

analysis results using the soil continuum model described above. 

The same model of jack-up structure with the soil continuum model 

in 5.3.2 has been used. This is for comparison of the differences 

according to the nonlinear foundation model in the same structure. 

 

 

Fig. 73 FE model for structure-soil interaction analysis with 

yield interaction model (model B) 

 

FE model of jack-up analysis using the yield interaction model 

is shown. The implemented user element is placed in the lower part 

of the jack-up leg as a 1D beam. Legs and user elements are 

User element
(modeled in beam)

Henv

Weight
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connected by 6-dof coupling like spudcan so that the reaction and 

displacement calculated from user elements can be transferred. The 

bottom of the user element is fixed so that only the user element 

reaction becomes the boundary condition of the jack-up structure. 

Two types of yield interaction models have been used to compare 

each other. First, hyperbolic model B, a proposed model for soft over 

stiff clay, has been used in this study. Although it is a proposed 

model for soft over stiff clay, it is thought that the hyperbolic 

relation in the elastic region will be effective even for single clay. 

And for comparison, the modified model B (Zhang et al., 2014b), 

which is a state-of-art model on a single clay, has been used. The 

difference between the proposed model and the latest model is 

analyzed in this chapter. 

 

Table 12 Soil parameter used in single clay analysis 

Capacity Value Stiffness Value 

𝑉𝑢𝑙𝑡 69.79 MN 𝐾𝑣 574.52 MN/m 

𝐻𝑜 24.20 MN 𝐾ℎ 473.90 MN/m 

𝑀𝑜 121.40 MNm 𝐾𝑚 19760 MNm/rad 

  𝐾𝑐 -120.27 MN/rad 

 

For comparison in the same criteria, both models use the same 

soil parameters (stiffness, capacity). Zhang et al. (2012) has 

suggested stiffness and capacity for single clay. However, if two 
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models using different parameters are compared, the difference in 

methodology becomes unclear. To remove the effect of soil 

parameters on the results, the soil parameters obtained through 

single spudcan analysis (Table 12) have also been used in modified 

model B. It has been intended to show the difference of the 

methodologically proposed model and existing model. 

 

5.3.4. Results 

 

The results of the jack-up analysis considering structure-soil 

interaction by using a nonlinear foundation model for single clay 

were compared. The results of the reaction force, moment, and 

displacement acting on the soil are shown in the figure. The results 

of the soil continuum model and two yield interaction models, 

described in 5.3.2 and 5.3.3 respectively, are shown in the figure. 

 

Fig. 74 Soil response in vertical direction of single clay 

analysis; a) Reaction force; b) Displacement 
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The Fig. 74 shows the vertical reaction force and displacement 

of the structure-soil interaction models. When an environmental 

load is applied, the whole structure rotates in the environmental load 

direction, so that the leeward leg shows the downward motion and 

the windward leg shows upward motion. This phenomenon is shown 

in the Fig. 74 about the vertical load and displacement. The reaction 

force of Leeward leg increases, and accordingly downward motion 

is shown in the vertical direction. The windward leg shows upward 

motion and the corresponding reaction force decreases accordingly. 

The load applied direction is the direction in which two of the three 

legs are leeward leg and one is the windward leg. Accordingly, it is 

shown that the displacement and reaction force of the windward leg 

are about twice as large as the leeward. 

 

 

Fig. 75 Soil response in rotational direction of single clay 

analysis; a) Reaction moment; b) Rotation 
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The Fig. 75 shows the rotational reaction moment and rotation of 

the structure-soil interaction models. In general, the soil 

experiences moment failure first among the other directions during 

jack-up behavior. That is the reason why the secant model 

introduced the concept of secant stiffness for moment stiffness. Soil 

continuum model (LDFE) and yield interaction results have also 

confirmed that failure occurs first in the rotational direction. When 

looking at the LDFE results, the increased rate of moment gradually 

decreases as the environmental load increases and eventually starts 

to fall near 4 MN. This moment failure occurs gradually, and the 

displacement also shows increasing the slope progressively. In the 

case of the yield interaction models, both models well predicted the 

moment failure. In particular, plasticity occurs in the case of the 

environmental load 5MN, where the failure of the structure occurs. 

In the hyperbolic model, strength degradation in the elastic region 

has been simulated through hyperbolic relation before plasticity 

occurred. Accordingly, the reaction moment gradually decreased as 

the environmental load increased, such as LDFE. In contrast, the 

modified model B shows that the reaction moment increased 

relatively linearly as the environmental load increased before yield 

occurs. Thus it has been confirmed that the moment is slightly 

overestimated at the yield point. In the case of displacement, 

hyperbolic model B results are gradually increased, but the 

difference between foundation models is not significant. 
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Fig. 76 Soil response of single clay analysis; 

a) Load path in VM plane; b) M-θ relationship of analysis 

 

The difference between the two yield interaction models is better 

shown in the Fig. 76(a). The load path for the vertical reaction force 

and the rotational reaction moment shows the difference between 

the two models before the yield point. In the case of Hyperbolic 

model B, the overall load path, including the gradual moment failure, 

follows the LDFE results relatively well, especially in the windward 

leg. In the case of modified model B, the behavior after the yield 

point is similar to that of the other two models. However, the 

behavior before yield is somewhat close to linear so that the 

difference is presented. 

Fig. 76(b) shows the moment-rotation material curve in the 

rotational direction where yield occurs. By using the same soil 

properties, the material curve obtained from single spudcan analysis 
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and that from jack-up structural analysis are almost identical. 

Hyperbolic model B using hyperbolic relation fitted from singe 

spudcan analysis follows the strength degradation before yield and 

moment failure after yield. However, the modified model B 

accurately simulates the plastic behavior after yielding, while the 

elastic behavior shows a curve close to linearity. Gradual moment 

failure in LDFE results has not been simulated in modified model B. 

 

5.4. Soft over stiff clay 

  

5.4.1. FE model used in soft over stiff clay analysis 

 

   

Fig. 77 FE model used in soft over stiff clay analysis; a) 

Starting position; b) Penetration; c) Environmental load analysis 

 

The FE model used in structure-soil interaction analysis using 

the soil continuum model is shown in Fig. 77. As a typical soft over 

stiff clay, the MWS2P case is selected, in which the physical 
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properties of the lower clay is twice as hard as the upper soft clay. 

After the penetration of the jack-up structure, the same load 

sequence with the single clay case is performed to apply the 

environmental load. The penetrated location of 2.2B and the 

penetration rate of 0.015B/s have also been the same. In the soft 

over stiff clay case, the soil profile, which is the main point of the 

analysis, has been changed, as well as the jack-up structure and the 

applied load. jack-up structure has been damaged by the impact due 

to lower stiff clay. To prevent this, the hull leg joint and spudcan-

leg joint have been reinforced. First, the hull-leg joint has been 

reinforced through additional brace structures to increase strength. 

In addition, the local spudcan-leg joint has been changed from the 

pipe section to the circular section to increase the strength without 

changing the outer diameter. Also, in the case of vertical load, the 

total load is the same, but the leg weight is applied as the distribution 

load. And as the soil properties changed, the environmental load 

reaching the failure of the structure has been changed. A total of 

19.5MN of the load has been applied to the leg by combining the 

three legs. 
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Fig. 78 Detailed FE model used in soft over stiff clay analysis 

 

As described above, the same jack-up structure and spudcan as 

single clay case are used in soft over stiff clay case. Jack-up 

modeling has been performed with a stick model using a Timoshenko 

beam. To use the CEL technique, the spudcan has been modeled as 

a 3D solid lagrangian model and assumed to be a rigid body for 

analysis clarity. Jack-up structure and spudcan is connected using 

6-dof coupling which transfers the reaction force, moment and 

Upper
soft clay

Lower
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coupling
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displacement. The whole soil domain has remained the same, and 

accordingly, the domain size and element size of the eulerian mesh 

is the same (Fig. 78). However, the soil domain has been divided 

into two layers to model the upper and lower clays. The upper layer 

is composed of the same soft clay as the existing single clay, and 

the lower layer is modeled by applying twice the undrained strength 

at the boundary of the upper soft clay. This is the same as the 

MWS2P case of Chapter 3, which is for comparison under conditions 

such as yield interaction analysis using soil parameters obtained 

from soft over stiff clay analysis performed in Chapter 3. Details are 

given in the Table 13. 

 

Table 13 Soil properties used in soft over stiff clay analysis 

 Value Remarks 

𝛾′ 7.46 kN/m3 Unit weight 

𝑠𝑢𝑚 77.81 kPa 
𝑠𝑢,𝑠𝑡𝑖𝑓𝑓 = 𝑠𝑢,𝐻 

Twice the upper clay strength 

𝑘 - Homogeneous soil (assumed) 

𝐸/𝑠𝑢 500 Rigidity index 

𝜈 0.49 Poisson’s ratio 

𝛼𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 0.35 Friction coefficient 
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5.4.2. Yield interaction model used in soft over stiff clay analysis 

 

 

Fig. 79 FE model used in soft over stiff clay cas for structure-

soil interaction analysis with yield interaction model (model B) 

 

The jack-up structure changed in 5.4.1 has been used in the 

yield interaction model for consistency (Fig. 79). The soil continuum 

model described in 5.4.1 and the jack-up analysis with yield 

interaction model with the same structure are compared. Like a 

single clay case, the user element with the yield interaction model 

is implemented as a 1D beam and placed at the bottom of the leg. 

UEL and leg is connected by using 6-dof coupling. In the soft over 

stiff clay case, the hyperbolic model B proposed in this study and 

the latest modified model B have been used (Zhang, 2014). Modified 

model B is a model for a single clay, but soil parameters obtained 
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from soft over stiff clay have been applied for analysis. 

 

Table 14 Soil properties used in soft over stiff clay analysis 

Capacity Value Stiffness Value 

𝑉𝑢𝑙𝑡 110.95 MN 𝐾𝑣 654.94 MN/m 

𝐻𝑜 26.16 MN 𝐾ℎ 622.90 MN/m 

𝑀𝑜 165.20 MNm 𝐾𝑚 35080 MNm/rad 

  𝐾𝑐 -62.62 MN/rad 

 

 

There is no suggested soil parameter of modified model B for 

soft over stiff clay. Accordingly, the soil parameter obtained in this 

study has been applied equally to both models for consistency. The 

comparison between two yield interaction models in soft over stiff 

clay is intended to be analyzed by methodology. 
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5.4.3. Results of soft over stiff clay analysis 

 

Fig. 80 shows the vertical reaction force and displacement of 

the structure-soil interaction models. 

 

  

Fig. 80 Soil response in vertical direction of soft over stiff clay 

analysis; a) Reaction force; b) Displacement 

 

As mentioned in 5.3.4, when an environmental load is applied, 

the jack-up rotates as a whole in the direction in which the 

environmental load is applied, so that the leeward leg is downward 

and the windward leg is subjected to upward forces. This 

phenomenon also occurs in the soft over stiff clay case. Leeward leg 

shows downward motion, and at the same time, vertical reaction 

force increases. In contrast, the windward leg shows upward 

movement, and the vertical reaction force decreases. 
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Fig. 81 Soil response in horizontal direction of soft over stiff 

clay analysis; a) Reaction force; b) Displacement 

 

Fig. 81 shows the horizontal reaction force and displacement. As 

the environmental load is applied in the horizontal direction, in the 

elastic region, the horizontal reaction force acting in the opposite 

direction should be the same value by the principle of action-

reaction. Before the yield occurs near Henv=4MN, it has been 

confirmed that the horizontal reaction force of the same magnitude 

as the environmental load occurs in both the soil continuum model 

and the two yield interaction models. When yield occurs, moment 

failure occurs first, and redistribution of force occurs accordingly. 

The horizontal response of the leeward and windward legs is 

changed because of their different vertical forces. Typical pushover 

test using centrifuge also shows an increased H of windward leg. As 

a result of the structure-soil interaction analysis of this study, it is 

shown that the response of the two legs becomes different due to 

the redistribution of the force after yield, and the response of the 

windward leg is greater. 
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Displacement results show a difference between the hyperbolic 

model B and the existing modified model B, in which the hyperbolic 

relation is implemented in the horizontal direction in the hyperbolic 

model B (Fig. 81(b)). The soil continuum model by using LDFE 

analysis results in a gradual increase in displacement, which is also 

simulated in hyperbolic model B. However, modified model B shows 

a relatively linear relationship, and accordingly, the yield occurs 

more quickly. As a result, there is a difference in displacement 

between two yield interaction models. Hyperbolic model B shows 

similar results to the soil continuum model, especially in the leeward 

leg. 

 

  

Fig. 82 Soil response in rotational direction of soft over stiff 

clay analysis; a) Reaction moment; b) Rotation 

 

Fig. 82 shows the rotational reaction moment and rotation 

according to the environmental load. Soil failure usually occurs first 
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in the rotational direction, and in this respect, it is important to 

simulate the reaction moment precisely. In soft over stiff clay cases 

subjected to larger environmental loads, the gradual moment failure 

appears well. The moment increases slowly as the environmental 

load increases in the results of the soil continuum model, and it is 

shown that the moment values of the windward leg become different 

due to yield near the environmental load of 4MN. Modified model B 

predicted the yield point of 4MN well, and it is shown that the 

moment in the plastic region is close to the LDFE result. In 

Hyperbolic model B, the yield point is somewhat slower 

(Henv=4.5MN), but the strength of degradation at the moment is 

well simulated. With this nonlinear hyperbolic relation in the 

rotational direction, the moment results about the environmental 

load approach close to the LDFE result. In the case of modified 

model B, despite the similar results after yield, the moment is 

overestimated due to the near-linear moment increase in the elastic 

region. In the case of rotation of the spudcan(Fig. 82(b)), hyperbolic 

model B expresses a gradual increase due to hyperbolic relation, but 

modified model B also shows a good fit with LDFE results due to the 

changed slope after yield. 
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Fig. 83 Load path of soft over stiff clay analysis in VH plane 

 

  

Fig. 84 Load path of soft over stiff clay analysis; 

a) in VM plane; b) in HM plane 

 

For the vertical reaction force, horizontal reaction force and 

rotation reaction moment shown above, the load path is plotted on 

the plane with each force as the axis (Fig. 83, Fig. 84). First, in the 

case of the load path in the VH plane (Fig. 83), LDFE, hyperbolic 

model B, and modified model B results are similar. Compared with 

the yield envelope used in the yield interaction model, the load path 

has not yet been reached the yield envelope in a horizontal direction. 

Therefore, the horizontal reaction force reduction did not occur 
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because of yield, such as the moment. 

The load path in the VM plane and HM plane shows the effect of 

moment failure (Fig. 84). The load path in the VM plane shows that 

the results of hyperbolic model B follow the results of LDFE better. 

Unlike modified model B, which approaches the yield envelope in a 

direction close to linear at initial stiffness, the slope of hyperbolic 

model B gradually decreases in the increment of the moment and 

thus becomes similar to the result of the soil continuum model, 

where the gradual moment failure occurs. In addition, the modified 

model B rapidly approaches the yield envelope, and yield occurs in 

the leeward leg. In contrast, the hyperbolic model B does not reach 

the yield envelope, and yield does not occur. This indicates that, like 

the load path in the HM plane, the linear elastic relationship of 

modified model B can overestimate the moment before yield. On the 

other hand, hyperbolic model B similarly simulates gradual moment 

failure due to the implemented nonlinear hyperbolic relations. 

  

Fig. 85 Hull displacement of soft over stiff clay analysis; 

a) Vertical displacement; b) Horizontal displacement 
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The vertical and horizontal hull displacements are shown in the 

Fig. 85. As the soil continuum model simulates the gradual plasticity 

of the soil, the hull gradually moves down and shifts in the horizontal 

direction. In the yield interaction model, these plastic deformations 

can be simulated, but due to the characteristics of the elasto-

plasticity framework, plastic deformation is not calculated before 

yield occurs. Accordingly, both yield interaction models have a 

vertical displacement of 0 in the elastic region, and then plastic 

deformation increases after yield. The plastic displacement of the 

hull calculated in the hyperbolic model B approaches the LDFE result 

faster (Fig. 85(a)). In general, horizontal behavior in the hull is 

affected by rotation at the spudcan due to the long leg length. 

Spudcan rotation is similar in the three models, so the horizontal 

displacement of the hull is also similar (Fig. 85(b)). 

 

  

Fig. 86 M-θ material curve of soft over stiff clay analysis 
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To present the moment failure, the M-θ material curve in single 

spudcan analysis, jack-up analysis using a soil continuum model, 

and those of two yield interaction models are shown in Fig. 86. 

Hyperbolic model B uses a fitted hyperbolic curve from the results 

of single spudcan analysis and follows the entered curve well. The 

decreasing moment has also been simulated in the windward leg 

where yield occurs due to the vertical and horizontal forces. A 

smaller moment is available under vertical and horizontal reaction 

force than that under no vertical and horizontal forces in the concept 

of force-resultant yield envelope. In contrast, in the case of 

modified model B, the moment overestimates in the elastic region 

before yield. However, the results approach the LDFE results fast 

after yield. 

 

 

Fig. 87 Two moments for structural response of jack-up 

(Henv=3.3MN for elastic, 6.5MN for plastic) 
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moments of the two yield interaction models are different 

(Henv=3.3MN in Fig. 87), and the point within the plastic region, 

where ground failure and structure failure occur (Henv=6.5MN in Fig. 

87), are selected. 

 

 

Fig. 88 Bending moment at Henv=3.3MN; a) LDFE analysis; b) 

Hyperbolic model B; c) modified model B 

 

The structural response at the Henv=3.3MN, where a difference 

in soil reaction moment between modified model B and hyperbolic 

model B occurs, is shown in Fig. 88. The stick model is suitable for 

viewing the global jack-up response, not local member forces, and 

thus the distribution of the bending moment of the leg is presented. 

Hyperbolic model B shows a similar distribution to soil continuum 

model results using LDFE. On the other hand, modified model B 

a) b) c)
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shows that the reaction moment on the soil is larger than the other 

two models, and the bending moment of the leg is also different 

accordingly. The moment acting on the spudcan-leg joint is larger 

than the other two models like soil response, so the distribution of 

the moment of the entire leg is shifted. As a result, the bending 

moment at the hull-leg joint is underestimated due to the shifted 

distribution. This joint is the critical point of jack-up structural 

analysis, and the hyperbolic model B shows a more accurate bending 

moment distribution of leg. 

 

 

Fig. 89 Bending moment at Henv=6.5MN; a) LDFE analysis; b) 

Hyperbolic model B; c) modified model B 

 

The structure response at Henv = 6.5MN, where the plasticity of 

the soil and the failure of the structure occurs, is shown in Fig. 89. 

a) b) c)
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In this plastic region, the three models show similar values. This is 

because modified model B simulates a moment in the plastic region 

well through the plasticity framework after yield. As a result, all 

three models showed a similar distribution in terms of the bending 

moment of the leg. 

Through the bending moment results, it has been confirmed that 

the magnitude of the reaction moment acting on the spudcan, which 

is the same with the applied moment on soil, affects the distribution 

of the bending moment of the leg. The distribution of bending 

moments is similar if they show similar soil reaction moments (Fig. 

89). However, it is important that the large reaction force on the soil 

may lead to an underestimation of the bending moment in the hull-

leg joint (Fig. 88). 
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Chapter 6. Dynamic effects of jack-up  

structural analysis 

 

6.1. Introduction  

 

Jack-up is an offshore structure that is subjected to 

environmental loads such as wave, current, and wind during 

operation. Random wave is generally expressed as the sum of 

regular waves of different periods and heights, and have a great 

influence on the dynamic response of structures.  

Offshore platforms are always designed for the specific field, so 

the natural period varies depending on the design and characteristics 

of the individual structures. However, in general, fixed offshore 

structures have a small natural period (𝑇𝑛 < 5s). In comparison, 

floating offshore structures typically have a comparatively long 

natural period (𝑇𝑛 > 20s). Jack-ups typically have a natural period 

between 5 ~ 15 seconds, depending on their size, which overlaps 

the maximum wave energy spectrum (ABS, 2014). This means that 

jack-up is the dynamically sensitive offshore platform in wave 

analysis (Fig. 90(a)). 

To consider these dynamic characteristics, jack-up structural 

analysis of dynamic loads has been performed using a soil continuum 

model. In this chapter, the dynamic effects that accompany jack-up 

dynamic analysis are investigated. These include the effects due to 

inertia force, resonance with wave, and dynamic characteristics of 
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the soil (Fig. 90(b)). These effects were investigated and reflected 

in the yield interaction model and compared with the results of the 

soil continuum model. 

 

 

Fig. 90 Dynamic effects of jack-up; 

a) Typical natural period of offshore platform; 

b) Jackup structural analysis with dynamic load 

 

6.2. Dynamic effects in jack-up structural analysis 

 

6.2.1. Categorization of dynamic effects 

 

Dynamic effects are caused by several factors about time. It has 
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and geotechnical aspect. 
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Fig. 91 Schematic figure of dynamic effects 

 

Dynamic effects about clay can be a strain rate dependency of 

properties, energy dissipated damping, material damping, and so on. 

Damping is generally considered by observation and calculation of 

coefficient through experiments, and the material damping has been 

usually simulated using a viscous material model. Among these 

dynamic effects, the strain rate dependency has been described in 

this chapter. In general, as the strain rate increases, the strength 

increases, and the stiffness and capacity increase accordingly. This 

effect has been reflected in the numerical analysis with the soil 

continuum model. Soil parameters considering the rate hardening 

are entered into the yield interaction model, and the results are 

compared with those of LDFE analysis. 

Structural dynamic effects include amplified response and phase 

shift, due to inertia force. The amplified response is caused by 
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several factors, such as resonance with a wave, wave damping, and 

the effect of soil damping on the boundary condition. In general, 

when determining the dynamic response of a structure, these 

various factors are collectively considered as DAF (Spidsøe and 

Karunakaran, 1996; Yu et al., 2012). Although it is difficult to 

calculate the exact DAF, this study has assumed the DAF carefully 

and applied to the yield interaction model. The analysis results are 

compared with those of the soil continuum model. 

 

6.2.2. Strain rate dependency of clay on jack-up wave analysis 

 

In general, as the strain rate increases, 𝑠𝑢  increases in 

logarithmic scale. This relationship is also introduced in Abelev and 

Valent (2009) and Nanda et al. (2017). Rate hardening with 

logarithmic relation is also implemented in nonlinear clay model (Eq. 

(29)) used in this study. 

 

 
𝑠𝑢𝑖 = [1 + 𝜇 l g (

Max(|�̇�|, �̇�𝑟𝑒𝑓)

�̇�𝑟𝑒𝑓
)] 

     [𝛿𝑟𝑒𝑚 + (1 − 𝛿𝑟𝑒𝑚)𝑒
−3𝜉 𝜉95⁄ ][𝑠𝑢m𝑖 + 𝑘𝑧𝑖] 

(29) 
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Fig. 92 M- 𝜃 curve according to the rotation rate 

 

Fig. 92 shows the effect of rotation rate on material curve (𝑀−𝜃) 

in single spudcan analysis. Wave load analysis results of Jackup is 

also plotted together (black line). Quasi static case has both small 

stiffness and small capacities (red line), but the rate is far from 

dynamic wave analysis. 𝑀−𝜃 curve in this study (Chapter 3) based 

on 0.01 rad/s is rather close to wave analysis. When typically 

calculating soil parameters, the analysis has been performed at a 

sufficiently slow rate to eliminate the inertia effect. However, 

quasi-static analysis cannot accurately consider soil properties due 

to rate dependency. This rate dependency is considered in this 

study through soil parameter calculation, both stiffness and capacity, 

and these calculated soil parameters are used in static yield 

interaction model. 
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Fig. 93 Contour about rate hardening value in nonlinear clay 

model; a) 0.01 rad/s; b) 0.002 rad/s; c) 0.00035 rad/s 

 

6.2.3. Phase shift effect 

 

Phase shift is typically caused by inertia force in dynamic 

analysis. To identify the phase shift in jack-up analysis, mass 

scaling technique in Abaqus is used. Mass scaling technique increase 

the mass of the model artificially in numerical simulation. Mass 

scaling is a technique that forcibly increases the time increment by 

artificially increasing the mass term because this mass term is 

proportional to the time step in the explicit analysis. With this 

increased time increment, explicit analysis that takes longer can be 

performed more cost-efficiently. In this scaled-mass analysis, 

inertia effect is amplified through mass scaling, but the rate 

dependency of material is maintained (Simulia, 2013). This study 

has focused these features of the technique. In a situation where the 

response due to the rate dependency did not change, how the 
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amplified inertia effect by artificially increasing the mass affects the 

response is examined. 

In Fig. 94, phase shift occurs in the case of amplified inertia effect 

(mass scaling = 4). Immediately after the load is applied, the 

response is delayed due to the high value of initial acceleration. 

However, inertia effect is reduced and responses converge as the 

analysis progresses. Under monotonic load analysis, phase shift due 

to inertia effect occurs at initial phase but does not affect the 

response after stabilization. When designing offshore structures, the 

magnitude of the response is more important than the phase. After 

sufficient stabilization, it is assumed that the inertia effect does not 

exist in the response, and the phase shift effect after stabilization is 

not considered in this study. 

 

 

Fig. 94 Inertia effect on Jackup analysis under 

monotonic load analysis 
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6.2.4. Dynamic Amplification Factor (DAF) 

 

Natural period is very important factor for calculating DAF in 

offshore platform. Typical natural period of jack-up is between 

5~15s (ABS, 2014). Soil stiffness, as the boundary condition, has 

great influence on natural period. In the soil continuum model where 

the strength degradation occurs, it is impossible to accurately 

calculate the natural period. As an alternative, Fig. 95 shows the 

result of calculating the natural period using the initial stiffness. 

Calculated natural period is 7.76s, and 12.03s for pinned condition. 

Corresponding motion of 1st and 2nd mode are translated motion, 

which is surge, sway. 

 

Fig. 95 Mode shape of jack-up; a) original structure; 

b) 1st mode (surge); c) 2nd mode (sway) 

 

a) b) c)



 

 １６２ 

 

Definition of DAF is the structural response ratio between static 

and dynamic analysis. Conservative DAF is generally calculated 

using this definition, and then used in the platform design. 

 

 

Fig. 96 Example of DAF (ISO, 2012) 

 

For comparison of wave load analysis between static analysis 

with yield interaction model and dynamic analysis with soil 

continuum model, DAF should be considered. However, calculating 

DAF accurately is challenging. DAF calculation using classical single 

degree of freedom (SDOF) analogy is suggested in guideline (Eq. 

(30)). 

 

 𝐷𝐴𝐹 =
1

√(1 − Ω2)2 + (2𝜁𝛺)2
 (30) 

 

Where Ω is Natural period divided by the wave excitation period 

(𝑇𝑛 /𝑇), and 𝜁 is damping ratio. Natural period of structure, wave 

excitation period, wave damping, soil damping should be considered 

Dynamic response

Static
response
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in this DAF calculation using SDOF analogy, and this is the reason 

difficult to calculate DAF exactly. And also, this suggestion is 

conservative equation for design, not proper in calculation of realistic 

response. In this study, DAF is assumed excluding strain-rate 

dependency from amplified response (Fig. 97). 

 

 

Fig. 97 Effect of DAF on the amplified response 

 

6.3. Application : Jack-up structural analysis under 

dynamic wave load 

 

6.3.1. Selection of soft over stiff clay 
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depth ratio from 0.9 to 1.2 and undrained shear strength ratio from 

1 to 4. It is believed that this range can cover typical soft over stiff 
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clay properties. In this chapter, a middle point, 2.5 times stiffer 

lower clay and 2.1B of embedment case, has been selected to 

validate the interpolative capability of the regression model (Fig. 

98). This is equivalent to a depth ratio of 1.05 and a undrained shear 

strength ratio of 2.5. Proposed regression model for initial stiffness 

and interpolated values of other soil parameters are used for 

validation. 

 

 

Fig. 98 Soft over stiff clay case used in application; 

a) Depth ratio of 1.05; b) Strength ratio of 2.5 
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6.3.2. Wave environmental load 

 

Wave environmental load is assumed as similar value with field 

data of reference jack-up (MLT-116C). Detailed information is 

shown in Table 15. 

 

Table 15 Environmental condition for wave load 

 

Load cases are selected for validation about hyperbolic relation 

of material in elastic region. Case 1, regular wave with 𝐻𝑚𝑎𝑥 = 8m, 

𝑇 = 8s, is selected because the wave period is close to natural 

period with initial stiffness (7.76s). It has been selected to 

investigate the dynamic characteristics of the jack-up near the 

natural period, and the height suitable for wave steepness (0.08) 

has been calculated. Case 2, regular wave with 𝐻𝑚𝑎𝑥 = 12m, 𝑇 = 

13s, is selected according to the concept of design wave selection. 

Design wave height is decided from the referenced significant wave 

 
Water 

depth 
Airgap Height (H) Period (T) 

reference 
64~ 

80m 

15~ 

20m 

𝐻𝑠=6.4~ 

9.0m 

𝑇𝑝=11.1~ 

13.1s 

Case 1 65m 25m 𝐻𝑚𝑎𝑥=8.0m 𝑇𝑝=8.0s 

Case 2 65m 25m 𝐻𝑚𝑎𝑥=12.0m 𝑇𝑝=13.0s 
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height is selected ( 𝐻𝑠 =6.4m). Corresponding wave period is 

calculated using proper wave steepness (0.046). 

The wave load is calculated using the morison equation (Eq. (31)) 

depending on the location. This calculated load is especially key load 

in the cylinder structure like jacket or jack-up. 

 

 𝐹 = 𝜌𝐶𝑚𝑉�̇� +
1

2
𝜌𝐶𝑑𝐴𝑢|𝑢| (31) 

 

Wave load applied at leg cannot be calculated using stick model, 

so the drag coefficient and inertia coefficient is modified according 

to leg design. For computational cost, Abaqus/Aqua analysis is 

performed in initial stiffness. Drag force and inertia force, including 

buoyancy, have been calculated and acted on the jack-up leg (Fig. 

99). Corresponding nodal force is scanned and applied in 3D soil-

jack-up interaction analysis (Fig. 100). 

 

Fig. 99 Abaqus/Aqua analysis results; 

a) Vertical force; b) Horizontal force 

 

a) b)
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Fig. 100 Applied nodal force in jack-up 

 

6.3.3. FE model for application 

 

Same FE model with soft over stiff clay case, including reinforced 

jack-up structure, is used for application. Hull-leg joint and 

spudcan-leg joint have been reinforced so that the structure can 

withstand the impact due to the stiff soil below. Assuming a different 

payload, a vertical load of 33MN has been applied, and a repeated 

regular wave has been applied as an environmental load (Fig. 

101(a)). 

 

Wave force
including buoyancy
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Fig. 101 a) FE model for application; b) Notation of legs 

 

Since the direction of load is changed in regular wave, a specific 

leg cannot be defined as a leeward or windward leg in the application 

case. For the purpose of classification, the legs has named as "1-

leg" and "2-leg" and the results have been shown accordingly (Fig. 

101(b)). 
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Fig. 102 Schematic figure of applied load 

 

As an environmental load, a sinusoidal load has been assumed 

and applied using the peak load obtained through scanning like Fig. 

100. To calculate DAF, the quasi-static analysis has also been 

performed in which the peak load of the wave is applied 

monotonically and slowly (blue line in Fig. 102). This is for using 

the definition of DAF, the ratio of dynamic response and quasi-static 

response. 

The dynamic analysis has used the environmental load of the two 

cases mentioned above. Case 1, which is close to the natural period, 

has been used to investigate the dynamic effect, and case 2 has been 

used according to the design wave decision. 
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6.3.4. DAF calculation 

 

As mentioned earlier, it is difficult to calculate the DAF. In the 

DAF calculation process using SDOF, the natural period of Jack-up, 

wave excitation period, wave damping, and soil damping should be 

considered. It is impossible to accurately calculate the natural period 

of Jack-up because the boundary condition is changed due to the 

change of the soil properties. Wave damping terms that vary 

depending on the structure are applied indirectly through the model 

tests. The soil damping term is divided into material damping and 

energy dissipation damping, and each influence must be accurately 

considered. It is not easy to accurately calculate and compare DAF 

under the influence of many factors. 

 

 

Fig. 103 Simplified diagram of DAF calculation procedure 

 

In this study, since it is difficult to calculate all factors accurately, 
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definition of DAF, the ratio between the time series analysis result 

and the quasi-static analysis result has been used, and the rate 

dependency of the soil strength has been considered separately. 

Rate dependency term has been calculated using a single spudcan 

analysis in which amplification of the reaction due to the inertia 

effect does not occur (Fig. 103). 

First, in the Jack-up analysis using the soil continuum model, 

wave load analysis and quasi-static analysis have been performed 

(Fig. 102). Wave load analysis has a high inertia effect and a high 

strain rate, as a time series sinusoidal load has been applied. On the 

other hand, quasi-static analysis of slowly applying the load 

corresponding to the peak load has no inertia effect, and the strain 

rate is also sufficiently low. Therefore, the difference in response 

between the two analyzes can be divided into the effects of rate 

dependency, soil damping, and inertia effect. The difference in 

response between the two calculated analyzes is shown in the Table 

16. 

Second, the difference in soil strength due to rate dependency is 

considered. A single spudcan analysis has been used, reflecting only 

the effects of soil properties according to the rotation rate. The 

difference between the two responses is defined as a response that 

is different due to the rate-dependent soil strength by applying 

rotational motion at high speed and slow speed. The calculated 

results are also shown in the Table 16. 
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Table 16 Assumed DAF 

 Case 1 Case 2 Remarks 

𝑀𝐽𝑎𝑐𝑘𝑢𝑝, 𝑤𝑎𝑣𝑒
𝑀𝐽𝑎𝑐𝑘𝑢𝑝, 𝑞𝑠

 5.50 2.66 
① in Fig. 103 

DAF + Rate dep. 

𝑀𝑠𝑝𝑢𝑑., 𝑑𝑦𝑛

𝑀𝑠𝑝𝑢𝑑., 𝑞𝑠
 1.35 1.31 

② in Fig. 103 

Rate dependency 

𝐷𝐴𝐹 4.07 2.03 
(① - ②) 

DAF 

 

It has been assumed that the effect of soil strength obtained 

through single spudcan analysis is the same as the rate dependency 

term in Jack-up analysis. Finally, DAF to be applied to static 

analysis has been assumed using the difference in response from 

Jack-up analysis and the response from single spudcan analysis. 

The assumed DAF is applied to the static analysis result using the 

yield interaction model, and this has been compared with the Jackup 

analysis result using the soil continuum model analyzed in the time 

domain. 
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6.3.5. Analysis condition 

 

Jack-up structural analysis with yield interaction model is 

performed in static analysis. Two yield interaction models are used; 

Hyperbolic model B, proposed in this study, and modified model B, 

state-of-art model of clay (Zhang et al., 2014b). According to the 

corresponding depth ratio of 1.05 and undrained shear strength ratio 

of 2.5, soil parameter from regression model proposed in Chapter 4 

and interpolation with fitting results are used in application case. 

 

Table 17 Soil parameters used in application case 

Capacity Value Stiffness Value 

𝑉𝑢𝑙𝑡 106.32 MN 𝐾𝑣 613.88 MN/m 

𝐻𝑜 29.34 MN 𝐾ℎ 610.46 MN/m 

𝑀𝑜 173.65 MNm 𝐾𝑚 33798 MNm/rad 

→ From regression model 𝐾𝑐 73.68 MN/rad 

 

𝑉𝑢𝑙𝑡 is obtained from the penetration analysis, and it is thought 

that this approach can use the 𝑉𝑢𝑙𝑡 in a nonlinear soil model using 

the bearing capacity obtained in the penetration process in the actual 

jack-up design. 𝐾ℎ  and 𝐾𝑚  is calculated from the proposed 

regression model in Chapter 4. Since the initial stiffness is sensitive 

to the criteria, the regression equation has been presented. 

Verification about this equation is attempted through this application.  
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Other soil parameters is interpolated from fitted results in Chapter 

3 and 4 (Table 9, Table 10). 

 

 

Fig. 104 FE model of jack-up analysis with 

yield interaction model 

 

Nodal force equivalent to wave load is applied. Assumed DAF is 

multiplied to static nodal force for considering the dynamic effect on 

response (Fig. 104). In general, the DAF is multiplied by the 

response and used to compensate for the difference in response 

between static and dynamic analysis. However, in this study, since 

it is a linear analysis in the elastic region, it is an attempt to obtain 
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the corresponding material curve by multiplying the load by DAF 

rather than response. Vertical load is applied to reflect the weight 

and payload of the structure. The load corresponding to the weight 

has been applied to the leg through the distributed load, and the load 

corresponding to the hull weight and payload has been applied 

through the hull-leg joint. User elements which implements the 

yield interaction model are placed below the leg as the boundary 

condition of the jack-up analysis. The lower part of the UEL is fixed 

so that the behavior of UEL can be completely the boundary 

condition of the entire structure. 

 

6.3.6. Case 1 : Analysis results 

 

DAF is calculated based on the moment and rotation, so the soil 

response in rotational direction is shown in Fig. 105. DAF in case 1 

is 4.07, which is close to the natural period and has a high value. 

DAF based on moment is applied in static analysis with two yield 

interaction models. 
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Fig. 105 Soil response in rotational direction; 

a) Moment about time; b) Rotation about time 

 

After stabilization, responses of Hyperbolic model B and those of 

soil continuum model shows similar results. In contrast, the rotation 

is small while the moment shows a large value in modified model B. 
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Fig. 106 Soil hysteresis curve; a) Comparison with proposed 

backbone curve; b) Comparison with yield interaction model 

 

Moment - rotation hysteresis curve occurs in results of soil 

continuum model (Fig. 106(a)). This hysteresis curve follows the 

backbone curve of soil parameters from regression model. Through 

this, regression model proposed in Chapter 4 shows good agreement 
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with LDFE analysis with dynamic load. 

This well-matched backbone curve and hysteresis curve 

according to Masing rule are implemented in Hyperbolic model B. As 

a result, hysteresis curve simulated in Hyperbolic model B shows 

the similar shape with that of soil continuum model. Modified model 

B uses the almost linear relationship as elasticity relation, so the 

loading curve and unloading curve is the same as a line. 

 

  

Fig. 107 Structure response : bending moment; 

a) LDFE analysis; b) Hyperbolic model B; c) Modified model B 

 

 

a) b) c)
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Fig. 108 Structure response : curvature; 

a) LDFE analysis; b) Hyperbolic model B; c) Modified model B 

 

Fig. 107 and Fig. 108 show the bending moment and curvature of 

jack-up leg. Bending moment and curvature show same trend. 

Because the windward leg is under the tension, large bending 

moment is applied. Among three structure-soil interaction model, 

Modified model m shows different moment distribution. Because of 

the over-estimated moment response of soil, hull-leg joint is 

under-estimated in bending moment and curvature. Different soil 

response can result in the different structural response. 

 

 

 

a) b) c)
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6.3.7. Case 2 : Analysis results 

 

DAF is calculated based on the moment and rotation, so the soil 

response in rotational direction is shown in Fig. 109. DAF in case 2 

is 2.03, which is smaller than that of case 1. 13s of period is far from 

the natural period of jack-up, so the DAF is small value in case 2. 

Assumed DAF is applied in static analysis with two yield interaction 

models. 

   

Fig. 109 Soil response in rotational direction; 

a) Moment about time; b) rotation about time 
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After first peak, phase shift rarely occurs because the wave 

excitation period is far from natural period of jack-up. Compared to 

the case 1 of the 8s period, the dynamic characteristics are less 

when far from the natural period. Also in case 2, responses of 

Hyperbolic model B and structure-soil interaction analysis with soil 

continuum model are similar and the rotation is small while the 

moment has large value in modified model B.  

  

Fig. 110 Soil hysteresis curve; a) Comparison with proposed 

backbone curve; b) Comparison with yield interaction model 
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In case 2, the hysteresis curve in the soil continuum model also 

follows the backbone curve well. This means that verification of 

interpolated soil parameters has been performed. Corresponding 

hysteresis curve is implemented in Hyperbolic model B in this study. 

In the fatigue assessment of jack-up structure, Hyperbolic model B 

can be adopted as the simplified nonlinear foundation model because 

of consideration about hysteresis in the elastic region. 

 

  

Fig. 111 Structure response : bending moment; 

a) LDFE analysis; b) Hyperbolic model B; c) Modified model B 

 

a) b) c)
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Fig. 112 Structure response : curvature; 

a) LDFE analysis; b) Hyperbolic model B; c) Modified model B 

Fig. 111 and Fig. 112 show the bending moment and curvature of 

the jack-up leg. Bending moment and curvature show the same 

trend, as in case 1. Because the windward leg is under the tension, 

a significant bending moment is applied. In case 2, where the wave 

period is far from the natural period, Modified model B also shows 

different moment distribution. Linear elastic relation results in the 

over-estimated moment acting on the soil in the elastic region. 

Moment distribution of leg has shifted value because of the large 

moment at the boundary condition, so the difference occurs at the 

hull-leg joint. Environmental loads are almost in the elastic region 

before reaching the yield envelope, and the underestimated bending 

moment at the hull-leg joint may have a great influence on the 

strength assessment in the corresponding structure. 

a) b) c)
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Conclusion 

 

Summary 

 

This study aims to perform a jack-up structural analysis for 

dynamic loads using a foundation model considering structure-soil 

interaction. A nonlinear foundation model has been proposed using 

simplified soft over stiff clay as a target soil, and jack-up structural 

analysis has been performed with the proposed structure-soil 

interaction model. 

The structure-soil interaction model refers to a two-way 

analysis model in which the plasticity of the soil and the response of 

the structure interact with each other. In ISO (2012), a secant model, 

a yield interaction model, and a soil continuum model have been 

proposed as the structure-soil interaction model. The secant model 

is the simplest model that considers structure-soil interaction. This 

model introduces the concept of secant stiffness in the rotational 

direction, which is only available at a specific design point. The 

model B was proposed as a yield interaction model to more 

accurately simulate the plastic behavior of the soil. The yield 

interaction model about clay has been improved from model B to the 

latest model, modified model B. The model B calculates the plastic 

displacement through an iterative calculation using the formulated 

equation of elasticity, yield envelope, flow rule, and hardening law. 

This model is known to calculate the plastic behavior of the soil well. 

In addition, Hyper-model B was proposed to simulate the strength 
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degradation in the rotational direction by introducing a nonlinear 

moment-rotation relationship into the model B framework.  

Soft over stiff clay is a general case that can occur when the 

jack-up is operated in soft clay. Jack-up should penetrate until 

meeting the stiff clay to obtain sufficient bearing capacity in the soft 

soil. This case is stable in terms of installation. However, in the 

aspect of the operation, the foundation model and corresponding 

structural response can be changed because it is simultaneously 

affected by the upper soft clay and lower stiff clay. A study has been 

conducted on how the ground model and jack-up structures are 

affected by the lower stiff clay, assuming the spudcan in this 

transition zone. The foundation model has been studied using the 

LDFE technique, and disturbed soil properties by spudcan 

penetration are considered.  

A study has been conducted on the yield envelope in soft over 

stiff clay. LDFE analysis is used to calculate the ultimate capacity 

through constant V test and yield envelope through a swipe test. 

Combined loads analysis for deep embedment is performed and 

confirmed to be consistent with the yield envelope of the existing 

single clay. The combined loads analysis on the soft over stiff clay 

has been performed with various embedments and lower clay 

stiffnesses. The lower stiff clay gives a large reaction force against 

the downward motion of the spudcan, so the compressive vertical 

capacity and rotational capacity have increased significantly. On the 

other hand, in the case of tensile vertical capacity, where the upward 

motion is involved, there is a negligible effect of lower stiff clay. In 
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consideration of these effects, the best-fit yield envelope 

expression of soft over stiff clay and the corresponding ultimate 

capacity are presented. 

A study about the elasticity of model B, which determines the 

behavior inside the yield envelope, is performed. In the existing 

model, load-displacement has an almost linear relationship except 

for the horizontal-rotation interaction term. However, the actual soil 

shows the gradually degraded strength, and this study applies this 

nonlinear relationship to the horizontal and rotational directions. In 

the existing Hyper-model B, a nonlinear hyperbolic relationship was 

applied only to the rotational direction. Proposed model extends this 

nonlinear relationship in the horizontal direction and combines the 

state-of-art concept like the tensile capacity of modified model B. 

As a result, the material curve assumed to be linear can 

overestimate the soil response before the yield. In contrast, the 

nonlinear hyperbolic relationship shows degradation of strength 

before the yield effectively. 

Incorporating yield envelope and elasticity inside the yield 

envelope about soft over stiff clay, Hyperbolic model B is proposed 

and implemented using Abaqus user elements. The proposed model 

is compared with the structure-soil interaction analysis using LDFE 

and the results are verified. Jack-up analysis with the yield 

interaction model and the soil continuum model analysis is 

performed on single clay and soft over stiff clay, and the results are 

compared and analyzed. As a result, the proposed Hyperbolic model 

B can simulate the response of the soil where gradually degraded 
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strength occurs similarly to LDFE, and the bending moment 

distribution of the leg is also well simulated due to the soil response. 

A dynamic wave load analysis is performed using the structure-

soil interaction model. Dynamic effects such as the Inertia effect and 

rate dependency are investigated. To validate the proposed soil 

parameters, application cases are selected and compared with the 

soil continuum model. As a result, the backbone curve of the 

proposed soil parameter is well-matched with the result of the soil 

continuum model. Hyperbolic model B also shows a similar 

hysteresis curve because this backbone curve is implemented. 
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Limitation and Future work 

 

The nonlinear clay model used in this study only considers strain 

softening and rate hardening. In order to accurately simulate the 

tensile capacity, effects of suction force and consolidation should be 

considered. However, this phenomenon is difficult to consider using 

the current LDFE technique. In dynamic load analysis, several load 

cycles are generally simulated. However, due to computational cost, 

only a small number of cycles have been performed. 

The dynamic effect is made up of a lot of factors, especially 

including soil damping. it is difficult to separate the each effect from 

the integrated dynamic response. For this, the effect of damping 

should be analyzed through experiments individually. Including the 

difficulties in calculation of the natural period, it is difficult to 

accurately calculate DAF, and only appropriate assumptions are 

made in this study. In addition, it is difficult to perform such dynamic 

analysis because the user element in which the yield interaction 

model is implemented is based on static analysis. 

To achieve these limitations, the effect of time can be considered 

in LDFE analysis. Rani (2016) performed an LDFE analysis 

considering the effects of consolidation, by the implementation of 

additional nonlinear equations about time effect. In order to consider 

the dynamic effects of Jackup, it is necessary to use a macro 

element in which model B is implemented in a dynamic environment. 

This can be a model that replaces the time-consuming 3D soil 
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continuum model and is expected to be able to freely consider the 

equation for dynamic effects.  

It is very important to use the proposed yield interaction model 

in structure design actually. For this, an external program, where 

the yield interaction model is implemented, can be used with the 

general code check program like SACS. This interface code for 

actual design is expected to have many uses. Also, this study has 

been omitted the lattice leg effect to clarify the structure-soil 

interaction. This effect can be necessary to accurately simulate the 

behavior of the jack-up within the soil. 
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초록 

 

잭업 해양 구조물은 수심 150m까지 설치되며, 시추 및 생산용 리그 

뿐 아니라 해상풍력발전기 전문설치선과 같은 설치 유닛에도 

사용되어오고 있다. 잭업은 파도와 바람 등의 환경하중 하에서 작업이 

수행되므로 설계 시 그에 따른 잭업의 거동 및 구조 반응을 명확히 

이해해야 한다. 거동 및 구조 해석 시 해양구조물의 경계조건으로 

작용하는 지반 모델은 구조물의 진동 모드에 영향을 주어 해석 

결과에도 영향을 미치게 된다. 일반적인 지반 모델에는 단순 지지 

조건이나 선형 스프링을 이용한 모델이 있으나, 이는 잭업의 구조-

지반 상호작용을 반영하지 못한다. 그 대안으로 International 

Organization for Standardization (ISO) 에서는 가이드라인을 통해 

구조-지반 상호작용을 고려하는 비선형 지반 모델들을 제시하고 

있으며, 이는 가장 단순한 모델인 시컨트 모델 (secant model)부터 

지반의 소성 변위를 고려하는 항복 상호작용 모델 (yield interaction 

model), 그리고 가장 정확하지만 시간이 걸리는 지반 연속체 모델 

(soil continuum model)로 나뉘어진다. 이러한 비선형 지반 모델 중 

이번 연구에서는 구조-지반 상호작용을 모사하기 위하여 항복 

상호작용 모델과 지반 연속체 모델을 사용하였다. 동적 하중 하에서 

구조-지반 상호작용을 고려한 지반 모델을 사용하여 잭업의 

구조해석을 수행하였다. 상부 연약한 지반-하부 단단한 점토 조건에서 

사용할 수 있는 적절한 항복 상호작용 모델을 제시하고 지반 연속체 

모델을 통해 이를 검증 비교 하였다. 상부 연약한 지반-하부 단단한 

점토 조건에서, 지반에 작용하는 복합 하중의 항복 여부를 결정하는 

항복 곡면에 대한 연구를 수행하였다. 해당 지반 조건은 하부 단단한 
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점토 지반으로 인해 상부 지반이 압착되어 충분한 지지력이 확보되기 

때문에 많은 연구가 수행되지 않았다. 그러나 잭업 운용 시 사용되는 

지반 모델은 상부와 하부 지반의 영향을 모두 받으므로 상부 연약한 

점토-하부 단단한 점토 지반에 대한 연구가 필요하다. 해당 지반에서 

수직 압축 용량은 압착 효과로 인해 증가한 반면 수직 인장 용량은 

하부 단단한 점토 지반의 영향을 받지 않았다. 해당 지반에 잘 맞는 

항복 곡면 식과 이 때 사용되는 수직, 수평, 회전 방향의 극한 지지력 

(ultimate capacity)에 대하여 제안하였다. 점토 지반에서 모델 비 

(model B)로 불리는 항복 상호작용 모델은 소성 변위를 통해 지반의 

비선형 거동을 고려하며, 구조-지반 상호작용을 단순화하여 고려할 수 

있는 모델로 최근까지 연구되어 오고 있다. 기존 모델 비는 항복 

곡면에 도달하기 이전의 탄성 영역에서 선형의 힘-변위 관계와 함께 

수평-회전 방향의 상호작용을 고려한다. 그러나 실제 지반은 

점진적으로 소성이 발생하며 그에 따라 선형의 힘-변위 관계를 갖지 

않는다. 이번 연구에서는 비선형성이 큰 수평, 회전 방향에 대하여 

비선형 쌍곡선 힘-변위 관계를 가정한 하이퍼볼릭 모델 비 

(hyperbolic model B)를 제안하고, 이 때 사용되는 초기 지반 강성에 

대한 식을 제시하였다. 검증을 위하여 지반 연속체 모델을 이용한 

잭업의 구조-지반 상호작용 해석을 수행하였다. 연약 점토에서의 깊은 

관입 깊이로 인한 지반의 대변형을 잭업 구조 해석에 고려하였다. 

제안된 항복 상호작용 모델인 하이퍼볼릭 모델 비는 상부 연약한 

점토-하부 단단한 점토 조건에서 항복 곡면 이전과 이후 지반 연속체 

모델과 해석 결과가 비슷한 경향을 보임을 확인하였다. 기존 모델 비는 

항복 곡면 안에서 선형 힘-변위 관계로 인해 지반에 작용하는 

모멘트를 과대평가하는 경향이 있고, 경계조건으로써 구조 해석에 

영향을 미쳐 잭업 레그의 모멘트가 과소평가되는 경향이 발생하였다. 



 

 ２０４ 

제안된 하이퍼볼릭 모델 비는 항복 곡면 이전의 비선형성을 

고려함으로써 잭업 레그의 모멘트 분포를 잘 예측하였다. 이렇게 

제안된 항복 상호작용 모델과 지반 연속체 모델을 이용하여 잭업의 

동적 구조해석을 수행하였다. 동적 사인파 하중에 대한 지반 반응 및 

잭업의 구조 반응을 계산하고 정적 하중 결과와 비교하였다. 

일반적으로 사용되고 있는 동적증폭계수 뿐 아니라 지반의 동적 효과 

및 관성력에 의한 효과가 존재하는 것을 확인하였으며, 이에 대하여 

분석하였다. 항복 상호작용 모델 및 지반 연속체 모델을 통해 구조-

지반 상호작용을 고려하여 동적 하중에 대한 잭업 구조해석을 

수행하였고, 항복 곡면 이전과 이후 지반 반응 및 잭업 레그의 모멘트 

분포를 잘 예측하는 것을 확인하였다. 
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Abstract 

 

Offshore structures with jack-up systems can be operated at 

depths up to 150 meters and are used not only as drilling rigs and 

production rigs but also as support and accommodation units. The 

jack-up operation is carried out under environmental loads such as 

wind and wave, for which it is essential to understand jack-up 

behavior and structural response. As the boundary condition, the 

foundation model of offshore structures affects the vibration mode of 

the structure, and consequently, the behavioral and structural 

analysis results as well. Typical simple foundation models such as 

pinned and linear spring do not reflect a structure-soil interaction in 

the jack-up analysis. As an alternative, the International 

Organization for Standardization (ISO) guideline has suggested this 

structure-soil interaction model considering soil plasticity, from a 

simple secant model to a yield interaction model and a time-

consuming but accurate soil continuum model. In this study, a 

structural analysis of jack-up has been conducted, focusing on the 

yield interaction model and the soil continuum model as a structure-

soil interaction model. Jack-up structural analysis is performed for 

dynamic loads in consideration of the structure-soil interaction, and 

an appropriate interaction model for soft over stiff clay is presented 

in this study. A yield envelope study as yield criteria of the combined 

loads has been performed on soft over stiff clay. Studies on soft over 

stiff clay tend to be less studied because a squeezing effect ensures 
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sufficient vertical bearing capacity. Tensile vertical capacity is 

independent of the lower stiff clay, and a corresponding best-fit 

equation of yield envelope and the ultimate capacity ratio are 

presented about soft over stiff clay. The yield interaction model, the 

model B for clay, derived for consideration of the nonlinear behavior 

of soil, has been studied continuously improved until recently. The 

existing model generally assumes a linear load-displacement 

relationship in the elastic region. However, this linear relationship 

may overestimate the load as the plastic occurs gradually in soil 

behavior in practice. In this study, the Hyperbolic model B is 

proposed, and the horizontal and rotational load-displacement curves 

in the elastic region are assumed to have a hyperbolic relationship. 

The regression equation for the initial stiffness accompanying the 

model is presented. A fully coupled structure-soil interaction 

analysis with a soil continuum model has been performed to validate 

the yield interaction model. Large deformation of the soil 

accompanied by the deep penetration is considered simultaneously in 

the structural analysis of jack-up. The proposed yield interaction 

model uses yield envelope and ultimate capacities that are well suited 

to soft over stiff clay, and a hyperbolic nonlinear load-displacement 

relationship is assumed before the yield. As a result, inside the yield 

envelope, the existing model overestimates the moment acting on the 

soil, thereby underestimating the bending moment at the hull-leg 

joint. The model proposed in this study has predicted the soil 

response and bending moment distribution of the leg well, and these 

results are validated with the those of the soil continuum model. Wave 
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load analysis has been performed using the proposed yield interaction 

model and the soil continuum model. The dynamic effects that should 

be considered compared to the monotonic load analysis have been 

investigated, and it has been validated that the proposed yield 

interaction model can predict the response of the wave load analysis 

in the elastic region well. 

 

Keyword : jack-up, spudcan, yield interaction model, soil LDFE, 

structure-soil interaction (SSI) 

Student Number : 2014-21827 
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Chapter 1. Introduction 

 

1.1. Research background 

 

An offshore fixed platform is an offshore structure that installs 

structures on the seabed to withstand environmental loads such as 

waves and wind. Unlike floating platforms, it is relatively easy to 

install as it supports structures on the seabed. However, it is 

important to accurately consider this fixed state because the 

installed depth is limited and the behavior varies greatly depending 

on the seabed soil (Wilson, 2002). In the structural analysis of the 

fixed platform, these seabed soils act as boundary conditions. The 

boundary condition of the structure generally governs the global 

vibration mode and the local stress of the structure (Zhang et al., 

2017). In the preliminary design of the fixed platform, a simple 

support model or a linear spring is used as a simplified foundation 

model (Baglioni et al., 1982; Williams et al., 1998). This simple 

foundation model is still limited in use to date and is known to exhibit 

high accuracy only when the deformation of the soil is very small. 

However, when designing offshore structures, it is required to 

calculate the response of structures under severe environmental 

conditions, and in this situation with large deformation of the soil, 

simple foundation models, such as simple support conditions and 

linear springs cannot accurately simulate the actual soil (Houlsby et 

al., 1992; Williams et al., 1998). Inaccurate boundary conditions 
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possibly misestimate not only the structural response at a specific 

site, but also the entire vibration mode of the structure. So how the 

accuracy of the foundation model is an essential factor in the 

structure design. Significant deformation of the soil occurs by the 

structure, which leads to a change in boundary conditions and affects 

the structure behavior again. It is known that it is more challenging 

to simulate the exact behavior and structural response of the 

structure due to structure-soil interaction (SSI).  

A fixed platform generally refers to a jacket or a concrete 

caisson-structured platform supported by piles. In the case of piled 

structure, the pile-soil interaction (PSI) is considered and the soil 

is modeled through a linear spring for each depth of the pile 

penetrated deeply (API, 2002; Mao et al., 2015; Shi et al., 2015). A 

jack-up is a special platform that has both the characteristics of 

fixed and floating platforms. During operation, legs penetrated into 

soil behave like a fixed platform but can move like a floating platform 

before and after operation. Jack-up, called self-elevating unit, is 

equipped with a jacking system to lower and lift legs, and 3~6 legs 

are put on the seabed to support the hull from environmental loads 

(Young et al., 1984; Williams et al., 1999). The operation process 

of this jack-up is divided mainly into four stages: (1) transit, (2) 

installation, (3) operation, (4) retrieval (Le Tirant and Pérol, 1993). 

(1) The first stage is a transit process that moves to the target area 

while lifting the leg. In the case of a rig that does not have the self-

movability, it moves through a tug boat. Second, after reaching the 

target area, through (2) the preloading process, the leg is penetrated 
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and the jack-up platform is installed. In this process, the leg is 

penetrated into the seabed through the hull weight, ballast water, 

and jacking power. It is easy to secure stability during this 

penetration process and subsequent work through the spudcan, an 

inverted conical steel structure under the leg. Legs must be 

penetrated deeply until sufficient resistance is obtained, and this 

process should involve a large deformation of the soil and changes 

in soil properties. (3) The third stage is an operation stage in which 

the work is carried out with the hull lifted after the installation is 

completed. This is the process in which the structure is affected by 

the environmental loads during the operation period. In this process, 

the jack-up behaves like a fixed platform, and an appropriate 

foundation model must be used for structural and global behavior 

analysis. (4) The last step is the retrieval process of lifting the leg 

after the work is done. Unlike jackets, repeated preloading and 

retrieval processes are essential for jack-up that require a 

relatively short-term operation and move to a different location. In 

this process, suction force due to adhesion of the clay soil must be 

considered. 

In the preloading phase for the installation of the jack-up, the leg 

is penetrated into the seabed until their sufficient bearing capacity 

is obtained. A spudcan at the bottom of the leg has various shapes 

depending on applications but generally an inverted cone shape with 

a sharp spigot which help to facilitate penetration into the seabed, 

while allowing sufficient resistance through a large bearing area 

(Hossain et al., 2015). Leg penetration analysis calculates the 
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vertical bearing capacity curve of its corresponding spudcan shape 

through penetration and is necessary to determine the preloading 

load and leg penetration depth during design (Endley et al., 1981; 

Hossain and Randolph, 2010; Houlsby and Martin, 2003; Kee and 

Ims, 1984; Teh et al., 2008). The penetration process inevitably 

involves a large deformation of the ground, such as the backflow 

phenomenon where the spudcan is pushed directly under the ground 

and the surrounding ground moves. In particular, in the case of the 

North Sea, mainly consists of sand layer, sufficient resistance is 

secured even if the depth of penetration is not deep. However, in 

the case of the Gulf of Mexico (GoM), the South China Sea in the 

Southeast Asian region, and the southwest coast of Korea, the soft 

ground mainly composed of clay (Ahn et al., 2017; Menzies and 

Roper, 2008; Nancy et al., 2014). Spudcan must be deeply 

penetrated in this area, so the ground deformation behavior must be 

considered to perform the penetration analysis accurately. In order 

to calculate the bearing capacity of the spudcan by depth, analytical 

methods according to the existing bearing capacity theory have been 

verified and used, and the results of penetration analysis through 

the centrifugal model test have also been used in the design 

(Randolph and Gourvenec, 2017). In addition, recently, finite 

element analysis techniques using Arbitrary Lagrangian Eulerian 

(ALE) techniques or Coupled Eulerian-Lagrangian (CEL) 

techniques, which can simulate large deformation behavior, have 

been used for numerical simulation for this penetration behavior of 

a spudcan (Hu and Randolph, 1998; Qiu et al., 2009; Tho et al., 
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2010). Large Deformation Finite Element (LDFE) analysis 

technique can simulate not only the penetration analysis of jack-up 

leg but also various situations in which large soil deformation can 

occur. It can be more useful when designing offshore structures 

considering the seabed soil. 

In the operation stage, which is supported by the seabed soil and 

withstands environmental loads, the foundation model mentioned 

above affects the global behavior of the structure, and the 

structure-soil interaction in which boundary conditions change due 

to the soil is affected by the response (Martin, 1994; Schotman, 

1989; Vlahos et al., 2005). In addition, the large deformation of the 

seabed soil that occurs during the preloading process before the 

operation phase also affects the properties and corresponding 

foundation model after spudcan penetration (Zhang et al., 2014). 

There are a number of failure modes that can occur during jack-up 

operation (Fig. 1). Representatively, the failure modes can be 

'overturning' where the windward leg lifted up, sudden leeward leg 

penetration such as 'punch-through' (Fig. 2), and especially 'seabed 

slides' in which the leg is pushed without being able to penetrate 

stiff soil (Martin, 1994). In addition, a sudden collapse can be 

accompanied by structural failures at weak points such as spudcan-

leg connections or leg-hull connections. In order to prevent risks, 

the failure should be predicted in the design phase through the 

calculation of the bearing capacity and the combined loads analysis, 

but few studies have been conducted to solve this problem. 
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Fig. 1 Failure modes in jack-up operation; a) overturning; 

b) punch-through; c) seabed sliding; d) Critical point of leg 

 

  

Fig. 2 Maersk Victory : punch-through failure (Aust, 1997) 
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In this way, the foundation model used in the operation of jack-

up cannot be simplified as a simple boundary condition such as 

simple support or a linear spring because its complex behavior. 

Several foundation models have been proposed by ISO (2012). They 

are pinned model, linear spring, secant model, yield interaction 

model and soil continuum model as listed in Fig. 3. The secant model 

that uses arbitrarily reduced stiffness in the rotation direction. The 

yield interaction model that calculates plastic displacement using 

nonlinear stiffness. The secant model and yield interaction model 

are classified as simple foundation model. The soil continuum model 

that performs numerical analysis using soil continuum are 

representative foundation models that incorporate the interaction of 

structures and soil. From the pinned model to the soil continuum 

model, more accurate analysis is possible, and in the ISO, a more 

complicated model has been used when performing a high level of 

acceptance check (Table 1). 
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Fig. 3 Foundation models suggested in ISO (2012); 

a) Pinned model; b) Linear spring model; c) Secant model; 

d) Yield interaction model; e) Soil continuum model 

 

Table 1 Acceptance check in ISO (2012) 
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Before briefly explaining the existing foundation model, the load-

displacement curve assumed for numerical analysis has been briefly 

described (Fig. 4). The elasto-perfectly plastic curve, which is 

assumed to be the simplest material property, has a linear 

relationship in the elastic section and the slope of the plastic section 

after yield is zero. Therefore, after yield, the element cannot have 

stiffness. Another commonly used model is elasto-plastic with 

strain hardening. It is the same as elasto-plastic in that it has a 

linear relationship in the elastic region, but differs in that hardening 

occurs in the plastic region after yield. Hardening relationships are 

modeled linearly, logarithmic, and hyperbolic, depending on the 

properties. And the model that best describes the behavior of the 

actual material is the nonlinear elastic-plastic model. Even in the 

elastic region before yield, a nonlinear relationship is shown, and 

accordingly, a hysteresis curve is drawn according to loading and 

unloading. 

 

 

Fig. 4 Load-displacement curve in numerical analysis; 

a) Elasto-perfectly plastic; b) Elasto-plastic; 

c) Nonlinear elastic-plastic 
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The yield strength that determines yield is generally a material 

property. When a material is subjected to a 1-dof load, it appears 

as a single value, but when loads in multiple directions are applied, 

the combination of loads is a condition of yield. The yield envelope 

is a set of these yield points, and in general, the yield envelope in 

the n-dimensional load space is an n-1 dimensional figure (Simo 

and Hughes, 2006). In the spudcan study, the soil is assumed to 

follow a force-resultant yield envelope (Cheng and Cassidy, 2016b). 

It is mainly represented by a two-dimensional surface for vertical, 

horizontal, and rotational forces applied on the soil. In ISO(2012), 

the equations of yield surfaces for vertical, horizontal, and rotational 

loads are presented in Eq.(1), and cigar-shaped yield surfaces for 

clay and sand are also presented in Fig. 5 (Martin, 1994; Cassidy, 

1999). If a combination of loads applied to the soil after the 

structure-soil analysis is inside the yield curve, it is considered to 

be in the elastic region. It is considered to be in the elasto-plastic 

if it is on the yield surface. If the combination of loads is outside the 

yield curve, it is assumed to plastic, and various foundation models 

try to explain their behavior in the plastic region. 
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Fig. 5 Cigar-shaped yield surface in jack-up research; 

a) Model B, clay (Martin, 1994); b) Model C, sand (Cassidy, 1999) 
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where 𝑉𝑜, 𝐻𝑜, 𝑀𝑜 is the maximum capacity of foundation in V, H, M 

direction, and 𝑉, 𝐻, 𝑀 is the reaction forces applied on the spudcan 

in V, H, M direction. 𝑎 is the coefficient about penetration depth. 

 

 

Fig. 6 Foundation model : Secant model in M-θ graph 
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ISO (2012) proposes a secant model as a simple foundation 

model that considers structure-soil interaction. The secant model 

in Fig. 6 uses secant stiffness in the rotational direction with linear 

vertical and horizontal stiffnesses (Purwana et al., 2012; Wong et 

al., 2012). In general, in numerical analysis, the behavior at the next 

increment is determined by considering the time increment (or load 

increment) and corresponding tangent stiffness of the load-

displacement curve. However, secant stiffness refers to the 

stiffness that connects from the starting point to the design point 

when all of the load or displacement is applied (Sullivan et al., 2004). 

In this secant stiffness concept, the load-displacement at the design 

point coincides, but an incorrect load-displacement relation occurs 

at different locations. Although the secant stiffness that fits only at 

a certain point has limitations, it also has the advantage of being a 

foundation model that can be modeled simply in the form of a linear 

spring in the structure in consideration of the plasticity of the soil. 

In the ISO, when the load combination is in the plastic region, 

structural analysis is repeatedly performed by arbitrarily reducing 

the rotational stiffness, and the iterative calculation ends when the 

load combination is placed on the yield envelope. In this process, the 

rotational stiffness decreases, and this reduced stiffness is used for 

structural analysis as secant stiffness. 
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Fig. 7 Foundation model : modified model B in M-θ graph 
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B, the tensile capacity due to spudcan extraction is implemented in 

yield envelope. This model has the advantage that it can express the 

elasto-plastic behavior of the soil relatively accurately and requires 

less time for analysis than the soil continuum model. Especially 

when the soil is in the plastic region and in a specific situation, there 

is an advantage that the accuracy of the model can be easily 

increased by improving the relational expression for it. However, by 

assuming a linear relationship other than the coupling in the 

horizontal-rotation direction in the elastic region, a vulnerability can 

be found in the case of repeated loads in the elastic area. 

 

 

 

Fig. 8 Foundation model : Hyperbolic model B in M-θ graph 
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to follow in the elastic region, which was extended in the horizontal 

direction and introduced into the model B framework along with the 

coupling behavior in horizontal-rotational direction (Fig. 8). The 

behavior of the elastic region has been improved while maintaining 

the advantages of the model B plasticity framework for calculating 

the plastic displacement, and the hysteresis curve could be 

expressed in the elastic region. 

 

  

Fig. 9 Foundation model : soil continuum model; a) Modified 

Mohr-Coulomb model for sand at shallow embedment (Pisanò et 

al., 2019); b) Jack-up structural analysis with soil LDFE technique 

 

The soil continuum model is the most reliable and accurate 

method in the numerical method to consider the structure-soil 

interaction (Fig. 9). The load transferred from the structure is 

applied to the ground simultaneously, and the influence of the 

structure due to the corresponding behavior of the soil is considered 

as two-way. Even if this accuracy, the computational cost makes 

a) b)
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the method difficult to use widely, especially for time series analysis. 

In the jack-up problem, the soil continuum model has been 

considered by using a basic mohr-coulomb model for sands with 

relatively small deformation (Pisanò et al., 2019). However, for 

clays accompanied by large deformations, the fully coupled 

structure-soil interaction analysis is not widely performed due to 

the excessively high cost to simulate the large deformations and the 

resulting changes in soil properties. 

 

  

Fig. 10 Dynamic effects of wave load analysis in jack-up; 

a) Natural period of offshore platform; 

b) Jack-up structural analysis with dynamic load 

 

In particular, when the structure-soil interaction analysis is 

performed using the above-described soil continuum model, 
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structure, a natural period is in the range of 5 and 15 seconds, which 

makes dynamic effects in wave load analysis unavoidable (ABS, 

2014). Meanwhile, wave load analysis in the soil continuum model 

also causes the dynamic effects of the soil. Clay is a representative 

rate-dependent material, and it is known that hardening occurs 

according to the strain rate (Abelev and Valent, 2009; Nanda et al., 

2017; Robinson and Brown, 2013). In numerical analysis, quasi-

static analysis is generally performed to remove dynamic effects. 

However, in the wave load analysis, in which a wave of about 10 

seconds acts as environmental loads, quasi-static analysis can 

decrease the accuracy. 
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1.2. Research objective and scope 

 

The objective of this study is to propose an accurate method of 

dynamic wave analysis for jack-up by improving the structure-soil 

interaction model. For this objective, the yield envelope for soft over 

stiff clay and hyperbolic model B is proposed and implemented as 

boundary condition of jack-up structural analysis. Fully coupled 

structure-soil interaction analysis using soil LDFE technique is 

performed and compared with proposed model. Accompanying 

dynamic effects of jack-up wave analysis has also been presented 

and investigated. 

The southwest sea of South Korea is mainly deposited with clay, 

especially with a soil profile of stiff-soft-stiff clay. To operate a 

jack-up type “wind turbine installation vessel (WTIV)” to create an 

offshore wind farm, its legs should be penetrated until sitting on a 

stiff layer. In this case, penetrated spudcan are placed in transition 

zone that is affected by both the lower stiff and upper soft layers. 

To model this transition zone, the target soil has been simplified to 

soft over stiff clay. A nonlinear soil model for a general single clay 

soil has been studied by improving the accuracy of yield envelope 

and plastic potential from the model B, which considered the coupled 

effect of the combined loads. In addition, recently, studies on the 

nonlinear soil models for multi-layered soils, especially sand over 

clay, where punch-through can occur, have been conducted. On the 

other hand, studies have not been performed on soft over stiff clay 

where squeezing of the upper clay occurs. In the aspect of the 
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spudcan for installation, the squeezing phenomenon, in which the 

weak ground is squeezed due to the lower stiff soil and the bearing 

capacity increases, is very advantageous to secure sufficient 

bearing capacity. However, if a spudcan is placed between two clay 

soils during the operation phase of the jack-up, the spudcan is 

simultaneously affected by both upper soft clay and lower stiff clay, 

so the model on a single clay cannot be applied as it is. 

In this study, a nonlinear foundation model that interacts with the 

structural response of jack-up in real time is presented.  Combined 

loads, transferred to the soil through the jack-up structure from the 

environmental loads, change the foundation model and soil 

properties. The changed foundation model becomes a boundary 

condition and affects the structural behavior of jack-up in real time. 

This structure-soil interaction should be considered for simulating 

accurate jack-up behavior. This study has been conducted through 

numerical analysis considering the large deformation effect of the 

soil due to the spudcan penetration. For this, soil Large Deformation 

Finite Element (LDFE) analysis technique is implemented in 

Abaqus/Explicit commercial program, and validated (Chapter 2). 

Combined loads analyses on soft over stiff clay have been performed 

using the developed soil LDFE numerical model. Ultimate capacities 

in the vertical, horizontal, and rotational directions have been 

calculated and analyzed, and the effect of lower stiff clay on the 

capacities have been investigated. In addition, a best-fit yield 

envelope expression has been proposed (Chapter 3). The model B, 

the yield interaction model of clay, consists of elasticity, yield 
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envelope, flow rule, and hardening law. Unlike the actual soil in 

which gradual plasticity occurs, linear load-displacement 

relationship of the foundation model can overestimate the load acting 

on the soil. To improve this, a hyperbolic relationship has been 

applied to the elastic region, and a hysteresis curve in elasticity has 

been implemented. In addition, a regression model of initial stiffness 

is presented for the proposed hyperbolic model B (Chapter 4). The 

soil continuum model is the most accurate method to numerically 

simulate the structure-soil interaction. It was mainly used for small 

strain problems such as shallow embedment of sand due to 

computational cost. To validate the proposed hyperbolic model B, a 

fully coupled structure-soil interaction analysis using soil 

continuum has been performed. The interaction between the jack-

up and the soil was considered simultaneously in this model. Using 

the LDFE technique in Chapter 2, large deformation of clay is 

simulated and reflected in combined loads analysis. It has been 

confirmed that the proposed model follows the LDFE results well 

before the yield, and it has also been shown that the moment 

distribution of the leg can be accurately predicted compared to the 

existing linear relationship model (Chapter 5). Wave load analysis 

of jack-up has been performed using the proposed yield interaction 

model in soft over stiff clay and the soil continuum model using the 

LDFE technique. Comparative analysis has been conducted on the 

involved dynamic effects of the structure and soil behavior. As a 

result of the analysis, it has been confirmed that the proposed model 

and the continuum model have similar results for the repetitive wave 



 

 ２１ 

load in the elastic region. This will allow the proposed model to be 

used when performing the fatigue strength assessment of jack-up 

(Chapter 6). 
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Chapter 2. Soil LDFE analysis technique 

 

2.1. Introduction  

 

The jack-up system uses a pinion and guide to raise and lower 

legs of the hull. This system is installed in a jack-up rig and a jack-

up type Wind Turbine Installation Vessel (WTIV). When the jack-

up system stands on legs, a spudcan directly touches the seabed 

underneath the leg to support the load of the entire structure of 

platform. Since the jack-up type offshore structure can be installed 

in various soil environment, precise assessment of the structure 

during installation and operation phase is required. Especially in the 

installation process of the jack-up, it is accompanied by large 

deformation of the soil due to penetration of spudcan. Therefore, it 

is necessary at the design stage to accurately predict the large 

deformation behavior and bearing capacity of the soil. 
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Table 2 Conventional researches of soil LDFE analysis 

 

 

In general, three methods have been used to calculate the bearing 

capacity of the Spudcan. There are a method using a formula 

combining theoretical and empirical equations recommended by a 

guideline or rule (SNAME, 2008; ISO, 2012), a finite element 

method simulating the penetration behavior of the spudcan (Hossain 

and Randolph, 2010b; Hu et al., 2015; Zheng et al., 2017), and a 

centrifuge test method (Hossain and Randolph, 2010a; Hu and 

Cassidy, 2017; Teh et al., 2010). Various case studies have been 

conducted using numerical analysis methods. The remeshing and 

interpolation technique with small strain (RITSS) method developed 

by Hu and Randolph (1998) has been used for numerical analysis of 

large deformation problem based on ALE. In addition, Qiu (2009) 

has simulated the soil behavior using the CEL method provided in 

Centrifuge
LDFE

(RITSS)
LDFE
(CEL)

Description

• Model test which simulate 

the realistic stress field 
through centrifugal force

• Widely used in geotechnical 

problem

• Remeshing and 

Interpolation Technique 
with Small Strain (RITSS)

• Based on Arbitrary

Lagrangian and Eulerian 
(ALE)

• Coupled Eulerian-

Lagrangian
(CEL) method

• Supported by Abaqus 

commercial program

First suggestion

in geotechnical 
problem

• From 1960~1970

• Mikasa in Osaka univ.
• Schofield in Cambridge univ.

• Hu (1998)

‒ Large deformation
problems in soil

‒ Cavity

Strip footing
Spudcan 

• Qiu (2009)

‒ Large deformation 
problems in soil

‒ Strip footing

Pile jacking
Ship grounding 

Usage in

Spudcan 
penetration issue

• Yu (2018), Lattice leg effect

• Kim (2018), sloped seabed
• Hossain (2017), Footprint

• Hossain (2009), Spudcan penetration prediction

• Zhang (2018), Spudcan angle
• Jun (2018), Spudcan shape
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the Abaqus/Explicit commercial program, and since then, the method 

has been used for the large deformation problem of soil. 

In this paper, the large deformation behavior of the soil is 

simulated using the finite element method. Since the mesh distortion 

occurs due to the large deformation, the penetration behavior of the 

spudcan cannot be analyzed by general finite element method. 

Analysis technique for large deformation is adopted in the soil 

problem, and verification about the various case is performed. 

Simple structure is verified first, and then the spudcan penetration 

on clay and sand is verified, too. The soil model and the details of 

verification case is introduced. As a result, it is confirmed that the 

developed Large Deformation Finite Element (LDFE) method shows 

similar results to the centrifuge model test results and the existing 

LDFE analysis results. 

 

2.2. Numerical methodology  

 

Generally, the Lagrangian description is used for structural 

analysis problems, and the Eulerian description is used for fluid 

problems. In Lagrangian description, the detailed history of material 

deformation is represented by the movement of mesh. Lagrangian 

elements are always 100% full of single material, so it is easy to 

divide the material boundary. On the contrary, in Eulerian 

description, the mesh is fixed and the materials pass through the 

mesh. The material is allowed to move independently of the finite 
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elements, so the Eulerian elements may not always be 100% full of 

material. The CEL technique has been developed combining the 

Lagrangian description with advantages for boundary and contact 

problems and the Eulerian description, which are less affected by 

mesh distortion (Simulia, 2013). Remesh and advection process 

simulate large deformation of the soil. 

 Tresca model incorporating strain softening and rate 

dependency is used for the numerical modeling of clay soil. The 

undrained shear strength is determined using the following strain / 

strain rate dependent equation proposed by Einav and Randolph 

(2005) (Eq. (2)). 

 

 
𝑠𝑢 = [1 + 𝜇 l g(

Max(|�̇�|, �̇�𝑟𝑒𝑓)

�̇�𝑟𝑒𝑓
)] 

     [𝛿𝑟𝑒𝑚 + (1 − 𝛿𝑟𝑒𝑚)𝑒
−3𝜉 𝜉95⁄ ][𝑠𝑢𝑚 + 𝑘𝑧] 

(2) 

 

where, 𝑠𝑢 is the undrained shear strength at the depth z considering 

strain softening and rate hardening. 𝜇 is a rate parameter and has a 

value of 0.05 to 0.2 in marine clay typically. �̇� means the maximum 

shear strain rate. �̇�𝑟𝑒𝑓 is the reference strain rate and is 1 to 4%/h 

in the triaxial test and 20%/h in the direct simple shear test. 𝛿𝑟𝑒𝑚 is 

the inverse of the sensitivity as the strength ratio of the soil. In 

general, the sensitivity of marine clay is 2 ~ 5. 𝜉  stands for 

accumulated absolute plastic strain and has the definition of the 

following equation. 𝜉95  is the value of 𝜉  when 95% remolding is 

performed after the soil is disturbed. Generally, it has a value of 10 
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to 25 (Hossain and Randolph, 2009). 𝑠𝑢𝑚 is the undrained shear 

strength at the top surface of the clay layer. The 𝑘  value is a 

strength depth gradient. Using these two parameters, undrained 

shear strength at the corresponding depth, 𝑧, is obtained.  

 

2.3. Analysis model 

  

Using the CEL method provided by the Abaqus commercial 

program, the large deformation of soil caused by the penetration of 

the spudcan is simulated. As mentioned above, spudcan is modeled 

by using Lagrangian element, and soil by Eulerian element. 

Lagrangian element comprises both 6-noded linear triangular prism 

element(C3D6) and 8-noded linear brick element with reduced 

integration(C3D8R) is used for spudcan structure. Eulerian element 

comprises 8-noded linear brick element with reduced integration 

(EC3D8R) is used for the soil (Qiu and Grabe, 2012; Tho et al., 

2010). Mesh size is determined by considering the diameter D of 

the spudcan, D, and mesh size of 0.025D ~ 0.05D is used. In the 

spudcan penetration simulation, the rate of penetration is also 

important. It should be slow enough to avoid the inertia effect. 

Penetration rate is also determined considering the D, and the speed 

of 0.005D ~ 0.01D/s is mainly used.  This means a penetration rate 

of 0.05 ~ 0.1m/s assuming D of about 10m. The following figure is 

an example of the spudcan penetration model, which consists of 

spudcan structure and soil layer (Fig. 11). 
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Fig. 11 Numerical analysis model about penetration 

of spudcan in clay 

 

2.4. Verification results 

 

2.4.1. Penetration of pipe in clay 

 

Wang et al. (2010) is referred for the simulation about 

penetration of pipe in clay. In this referred paper, The LDFE 

approach has been verified by comparison with a centrifuge test of 

pipe–soil interaction in Kaolin clay, so the result of pipe penetration 

is used for this verification. Unit length (=1 m) is used to simulate 

2D in 3D domain, and diameter of pipe, D, is 0.8m. Pipe structure is 

assumed to rigid body, because the deformation of pipe is too small 

to neglect. 

Clay soil is modeled as the elasto-perfectly plastic material 

obeying a Tresca yield criterion. Effective unit weight of clay is 

6.5kN/m3. Undrained shear strength is 2.3 kPa at the top surface of 
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clay layer and increases to 3.6 kPa/m with depth. A rigidity index, 

the ratio between the Young’s modulus to the undrained shear 

strength (𝐸/𝑠𝑢), is used as 500, the general value of marine clay. 

There are several factors that should be selected for nonlinear 

model of undrained shear strength. In the strain softening term, 

0.3125 is used as strength ratio, 𝛿𝑟𝑒𝑚, and 10 of 𝜉95 is used for the 

value of 𝜉 required for the soil to undergo 95% remolding. For the 

strain rate hardening term, 0.1 of rate parameter value 𝜇 is used, 

and 1.5%/h is used as reference shear strain rate, �̇�𝑟𝑒𝑓. 

 

 

Fig. 12 Numerical analysis model about penetration of unit pipe 

 

 Numerical model of pipe penetration is introduced in Fig. 12. 

Pipe structure is modeled using Lagrangian element, and soil is 

modeled as Eulerian element. Mesh size is 0.04m, which is same 

with 0.05D, and penetration rate is 0.005m/s of 0.00625D. 
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Fig. 13 Cross-sectional view of deformed shape of soil 

(Ref. = Wang et al., 2010) 

 

Fig. 13 shows the deformed shape of soil when the penetration 

depth is 0.07D, 0.25D, and 0.35D. At each depth, it can be seen that 

the deformed shape of soil is similar to the results of centrifuge tests 

and referred LDFE. The movement of the soil during penetration and 

the shape of soil berm could be compared and confirmed similar. 

 

w=0.07D

w=0.25D

w=0.35D

LDFE (Ref.) Centrifuge test (Ref.) LDFE (this paper)
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Fig. 14 Soil response in clay (unit pipe); a) Mises stress;  

b) Equivalent plastic strain 

 

 Soil stress and plastic strain after the penetration of pipe are 

presented at Fig. 14. High stress is observed under the pipe after 

the penetration. This high stress is dominantly affected by the 

elastic behavior of the soil, so the little plastic strain occurs in that 

region. Unlike elastic strain, plastic strain occurs right under the 

structure where force is applied directely.  

 

a)

b)
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Fig. 15 Bearing capacity curve of unit pipe in clay 

 

As a result of the penetration behavior simulation, the bearing 

capacity curve is shown in the Fig. 15. The penetration of 0.5D is 

simulated, and the non-dimensionlized results are compared with 

centrifuge model tests and LDFE results. Simulation results are 

similar to those of the two references.  

 

2.4.2. Penetration of spudcan in single clay 

 

In Hossain et al. (2015), the bearing capacity about penetration 

of various shape of spudcan in clay has been studied. Penetration 

and extraction resistance has been researched using a series of 

centrifuge tests and LDFE analyses. Three different base 

geometries used in the real field is treaed in this paper, so a 
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representative shape of spudcan is selected for this verification. The 

penetration behavior of the spudcan is simulated, and the maximum 

bearing area of the spudcan has 6m of diameter. Spudcan structure 

is assumed to rigid body, same as the case of pipe, because the 

deformation of pipe is small enough. Detailed configuration of 

spudcan is shown in Fig. 16. 

 

 

Fig. 16 Spudcan used in validation (Hossain et al., 2015) 

 

Clay modeling is the same as the previous case of unit pipe. 

However, the properties are applied diffrenetly as used in Hossain 

et al. (2015). Soil layer is modeled as the elasto-perfectly plastic 

material obeying a Tresca yield criterion. Effective unit weight of 

clay is 7.5kN/m3. Undrained shear strength is 0.9kPa at the top 

surface of clay layer and increases to 1.95kPa/m as depth increases. 

The rigidity index is used as 500, the same as clay model used in 

unit pipe case. Several factors for nonlinear model of undrained 

shear strength is used in this clay model. In the strain softening term, 

0.3436 is used as strength ratio, 𝛿𝑟𝑒𝑚, and 15 of 𝜉95 is used. For the 

strain rate hardening term, 0.1 of rate parameter value is used, and 
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1.5%/h is used as reference shear strain rate �̇�𝑟𝑒𝑓 . Numerical 

analysis model about this verification case is shown in Fig. 11. 

spudcan structure is modeled using Lagrangian element, and soil is 

modeled as Eulerian element. Mesh size is 0.3m, which is same with 

0.025D, and penetration rate is 0.1m/s of 0.0083D, which is also 

used in the reference paper. 

 

 

Fig. 17 Soil response at spudcan penetration; a) Mises stress;  

b) Equivalent plastic strain 

 

a)

b)
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Soil stress and plastic strain after penetration are presented at 

Figure. High stress is observed under the pipe after penetration. 

This high stress is caused by the elastic behavior of the soil, which 

can be confirmed from the plastic strain results. Unlike elastic strain, 

plastic strain usually occurs right under the structure where force 

is applied directely, shear deformed region by spudcan edge, and 

upper part of the spudcan where large deformation occurs due to 

backflow.  

 

 

Fig. 18 Bearing capacity curve for numerical model validation 

 

The bearing capacity curve of spudcan penetration is shown in 

Fig. 18. The penetration is simulated unitil 0.6D depth. Simulation 

results are similar to a reference, however, the value is larger as 

the penetration depth is deeper. Since the size of the domain is small 
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in the depth direction, it is considered that the boundary effect is 

generated. Therefore, the greater the depth, the greater the bearing 

capacity. These results are expected to improve when the size of 

domain is large enough. 

 

2.4.3. Penetration of spudcan in multi-layered clay 

 

Before carrying out the present numerical analysis, the soil LDFE 

analysis technique needs to be validated. The results of the 

penetration analysis of the multi-layered clay soils are compared 

with those of the centrifuge model test and the existing numerical 

LDFE analysis. Hossain et al. (2011) performed the centrifuge 

model test on multi-layered clay soils and analyzed the occurred 

punch-through and squeezing phenomena. Notably, squeezing was 

observed in their T8 test due to the lowest stiff layer, and this case 

was also simulated by LDFE analysis in Zheng et al. (2018). 

 

 

Fig. 19 Spudcan used in validation (Menzies and Roper, 2008) 
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Fig. 20 FE model in multi-layered clay validation 

 

Since squeezing is an important phenomenon in soft-over-stiff 

clay, which is the target soil of the present study, this case is 

selected for validation of this LDFE analysis. The T8 test covered 

three-layered clay with interbedded soft clay. The undrained shear 

strengths of each layer in Zheng et al. (2018) were, in order, 21 kPa, 

8.5 kPa, and 35.5 kPa for the first, second, and third layers. With 

these undrained shear strengths, 200 rigidity index (𝐸/𝑠𝑢), rough 

condition of spudcan-soil interface, unit weights of 7.5 kN/m3 (top 

layer) and 7.3 kN/m3 (lower layers) in Zheng et al. (2014) are 

referred for the validation. The strain-softening and rate-

hardening parameters in this validation also are the same values as 

in Zheng et al. (2018) (i.e., 𝜇 =0.1, �̇�𝑟𝑒𝑓 =1.5%/h, 𝛿𝑟𝑒𝑚 =0.36, 

𝜉95=12). 

Top layer

Second layer

Bottom layer
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Fig. 21 Soil response in multi-layered clay validation; 

a) Mises stress in penetration analysis; 

b) Maximum principal plastic strain 

 

Fig. 21 shows the total equivalent mises stress and plastic strain 

of the soil due to the spudcan penetration behavior in stiff-soft-

stiff clay. In the strain rate dependent term in Eq. (2), total stress 

is used to calculate the total strain. Although not exactly the same, 

the range of mises stress plot is similar to the range affected by rate 

hardening. Likewise, although not exactly the same, the range that 

the maximum principal plastic strain plot affects is similar to that of 

strain-softening and has a large plastic strain around the disturbed 

soil. 

a) b)
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Fig. 22 Bearing capacity results of multi-layered clay 

 

The centrifuge test data, existing LDFE analysis result, and 

numerical analysis results of the present study well shows the 

squeezing effect at the interface of the second soft layer and third 

stiff layer (w=0.92B). Although a small difference in bearing 

capacity curve can be caused by application of a different modeling 

technique in numerical analysis, it is thought that reasonable results 

have been obtained by using this LDFE analysis technique. 

Verification of the multi-layered clay soil has been performed, and 

it has been confirmed that the vertical capacity value obtained 

results similar to those of the existing results. 

In this chapter, verification has been performed on the clay soil. 

For single clay and multi-layer clay soils, the results of the soil 

LDFE analysis developed in this study have been verified using the 

centrifugal model tests and LDFE results provided in the existing 

researches. As a result, it has been confirmed that the vertical 
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capacity value is well predicted according to the spudcan penetration 

behavior. This numerical analysis technique has been used to study 

the nonlinear soil model in the following chapters. 
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Chapter 3. Yield envelope in soft over stiff clay 

 

3.1. Introduction  

 

A fixed platform is an offshore structure that is fixed to the 

seabed in order to withstand wave, current, and wind loads. Whereas 

fixed platforms have long been used owing to their convenient 

installation, the operatable water depth is significantly limited. jack-

up platforms, in-service mainly at depths within 150m, behave like 

fixed platforms by penetrating their legs into the seabed, but 

transport in float before and after operation. A jack-up platform 

consists of a superstructure, hull, and three-to-six independent 

lattice legs, each with an underlying footing called a spudcan. The 

Legs need to be embedded until achieving sufficient bearing capacity. 

Especially in clay seabed such as in the Southwest Sea of South 

Korea, spudcans can penetrate up to three times their diameter or 

until meeting stiff soil (Menzies and Roper, 2008). In the operation 

phase after penetration, a jack-up platform is subjected to 

environmental loads in addition to the load of its own weight, 

applying combined loads to the spudcan. Combined loads applied to 

the spudcan can be simplified in their classification as vertical (V), 

horizontal (H) loads, and rotational moment (M). 

Strength assessment of a jack-up system subject to 

environmental loads is dynamically sensitive to the stiffness of the 

spudcan foundation due to the limited number of supporting 
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legs(Cheng and Cassidy, 2016a). Simple support and linear soil 

springs have been often used as the simplest stiffness models, and 

recently, a force-resultant model based on a plasticity framework 

has been formulated as an alternative foundation model. Models that 

described the combined foundation capacity and the empirical yield 

envelope expressed in terms of allowable combinations of V, H, M 

loads were pioneered and developed by Butterfield and Ticof (1979), 

Roscoe and Schofield (1956), and Schotman (1989). In the 

intervening years, significant improvements have been achieved in 

terms of clay and sand, as represented in the model B and model C, 

respectively (Cassidy, 1999; Cassidy et al., 2004; Martin, 1994; 

Martin and Houlsby, 2001). These models for both clay and sand 

have been the basis for plasticity framework models as well as 

modified models (Cheng and Cassidy, 2016b; Zhang et al., 2014a). 

In particular, for single clays, extensive research has been 

conducted into strength non-homogeneity, cyclic loading, soil plugs, 

and consolidation (Gourvenec and Randolph, 2003; Ragni et al., 2017; 

Vlahos et al., 2006; Vulpe, 2015). Vlahos et al. (2008a) 

demonstrated the concept of tensile capacity using a centrifuge 

model test, and Zhang et al. (2014b) formulated a modified model B 

by combining improvements such as tensile capacity, non-

associated plastic potential, and others. Centrifuge model tests have 

mainly been used in the development of foundation models, while 

additionally, numerical studies have been performed by Templeton 

(2009); Templeton et al. (2005); Zhang et al. (2011b). However, 

most of the conventional studies in this vein have used numerical 
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analysis that has assumed an embedded position of spudcans as 

wished-in-space, with no consideration of soil disturbance caused 

by spudcan penetration (Zhang et al., 2014b). Meanwhile, studies on 

multi-layered soil considering actual soil profiles also have been 

carried out. The relevant previous studies have mainly investigated 

conditions wherein a strong layer overlies a soft layer with a 

possibility of punch-through failure (Abyaneh et al., 2018; Hu et al., 

2017; Ko et al., 2017; Rao et al., 2015; Yin and Dong, 2019); that is 

to say, there has been no detailed investigation into a foundation 

model in soft-over-stiff layered soil such as clay-over-sand or 

soft-over-stiff clay, wherein the squeezing effect is operative 

(Wang et al., 2018).  

The present study aims to derive yield envelope for soft-over-

stiff clay, a condition that is mainly prevalent in the Southwest Sea 

of Korea. Large deformation finite element (LDFE) analysis using 

the Coupled Eulerian-Lagrangian (CEL) technique is adopted to 

simulate spudcan penetration and to perform a subsequent combined 

loads analysis to determine the disturbed soil properties owing to 

penetration and obtain, thereby, the yield envelope. Prior to the case 

of soft-over-stiff clay, the yield envelope data for single clay with 

a deep-embedded spudcan is accounted for. It is found that the 

conventional yield envelope equation is well matched for single clay, 

even at deep embedment more than 1.5 times the spudcan diameter. 

Subsequently, the effect of the lower stiff clay on the yield envelope 

is examined in two aspects: ultimate capacity and normalized shape. 

The underlying stiff clay enlarges the yield envelope directly in the 
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vertical direction due to the squeezing effect, which in turn affects 

the horizontal and rotational directions. As mentioned above, the 

squeezing effect refers to the phenomenon where the upper soft soil 

is squeezed due to the lower stiff soil. With this effect, the vertical 

bearing capacity of the foundation increases significantly, and the 

yield envelope changes accordingly. Furthermore, the shape of the 

resulting yield envelope cannot be represented by a simple quadratic 

surface. Consequently, it is found that the conventional equation for 

single clay has a limitation in its utility to express results for soft-

over-stiff clay. Accordingly, based on the form of the conventional 

formulation of the yield envelope for single clay, this paper proposes 

a modified equation that is applicable to soft-over-stiff clay. 

 

3.2. Numerical methodology  

 

3.2.1. Soil conditions and spudcan specifications 

 

Offshore wind farms have been established in the Southwest Sea 

of South Korea, in which location a common soil profile is soft-

over-stiff clay (Ahn et al., 2017; Jin et al., 2019). A wind turbine 

installation vessel (WTIV) of the jack-up type that is operated in 

this region needs to penetrate its legs into the stiff soil layer to 

ensure sufficient bearing capacity. 
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Fig. 23 Soil profiles of 8 boreholes in Southwest sea 

 

Eight boreholes were drilled to investigate the soil properties of 

the southwest sea of South Korea (Fig. 23). The result is a soil 

profile consisting mainly of stiff-soft-stiff clay layer or soft over 

stiff clay layer. In the jack-up design, stiff clay near the seabed is 

not enough to obtain sufficient bearing capacity. That is why the 

jack-up leg should penetrate deeply until meeting the stiff soil. 

When encountering such stiff soil, the spudcan is placed in the 
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transition area affected by both the upper soil clay and the lower 

stiff clay. However, the foundation model affected by both layers 

has not yet been established. In this study, soft over stiff clay is 

assumed as target soil of this study for simplicity. 

 

 

Fig. 24 Shear strength profiles of soft-over-stiff clay 

 

Assuming this general soil condition of soft-over-stiff clay, the 

present study adopts representative soft marine clay properties for 

the upper layer. Menzies and Roper (2008) obtained Gulf of Mexico 

(GoM) jack-up data for spudcan specifications, soil properties and 

the corresponding observed vertical bearing capacity. Among these 

data sets, the spudcan specifications and clay properties for their 

site 1 are used in the present study to represent the upper soft clay 

layer. Also, an intact undrained shear strength of 2.4 kPa and an 

increasing slope of 1.35 kPa/m with depth are applied (su = 
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2.4+1.35z kPa). An averaged value of unit weight (γ = 5.36 kN/m3) 

is assigned to the upper layer, and the general rigidity index and the 

Poisson ratio value of marine clay are used in the numerical analysis 

(E/su = 500, 𝜈 = 0.49). The height of the upper layer is modeled 

as 2.0B for the deep embedment necessary to achieve sufficient 

bearing capacity in soft clay. 

In the case of the lower stiff clay layer, homogeneous undrained 

shear strength is assumed for the purposes of a simplified case 

study on soil stiffness. The stiff clay layer in multi-layered seabeds 

has often been assumed as homogeneous in literatures (Hossain and 

Randolph, 2010; Zheng et al., 2015; Zheng et al., 2016), and so 

accordingly, the lower stiff layer in the present study is also 

assumed to have uniform properties. The undrained shear strength 

is set as two, three, and four times the value at the interface of the 

upper layer, which cases are named MWS2P, MWS3P, and MWS4P, 

respectively. In fact, the realistic profile of soil has the continuous 

increase of su in the boundary of multi-layered soil. However, there 

is no exact information about soil profile in this transition zone. This 

detailed soil profile can affect the soil capacities like horizontal 

capacity, so the specific discontinuous soil profile has been used to 

clarify the lower clay effect. A comparative study on the effect of 

the lower stiff layer is performed using these three cases along with 

a single clay case (SWP). These cases and the corresponding shear 

strength profiles are illustrated in Fig. 24. 
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Fig. 25 Combined loads applied to spudcan (Zhang et al., 2014) 

 

As noted earlier, a spudcan used in a real GoM field (Marathon 

LeTourneau Design, Class 166-C) is used as the basis for the 

simplified spudcan applied in the present study (Menzies and Roper, 

2008). The simplified spudcan has a circular cross-sectional shape 

with same maximum bearing area. The slope of the lower conical 

geometry and the overall volume are maintained, but the sharp edge 

is smoothed out for numerical stability and cost efficiency. 

Therefore, the simplified spudcan has an equivalent diameter of 

13.52m, a maximum bearing area of 143.6m2, and a volume of 275m3. 

Vertical, horizontal and rotational motions are loaded to the load 

reference point (LRP), the center of the lowest cross-section with 

the maximum bearing area. Displacements 𝑤, 𝑢, 𝜃  and reaction 

forces 𝑉,𝐻,𝑀 in the vertical, horizontal, and rotational directions at 

the LRP, respectively, are given in Fig. 25. 
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3.2.2. Finite element model 

 

A soil LDFE analysis based on the CEL technique and using the 

Abaqus/Explicit commercial program is performed to simulate soil 

behavior. Eulerian description is generally used to simulate the 

behavior of fluid, and so, in this description, the movement of the 

continuum is taken as a function of its instantaneous position and 

time. By comparison, Lagrangian description is mainly used for 

structural analysis with small deformation, and this description 

describes the movement of the continuum as a function of its initial 

coordinates and time (Qiu et al., 2009). Especially in large soil 

behavior problems such as spudcan penetration, Lagrangian 

description can incur mesh distortion. Eulerian description can solve 

this mesh distortion problem; however, it remains difficult to define 

an interface between structure and soil. Because the CEL technique 

overcomes each difficulty by taking advantage of both descriptions, 

spudcan penetration behavior has been simulated through this 

technique (Qiu and Grabe, 2012). 

Soil properties change sensitively according to significant 

environmental disturbances. These clay properties are known to be 

dependent on both strain and strain rate (Einav and Randolph, 2005). 

In order to simulate the disturbed properties of clay, elasto-

perfectly plastic material obeying a Tresca yield criterion 

incorporating strain softening and rate dependency is used. Einav 

and Randolph (2005) proposed the following equation of undrained 

shear strength as a function of strain softening and rate hardening 
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and this nonlinear model is presented in Eq.(2). 

In the case of the upper soft layer, 𝑠𝑢𝑚 is 2.4 kPa and 𝑘 has the 

value of 1.35 kPa/m, as mentioned above. For general marine clay, 

the typical values of the parameters in Eq.(2) are provided below. 

The parameters in this study for the penetration and combined loads 

analysis (𝛿𝑟𝑒𝑚=0.35, 𝜉95=15, 𝜇=0.1, �̇�𝑟𝑒𝑓=1.0%/h) are adopted 

appropriately from within the following ranges:  

 𝛿𝑟𝑒𝑚 (strength ratio) : 0.2 ~ 0.5 

      (inverse of sensitivity 𝑆𝑡, 2 ~ 5) 

 𝜉95 (value of 𝜉 for 95% remolding) : 10 ~ 25 

 𝜇 (rate parameter) : 0.05 ~ 0.20 

 �̇�𝑟𝑒𝑓 (reference strain rate) : 1 ~ 4%/h in triaxial sehar test, 

20%/h in direct simple shear test. 

 

 

Fig. 26 Finite element model for constant V test and swipe test 

 

The numerical analysis is performed using the CEL technique and 

the nonlinear undrained shear strength model. The geometry of the 

spudcan is face symmetric, and the vertical, horizontal, and 

Void

Upper soft clay

Lower stiff clay

2.0B

3.5B

0.5B

6.0B

6.0B
1.0B



 

 ５０ 

rotational motions also have symmetricity. Therefore, the half model 

and corresponding soil domain are modeled in this simulation (Fig. 

26). The Eulerian element comprises 8-node linear brick elements 

with reduced integration (EC3D8R) for the soil domain, and the 

Lagrangian element comprises both a 6-node linear triangular prism 

element (C3D6) and an 8-node linear brick element with reduced 

integration (C3D8R) for the Spudcan structure. To avoid the 

boundary effect, a sufficiently large soil domain should be selected. 

Considering several previous numerical analyses such as 

penetration and combined loads analyses, 6.0B (=81.12m) of 

diameter and 6.0B of depth have been determined and validated 

through parametric study (Bienen et al., 2012; Ragni et al., 2017; 

Zhang et al., 2014b). 
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Fig. 27 Mesh convergence test in single spudcan analysis 

 

A mesh convergence test has been carried out (Fig. 27), based 

on which, the spudcan and its surrounding mesh size used in this 

study are adopted as 0.05B (=0.676m). This fine mesh zone is 

modeled in the 3.0B range, with larger mesh sizes being used outside 

the region for computational efficiency. In the penetration analysis 

and subsequent combined loads analysis in this study, the coefficient 

of friction between the spudcan structure and the soil is assumed to 

be 0.1. 
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3.3. Penetration analysis to simulate soil disturbance  

 

 

     a)     b) 

Fig. 28 Penetration curve for soft-over-stiff clay; 

a) Bearing capacity curve; 

b) Bearing pressure curve and typical bearing pressure of jack-up 

 

Penetration analysis, performed for consideration of disturbed 

soil properties due to large deformation, is completed prior to the 

combined loads analysis for the yield envelope calculation. The 

vertical bearing capacities for the soft-over-stiff clay cases 

(MWS2P, MWS3P, and MWS4P) as well as the single clay case 

(SWP) are shown in Fig. 28(b).  

The effects of lower layer stiffness on the vertical bearing 

capacity can be checked in this penetration curve. As the spudcan 

tip passes to the boundary of the two layers, w = 27.04 m (= 2.0B), 

the squeezing effect starts to occur. The stiffer the clay is in place 

below, the larger the squeezing effect and the greater the increase 
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of vertical bearing capacity. On the basis of the depth at the 

boundary, 1.8B, 2.0B, 2.2B, and 2.4B are selected as the spudcan 

embedment for the yield envelope research. 1.8B shows a slight 

squeezing effect, which starts from the depth of 2.0B (the upper 

layer height). This squeezing effect becomes large at 2.2B, and the 

2.4B embedment represents a situation wherein the maximum 

bearing area of the spudcan has passed to the boundary between the 

two layers. The calculated bearing capacity results for these 

penetration depths are shown in Table 3. There is little difference 

in these results according to the lower clay property at 1.8B, and 

the bearing capacity starts to vary at 2.0B. From the embedment of 

2.2B, the bearing capacity has a larger value as the lower clay 

property becomes stiff. Typical spudcan bearing pressure is known 

to be in the range of 200 ~ 600 kPa, and a few cases have shown 

higher bearing pressures up to 1000 kPa (Hu & Cassidy, 2017). The 

penetration depths between 2.0B and 2.2B are calculated for the 

soft-over-stiff clay cases based on 600 kPa, which is generally the 

maximum bearing pressure. The stiffer cases, MWS3P and MWS4P, 

are also able to cover the specific case of 1000 kPa before 2.4B (Fig. 

28(b)). Therefore, it can be thought that the selections of upper 

layer height and clay properties are appropriate in that the typical 

spudcan bearing pressure can be covered. 
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Table 3 Penetration results for single clay and 

several cases of soft-over-stiff clay 

Bearing capacity (MN) 

w/B SWP MWS2P MWS3P MWS4P 

1.8 60.70 61.86 61.83 61.97 

2.0 68.15 72.56 74.41 74.82 

2.2 75.00 99.53 127.44 153.64 

2.4 83.25 123.27 170.84 216.44 

Bearing pressure (kPa) 

w/B SWP MWS2P MWS3P MWS4P 

1.8 422.78 430.87 430.71 431.64 

2.0 474.70 505.45 518.29 521.16 

2.2 522.41 693.29 887.71 1070.21 

2.4 579.92 858.61 1190.01 1507.60 

 

 

3.4. Combined loads analysis for single clay  

 

3.4.1. Applied load sequence and load cases 

 

Combined loads (V, H, M) analysis is conducted for the 

calculation of the yield envelope following the penetration analysis. 

This analysis is divided into two types of test, the swipe test and 

the constant V test. A commonly used swipe test has been 
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performed to outline the overall shape of the yield envelope. Both 

the compressive swipe test, which is the horizontal/rotational motion 

or combined motion after spudcan penetration, and the tensile swipe 

test, which is the motion after a small extent of extraction, are 

carried out. In addition, a constant V test is used to calculate the 

horizontal and rotational capacities at a specific constant vertical 

load. The obtainable results from the swipe test and constant V test 

are illustrated conceptually in Fig. 29. As shown in the figure, the 

overall shape of the yield envelope can be calculated through two 

swipe tests (blue line). Then, the maximum values of the 

horizontal/rotational directions are calculated through the constant 

V test (red line). 

 

 

Fig. 29 Conceptualization of swipe test and constant V test 

 

Through the swipe test, the combined critical state can be 

calculated from the load path after spudcan penetration and 

subsequent achievement of the critical state of the soil. Since it was 

adopted from the yield envelope studies by Tan (1990), the swipe 

test has often been used to calculate the yield envelope in 

conventional studies (Cassidy et al., 2004; Cheng and Cassidy, 2016; 

Compressive swipe test

Tensile swipe test

Constant V test 

V

H (or M)
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Gourvenec and Randolph, 2003; Martin and Houlsby, 2000; Zhang et 

al., 2014a). The swipe test first moves the spudcan in a vertical 

direction by displacement control until the vertical capacity 

converges. The critical state is then maintained when the spudcan 

moves in the horizontal or rotational direction while fixing the 

vertical displacement. The critical load combination is calculated 

during the displacement controlled motion, and consequently, the 

load path tracks the yield envelope (Gourvenec and Randolph, 2003). 

The test is divided into the compressive and tensile swipe test, 

according to whether the vertical motion is penetration or extraction, 

respectively. In the present study, the approximate shape of the 

yield envelope is calculated using these swipe tests. 

The constant V test has been used mainly in conventional studies 

to calculate the plastic behavior of soil. However, calculating the 

reaction force through the displacement-controlled motion 

occurring in a specific environment is the most common way to 

calculate the capacity. In this study, the specific point in the yield 

envelope is calculated by this test, especially a capacity at V = 0 

and the maximum capacity in the horizontal or rotational direction 

(red line). Existing studies have indicated that the maximum value 

of horizontal/rotational capacity is reached at the median of the 

compressive and tensile vertical capacities (Vlahos et al., 2008; 

Zhang et al., 2013), and this is also shown in the numerical analysis 

of the present study. After calculating the compressive and tensile 

vertical capacities from the penetration and extraction motion, the 

median value is loaded vertically. While the vertical load is kept 
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constant, the horizontal/rotational movement is given. The 

converged reaction force in each direction is defined as the 

horizontal and rotational maximum capacity, respectively. 

At the various spudcan embedments (1.8B, 2.0B, 2.2B, and 2.4B), 

capacity calculations and combined loads analyses for the yield 

envelope are carried out for both the single clay and soft-over-stiff 

clay cases. Prior to the multi-layered clay cases, a numerical 

analysis for single clay is conducted with the different embedments. 

The results for above the 1.4B embedment are recorded and 

validated against the existing theories suggested for single clay at a 

shallow depth. The capacities at 1.4B are additionally calculated for 

comparison. Then, the capacities in the three directions and the yield 

envelopes are calculated for the soft-over-stiff clay cases. Owing 

to the lower stiff clay, spudcan embedment and soil stiffness can 

affect the capacities and yield envelopes. The representative soft-

over-stiff clay case (MWS2P) is selected for the case study with 

various embedments. Also, for the same penetration depth (w = 

2.2B), the calculated yield envelope results are analyzed by 

changing the stiffness of the lower clay (MWS2P, MWS3P, MWS4P). 

The results from the softest case (SWP) to the stiffest case 

(MWS4P) for the effect of the lower stiff clay on the yield envelope 

are analyzed according to spudcan embedment and the soil 

properties. 
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3.4.2. Maximum capacity analysis for single clay 

 

As mentioned earlier, the maximum capacities are calculated by 

constant V test. Fig. 30 shows the load-displacement (𝐻-𝑢) curve 

in the horizontal direction and the moment-rotation (𝑀-𝜃) curve in 

the rotational direction. The displacement-controlled motion is 

applied in the horizontal and rotational directions under the vertical 

median load between the compressive and tensile vertical capacities. 

Consequently, as in the experiments with plastic materials, the 

linear 𝐻-𝑢 (𝑀-𝜃) relationship is shown until the yield point and 

then gradually converged in the plastic region. The converged 

values of 𝐻  and 𝑀  are defined as the horizontal and rotational 

maximum capacities (𝐻𝑜 and 𝑀𝑜), respectively. At this time, the 

location of the convergence point can have a significant effect on the 

calculation of the capacity. Based on the yield point, which is the end 

of the linear relationship, the convergence load becomes too small. 

If the displacement is applied until load convergence, it is difficult to 

determine the end, because the load and moment continue to 

increase little by little due to the characteristics of the nonlinear 

material. For this reason, a clear criterion is needed to determine 

the convergence. In previous research, the maximum capacity was 

defined based on a displacement of 0.5% diameter in the horizontal 

direction (Martin and Houlsby, 2000). Vlahos et al. (2008a) 

presented the horizontal load-displacement relationship until 

0.035B, and Cassidy et al. (2006) and Zhang et al. (2013) described 

the displacement up to 0.15B and 0.083B for clay and sand, 
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respectively. Taken together, it can be confirmed that the 

convergence is sufficiently satisfied if the horizontal displacement 

of 0.1B is considered as the criterion. In the present study, 

convergence loads corresponding to 4, 7, and 10% diameters (u = 

0.04B, 0.07B, 0.1B) are defined as the horizontal maximum capacity. 

The rotation multiplied by the diameter (Bθ) is also used on the 

same basis as the horizontal displacement (u), so the moment at the 

Bθ of 0.04B, 0.07B and 0.1B are calculated as the rotational 

maximum capacity. As such, since the convergence point can affect 

the capacity results, the equations of yield envelope are proposed 

with three different criteria. No matter which criterion is adopted, 

reasonable conclusions can be drawn if the capacity is calculated on 

a consistent basis for convergence. 

 

 

     a)                             b) 

Fig. 30 Load(Moment)-displacement(rotation) curve; 

a) in horizontal direction; b) in rotational direction 

 

 ℎ𝑜 =
𝐻𝑜
𝑉𝑢𝑙𝑡

 (3) 
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 𝑚𝑜 =
𝑀𝑜
𝑉𝑢𝑙𝑡

 (4) 

 

The horizontal and rotational maximum capacities of single clay 

are calculated, and the results are shown in Fig. 31. ℎ𝑜 and 𝑚𝑜 are 

the maximum capacity ratio and the mean of the horizontal maximum 

capacity and rotational maximum capacity divided by the vertical 

ultimate capacity, respectively (Eq. (3), (4)). These ratio values are 

used to compare the maximum capacities on the same basis as in the 

conventional studies. First, as mentioned above, the maximum 

capacities are calculated by using the constant V test. This test can 

calculate the horizontal/rotational capacity for the specific vertical 

load under which other factors are not taken into account. However, 

conventional studies such as that of Zhang et al. (2014c) have 

calculated the maximum capacities by regression of the peak from 

the swipe test results. Conventional studies suggested that the yield 

envelope from numerical analysis accords the ellipsoid, and that the 

yield envelope from the centrifuge test follows the paraboloid. In 

consideration of this, in the present study, both the elliptic and 

parabola shapes are fitted to the swipe test results of each VH, VM 

plane. The regressed peak values of the two shapes are illustrated 

with the results of conventional studies in Fig. 31. 
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                a)                                b) 

Fig. 31 Comparison of maximum capacity ratio; 

a) horizontal direction; b) rotational direction 

 

In Fig. 31(a), the calculated horizontal maximum capacity ratio 

(ℎ𝑜) is compared with the results from the centrifuge tests and 

numerical analyses of conventional studies (Zhang et al., 2013; 

Zhang et al., 2014b). The two numerical analysis cases that can 

cover the sensitivity of 2.78 used in the present study are presented 

(St = 2.0, 3.0), and the regression results for the elliptic shapes 

exist between those cases. The results of the constant V test and 

the regression with the parabola have a larger value of about 0.33. 

In the numerical results of the previous study, the slope of the ℎ𝑜 

value decreased as the embedment increased, which is the same as 

the result of the present study. For 1.4B, the ℎ𝑜 value is smaller 

0

0.5

1

1.5

2

2.5

3

0.08 0.1 0.12 0.14 0.16

w
/B

mo/B

Constant V test, St=2.78

Swipe test regression (Parabola), St=2.78

Swipe test regression (Elliptic), St=2.78

Zhang et al. (2014b), St=3.0

Zhang et al. (2014b), St=2.2

Zhang et al. (2014a), Centrifuge test

0

0.5

1

1.5

2

2.5

3

0.1 0.2 0.3 0.4

w
/B

ho

Constant V test, St=2.78

Swipe test regression (Parabola), St=2.78

Swipe test regression (Elliptic), St=2.78

Zhang et al. (2014b), St=3.0

Zhang et al. (2014b), St=2.2

Zhang et al. (2014a), Centrifuge test



 

 ６２ 

than 0.3, but approaches to a larger value for 1.8B and above. The 

results of the centrifuge test exist only below 1.45B of embedment, 

and the ratio value also increases as the depth increases in that 

range. In summary, it is found that ℎ𝑜  increases linearly with 

embedment up to a specific depth (about 1.5B). After that depth, the 

rate of increase decreases and ℎ𝑜 finally comes close to a certain 

value, about 0.33.  

The ratio values of rotational maximum capacity (𝑚𝑜 /B) are 

shown in Fig. 31(b) in the same way as in the horizontal direction. 

The  𝑚𝑜 /B values of this study are found to exist between the 

numerical analysis and the centrifuge test results of conventional 

studies. In the previous study, the slope in the rotational direction 

was smaller than that in the horizontal direction, and the same result 

is shown in this figure. The 𝑚𝑜/B values from the constant V test at 

embedments from 1.4B to 2.4B have a similar value of about 0.115, 

and the regression results also converge near 0.12. Unlike the 

horizontal direction, the maximum capacity in the rotational direction 

can be considered to show a relatively similar trend to that of the 

vertical ultimate capacity, due to the converged capacity ratio. 
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3.4.3. Yield envelope in single clay 

 

Fig. 32(a) summarizes the calculated yield envelope results for 

the vertical-horizontal (VH) plane, vertical-rotational (VM) plane, 

and horizontal-rotational (HM) plane in the case of single clay. 

Combined loads analyses are carried out for the embedments of 1.8B, 

2.0B, 2.2B and 2.4B, respectively. The size of the yield envelope 

increases regularly as the embedment deepens. The uniform spacing 

of the graphs means that the shapes of the yield envelope are similar, 

which phenomenon can also be seen in the normalized yield envelope 

(Fig. 32(b)). The graphs in Fig. 32(a) are normalized using the 

vertical ultimate capacity (𝑉𝑢𝑙𝑡) in the vertical direction, and the 

capacities at V = 0 in the horizontal/rotational directions (𝐻𝑉=0 , 

𝑀𝑉=0), respectively. These values represent the vertical positive 

intercept, the horizontal intercept, and the rotation. In the single clay, 

the normalized yield envelopes all have a similar shape in the VH, 

VM, and HM plane, regardless of the embedment. Since the 

normalization process divides the influence of the two factors of the 

yield envelope, the size and shape are analyzed separately. 
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a)                         b) 

Fig. 32 Numerical analysis results of SWP; a) Load path;  

b) Normalized shape with each intercept 

 

In the VH, VM planes, the shape has a vertex defined as the 

maximum horizontal/rotational capacities at the median between the 

compressive and tensile vertical capacities. This load path is shaped 

like a quadratic curve, which is consistent with the results of Vlahos 

et al. (2008a) and Zhang et al. (2013) considering the tensile 

capacity.  Backfill soil has a significant impact on the calculation of 

tensile capacity, which has already been considered in this study. 
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However, time effects such as consolidation and suction effects have 

not considered in this study. The calculated tensile capacity ratio is 

similar to the value in the existing centrifuge model test, and it is 

used as it is. However, it is considered that a more accurate yield 

envelope can be calculated by using the tensile capacity reflecting 

these effects. 

The yield envelope at deep embedments above 1.5B through 

numerical analysis is calculated in the present study, unlike the 

existing studies which used relatively shallow embedment. The 

normalized yield envelope illustrates that the embedment does not 

affect the yield envelope shape, and so the conventional analytic 

equation for shallow depth can also be applied to the deeper case. 

This conventional equation is fitted to the single clay results at deep 

embedments in the present study, and the regression results are 

reported in Table 4. 

 

Table 4 Parameters fitted with conventional equation of single 

clay 

 w ℎ𝑜 𝑚𝑜 𝑒 𝜒 

Centrifuge test 

(Zhang et al., 

2014a) 

0.7D 0.182 0.089 0.380 0.6 

1.0D 0.198 0.092 0.244 0.6 

1.45D 0.242 0.094 0.150 0.6 

Numerical analysis 

(present study) 

1.8B 0.317 0.123 0.140 0.54 

2.0B 0.314 0.122 0.118 0.54 

2.2B 0.338 0.125 0.079 0.58 

2.4B 0.344 0.122 0.053 0.60 
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The ℎ𝑜 and 𝑚𝑜 values of Table 4 are also presented in Fig. 31 

above, where the conventional centrifuge test data is the black line 

with empty square points, and the numerical analysis result is the 

purple line with filled square points. The trend in the centrifuge test 

that appears as the embedment increases is also continued in the 

numerical analysis. The eccentricity continues to decrease, so that 

the yield curve approaches symmetry, and the tensile capacity ratio 

(𝜒) has a similar value of 0.6. This slight eccentricity is presented 

in the HM plane. Zhang et al. (2011a), who performed a small-strain 

finite element (SSFE) analysis below the 1.4B depth, documented 

that the deeper the embedment, the more minor the eccentricity. 

The embedment covers in the present study ranged from 1.8B to 

2.4B, and the earlier study noted above also has determined that the 

eccentricity is not significantly revealed at these depths. The 

normalized shapes of the HM plane are grouped as one regardless 

of embedment, like those of the VH, VM planes. This shows that, in 

the formulation of the yield envelope, size and shape can be 

considered separately through the normalization process. 

 

3.4.4. Soil flow mechanism in combined loads analysis 

 

Combined loads analyses are subsequently performed on the 

soft-over-stiff clay, which is the target soil of the present study. 

Fig. 33 shows the soil behavior of each motion when the tip of the 

spudcan has touched the boundary. As can be seen in Fig. 33(a), 

when the spudcan penetrates vertically, the soil below is first 
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pressed. At the same time, the soil on both sides moves upward, and 

so the soil below flows round and rises up. This flow of soil is called 

backflow, and ISO (2012) suggests an analytic equation for this. As 

such, the lower soil has a great influence on the vertical behavior of 

the spudcan. On the other hand, the horizontal behavior of the 

spudcan causes movement of the lateral and upper soil (Fig. 33(b)). 

When the spudcan rotates, the around soil rotates in the same 

direction (Fig. 33(c)). The right-side soil of the spudcan moves 

downward and the left-side soil moves upward, and so both the soil 

below and above affect the rotational behavior of the spudcan. The 

main concern for soft-over-stiff clay is the existence of lower stiff 

clay. Penetration behavior is predicted to be strongly influenced by 

the underlying soil, whereas horizontal behavior is predicted to be 

relatively independent. Rotational behavior, meanwhile, is expected 

to be affected by both the upper and lower soils, depending on the 

side of the spudcan. 

 

 

a)                    b)                    c) 

Fig. 33 Soil flow in combined loads analysis; a) vertical 

direction; b) horizontal direction; c) rotational direction 

 

Soil boundary (w=2B)
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3.5. Combined loads analysis for soft-over-stiff clay  

 

3.5.1. Maximum capacity for soft-over-stiff clay respecting 

embedment 

 

Fig. 34 shows the horizontal and rotational maximum capacities 

in a soft-over-stiff clay case (MWS2P), under the vertical median 

load between the compressive and tensile vertical capacities. The 

calculated results from the constant V test are plotted according to 

the embedment and the lower soil properties. The penetration 

results for soft-over-stiff clay and single clay show very little 

difference until the spudcan tip reaches 2.0B, the soil boundary (Fig. 

34). The maximum capacity calculation of the embedment from 1.8B 

to 2.4B is performed to cover the range with and without influence 

from the lower stiff soil. The maximum capacity is greater with 

deeper embedment, due to stiffness, pressure, and so on. This 

tendency is presented not only in the vertical capacity, but also in 

the horizontal/rotational capacity in Fig. 34(a). The single clay 

results (the red dashed line) increase nearly linearly with increasing 

depth, whereas the soft-over-stiff clay shows a sharp increase in 

capacity values near 2.2B. When the spudcan tip penetrates more 

than 2.0B, the squeezing effect begins to occur, and 2.2B is the depth 

affected by the lower stiff clay, while 2.4B is the point where the 

maximum bearing area of the spudcan penetrates into the lower stiff 

clay, thus resulting in increased capacity. 

Fig. 34(b) shows the ratio of the maximum capacity in the 
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horizontal/rotational directions to the vertical ultimate capacity. In 

the case of the horizontal direction, the ratio of the maximum 

capacity decreases at the depth of 2.2B. According to the soil flow 

mechanism and Wang et al. (2018) and Wang et al. (2019), the 

horizontal behavior of the spudcan is affected by the lateral soil. The 

laterally projected area of the spudcan is not overlapped with the 

lower stiff clay, and so the horizontal behavior is less affected by 

the lower stiff clay than is the vertical capacity. As the horizontal 

capacity increases less than the rapidly increasing vertical capacity, 

the ratio value starts to decrease at 2.2B. However, at 2.4B, where 

most of the spudcan has penetrated the soil, the laterally projected 

area overlaps much with the lower clay. This causes the horizontal 

capacity to be much larger, and the ratio value increases compared 

to the 2.2B depth. Regardless of the underlying soil stiffness and 

embedment, it is found that the ratio value in the stiff clay region 

becomes smaller than that of single clay, due to the squeezing effect. 

The ratio value in the rotation direction shows a difference from 

the horizontal direction. The slightly reduced ratio value at 2.2B 

starts to decrease significantly at 2.4B. As shown in Fig. 33(c), the 

rotational behavior of the spudcan causes movement of the 

surrounding soil, and so both the soil below and above affects the 

capacity. Unlike the horizontal direction, a side of the maximum 

bearing area of the spudcan is pressed against the lower stiff layer 

at 2.2B (Fig. 33(c), right). As the squeezing effect occurs in that 

area, the rotational capacity also increases significantly. The 

capacity ratio decreases due to the left side, which is less affected 
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by the lower stiff clay, but the difference is small. However, as the 

spudcan penetrates, no further squeezing effect occurs, and the 

movement of the opposite side raises the upper soft clay. As a result, 

the rotational capacity does not increase much compared with the 

vertical capacity, which is affected directly by the lower stiff clay, 

and consequently, the capacity ratio decreases at 2.4B. 

 

                  a)                               b) 

Fig. 34 Constant V test results for depth; a) maximum capacity; 

b) maximum capacity ratio 
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3.5.2. Maximum capacity in soft-over-stiff clay for lower clay 

properties 

 

Fig. 35 shows the trend of the maximum capacity according to 

the stiffness of the lower clay. The results of the combined loads 

analysis in the 1.8B case, which show little difference between 

single clay and soft-over-stiff clay, are presented first. And then, 

the maximum capacities and the capacity ratios at the 2.2B and 2.4B 

depths represent the region affected by the lower stiff clay. At 1.8B, 

where the spudcan tip does not reach the soil boundary, the soft-

over-stiff clay has similar vertical, horizontal and rotational 

capacities to those of the single clay (Fig. 35(a)). This result is also 

consistent with the capacity results respecting embedment. In the 

regions where there is no effect from the lower stiff clay, the single 

clay and soft-over-stiff clay shows the same results. 

At the graph about the maximum capacities of 2.2B, the effects 

of the lower stiff clay are presented in Fig. 35(b). As the undrained 

shear strength of the lower clay becomes two, three, and four times 

stiffer than that of the upper soft clay, the maximum capacities in 

the horizontal/rotation direction all increase. Large capacities 

relative to single clay reflects a large effect of the lower layer, which 

has also been demonstrated by the tendency according to which 

stiffer lower clay properties mean greater maximum capacity values. 

In comparison, the maximum capacity ratio for the vertical ultimate 

capacity decreases as the lower clay properties become stiffer. The 

horizontal capacity is greatly reduced, and the rotational capacity is 
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small but also tends to decrease. As mentioned above, the horizontal 

behavior has been affected by the lateral soil, not the underlying soil, 

and so the horizontal capacity in the soft-over-stiff clay does not 

increase as much as the vertical capacity does. As a result, the 

horizontal maximum capacity ratio is greatly reduced. However, the 

rotational behavior is found to be related to the lower stiff soil, as it 

is influenced by both the soil below and above, and accordingly, the 

maximum capacity increases significantly according to the stiffness 

of the lower clay. Since this increase rate is smaller than that of the 

vertical capacity due to the squeezing effect, the capacity ratio 

decreases slightly as a result.  

The maximum bearing area of the spudcan crosses the soil 

boundary at 2.4B of spudcan tip penetration, and so the squeezing 

effect is stronger and the trend mentioned in the previous paragraph 

becomes more pronounced (Fig. 35(c)). As shown in Fig. 34(a), the 

horizontal capacity starts to be affected by the lower clay at 2.4B 

because the spudcan laterally significantly overlaps the lower 

ground, and thus too, the capacity value is slightly increased. 

Nevertheless, the rate of increase in vertical capacity is the greatest, 

and the capacity rate decreases accordingly. The same phenomenon 

happens in the rotation direction. The value of maximum capacity 

increases due to the lower stiff clay; however, the capacity ratio for 

the vertical capacity decreases as the lower clay becomes stiffer. 
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            a)                 b)                 c) 

Fig. 35 Constant V test results for lower clay properties; 

a) w=1.8B; b) w=2.2B; c) w=2.4B 

 

3.5.3. Yield envelope in soft-over-stiff clay respecting embedment 

 

Fig. 36 shows the results of the yield envelope calculation for 

different depths of soft-over-stiff clay, the target soil of this study. 

The MWS2P case, where the undrained shear strength of the lower 

clay is twice the boundary value of the upper clay, is selected as the 

representative case. As with the case of single clay, the yield 

envelopes are shown for the VH, VM, and HM planes. 
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  a)                   b)                     c) 

Fig. 36 Numerical analysis results for MWS2P respecting depth; 

a) Load path; b) Normalized shape with each intercept; 

c) Normalized shape considering vertical tensile capacity 
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capacity causes the center of the yield envelope to move to the right. 

The maximum capacity in the horizontal and rotational directions is 

calculated at this center point by moving along the vertical direction. 

As with the trend of maximum capacity, the yield envelope results 

from the swipe test consistently show increasing capacity. The 

deeper the embedment, the larger is the yield envelope in all 

directions. 

Fig. 36(b) shows the yield envelope normalized to the 

compressive maximum vertical capacity, horizontal capacity at V = 

0, and rotational capacity at V = 0, respectively. For the VH, VM 

planes, the yield envelope of 2.0B depth is similar to that of 1.8B. 

There is little effect of the lower stiff clay at the embedment of 2.0B, 

so that the shape is consistent as in the case for the single clays. 

However, the shape starts to change from 2.2B, when the effect of 

the lower stiff clay begins to be not negligible. It is found that the 

tensile capacity does not increase relative to the compressive 

maximum vertical capacity, which increases due to the squeezing 

effect, and thus the normalized shape narrows in the tensile part. 

The tensile capacity is normalized as the tensile capacity ratio (χ), 

and it is found that χ gradually decreases from the typical value of 

single clay, about 0.6. This trend is further exacerbated at 2.4B, 

where the effects of the lower stiff clay are greater.  

Narrowed shape in the vertical direction makes the effect in the 

horizontal/rotational direction less obvious. The normalization 

method is changed in the vertical direction as depicted in Fig. 36(c), 
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so the maximum capacities at the different embedments gathers at 

a line. In Fig. 36(c), the yield envelope is normalized to have a value 

between 0 and 1 in the vertical direction. It is first horizontally 

shifted first by the tensile capacity and then is divided by the sum 

of the tensile and compressive capacities. The tensile capacity is 

defined as 𝜒𝑉𝑜 using the definition of the tensile capacity ratio used 

in the existing equation, and the equation summarized using this is 

shown in Eq. (5). 

 

 𝑉  →   𝑉𝑛𝑜𝑟 =
𝑉 + 𝜒𝑉𝑜
(1 + 𝜒)𝑉𝑜

 (5) 

 

where 𝑉: Vertical reaction force in load path, 𝑉𝑜: Vertical ultimate 

capacity (compressive capacity), 𝜒: Tensile capacity ratio.  

Fig. 36(c) shows that deep embedment makes the ratio of the 

maximum capacity ratio large. As in the vertical direction, the 

shapes rise in the horizontal/rotational direction from the 

embedment of 2.2B, and the maximum capacity ratio also increases. 

The ratios of the maximum capacity and intersection point at V=0 

are constant in the case of single clay, so that the peak matches; 

however, lower stiff clay ensures that the horizontal/rotational 

capacities do not increase at a constant rate with respect to other 

vertical loads. This effect should be considered at the yield envelope 

of soft-over-stiff clay. 

The yield envelope in the HM plane shows a different trend from 

the VH and VM planes. As indicated in Fig. 36(a), the deeper the 
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embedment, the larger the yield envelope. However, if the calculated 

yield envelope is normalized to the horizontal and rotational 

capacities at V = 0, the shape becomes similar regardless of the 

embedment. It is noted earlier that the tensile part is calculated from 

the extraction behavior of the spudcan and is affected by the upper 

soft soil. The point V = 0 is close to the tensile maximum vertical 

capacity, and so its cross-section, the yield envelope in the HM 

plane, is more affected by the upper soft soil. For this reason, it can 

be determined that the yield envelope in the HM plane is less 

affected by the lower stiff clay than in the VH and VM planes. 

 

3.5.4. Yield envelope in soft-over-stiff clay for lower clay properties 

 

In order to analyze the effect of lower stiff clay in detail, the yield 

envelope is plotted for varying undrained shear strengths of the 

lower layer (Fig. 37). It is noted above that the characteristics of 

single clay and soft-over-stiff clay diverge from 2.2B of 

embedment. Accordingly, with the 2.2B embedment fixed, the swipe 

test are performed when the undrained shear strength of the lower 

clay is two, three, and four times the boundary value of the upper 

clay, and those results are showed in Fig. 37. Those cases are 

named MWS2P, MWS3P, and MWS4P, and are plotted with the single 

clay case (SWP) for comparison. 
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 a)                    b)                     c) 

Fig. 37 Numerical analysis results for lower clay properties at 

w=2.2B; a) Load path; b) Normalized shape with each intercept; 

c) Normalized shape considering vertical tensile capacity 

 

Fig. 37(a) shows the calculated yield envelope according to the 

lower clay properties. There is a larger vertical capacity in the 

stiffer lower clay in the penetration curve, which is also presented 

in the compressive maximum vertical capacity of the yield envelope. 

On the other hand, it is apparent that the tensile capacity has a 

constant value regardless of the stiffness of the lower clay. From 

the results for embedment, it has already been concluded that the 

tensile capacity is less affected by the underlying soil. These results 
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according to the stiffness of the lower clay clearly indicate that the 

tensile capacity is little related to the lower stiff clay. These effects 

make the tensile part fixed and enlarge the yield envelope in the 

compressive direction. It can also be found that the maximum 

capacity increases in the horizontal and rotational directions as the 

lower clay stiffens. Just as the deeper embedment makes the effect 

of the lower clay increase, the stiffness of the lower clay also 

increases this effect. 

The normalized shapes in Fig. 37(b) show the effect of the lower 

stiff clay, which increases with stiffness. As in the Fig. 36(b), the 

calculated yield envelopes are normalized using the intercept value 

of each axis. The width of the yield envelope is narrowed due to the 

decreasing tensile capacity ratio (χ). The ratio decreases due to 

the increasing compressive capacity relative to the constant tensile 

capacity. Fig. 37(c) shows the modified normalization in the vertical 

direction as in Eq. (5) considering the tensile capacity. According to 

the stiffness of the lower clay, the shape and the maximum capacity 

ratio are increased in the horizontal/rotational direction. All of these 

trends are identical to those observed at the embedments of 2.2B 

and 2.4B, and so they can be considered to be characteristic of the 

shape of the yield envelope due to the lower stiff clay. 

In the HM plane of Fig. 37, similar results are found between 

single clay and soft-over-stiff clay. The calculated yield envelopes 

are larger when the lower clay becomes stiffer, but similar when 

normalized. As with the results in Fig. 36, it is found that stiff clay 

affects the VH and VM plane sections of the yield envelope, but the 
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HM plane section less so. In this study, the effects of lower stiff clay 

in the VH and VM planes are quantified into an analytic expression. 

For the HM plane, since the soft-over-stiff clay has a shape similar 

to that of the single clay, the existing formula of the single clay is 

used as is. 

 

3.6. Yield envelope equation proposed for soft-over-stiff 

clay 

 

3.6.1. Derivation of the quadratic curve in the VH, VM plane 

 

Keeping the form of the single clay equation suggested in the 

previous studies, an analytic equation that can express the yield 

envelope for soft-over-stiff clay is proposed. The equation for the 

yield envelope of single clay has been sought after in various studies. 

ISO (2012) has suggested a yield envelope equation with 

interpolating paraboloid and ellipsoid using a depth coefficient. In 

addition, spudcan-soil adhesion can be considered to provide 

additional horizontal and rotational capacity. Recently, a yield 

envelope in the form of a paraboloid in consideration of the tensile 

capacity was presented in Zhang et al. (2013) via a centrifuge model 

test. With reference to these equations, this paper intends to present 

an analytical equation that can represent soft-over-stiff clay in 

consideration of its tensile capacity. 

Before presenting the analytic expression, the normalization 
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method is modified in order to express the result of the swipe test 

as a representative shape. In the vertical direction, the yield 

envelope is normalized to have a value between 0 and 1 (Eq. (5)). 

In the horizontal and rotational directions, the calculated load path is 

normalized using the maximum capacity in each direction (Eq. (6), 

(7)). The maximum capacity value is obtained using the constant V 

test at the specific vertical load, and the swipe test results are 

divided by this value. All normalized values should be between 0 and 

1 in theory. However, in Fig. 38, there are some graphs that are 

expected to exceed 1 at the vertex. This is due to the fact that, 

because of the calculation procedure of the constant V test, a slight 

difference can exist between the calculated maximum capacity from 

the constant V test and that from the swipe test. In numerical 

analysis, instability occurs when horizontal or rotational motion has 

been given immediately after penetration behavior. In order to 

prevent this, a small downward displacement is applied along with 

the vertical load prior to loading of the horizontal or rotational motion. 

Especially in the cases of the 2.2B and 2.4B embedments, where 

squeezing occurs, the vertical capacity is sensitively increased even 

with a slight downward movement, which is considered to affect the 

maximum horizontal and rotational capacity. However, these effects 

are not significant, and so analysis stability is given priority in the 

present study. 

 

 𝐻  →   𝐻𝑛𝑜𝑟 =
𝐻

𝐻𝑜
 (6) 
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𝑀  →   𝑀𝑛𝑜𝑟 =

𝑀

𝑀𝑜
 

(7) 

 

where 𝐻 , 𝑀 : Horizontal reaction force and Rotational reaction 

moment in load path, 𝐻𝑜, 𝑀𝑜: Horizontal and Rotational maximum 

capacity 

Through this normalization process, the load path becomes a 

curve that passes through (0,0), (1,0) and has vertices of (0.5, 1) 

in the VH and VM planes. Before presenting the new expression of 

this curve, a quadratic curve is derived. First, a parabola is assumed, 

one of the representative quadratic curves (blue dashed line). 

Assuming that the cross-section in VH (VM) plane is a parabola, 

the yield envelope becomes paraboloid. The parabola about the VH 

plane is summarized through the procedure of Eq. (8). Since the 

form of the equation is the same in the VM plane, it is omitted. 

 

 

𝐻𝑛𝑜𝑟 = 4 ∙ 𝑉𝑛𝑜𝑟 ∙ (1 − 𝑉𝑛𝑜𝑟) 

    = 4 ∙
𝑉 + 𝜒𝑉𝑜
(1 + 𝜒)𝑉𝑜

∙ (
𝑉𝑜 + 𝜒𝑉𝑜
(1 + 𝜒)𝑉𝑜

−
𝑉 + 𝜒𝑉𝑜
(1 + 𝜒)𝑉𝑜

) 

    =
4

(1 + 𝜒)
∙ (
𝑉

𝑉𝑜
+ 𝜒) ∙ (1 −

𝑉

𝑉𝑜
) 

(8) 

 

As in Eq. (8), the exponent of V in three-dimensional paraboloid 

has two times that of H (or M). Regardless of the consideration of 

tensile capacity, this form of paraboloid has been used as the yield 

envelope by Martin (1994); Martin and Houlsby (2000); Vlahos et 

al. (2008a); Zhang et al. (2014b). ISO (2012) also has 
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recommended a paraboloid formula for shallow depths (w=0). If the 

tensile capacity is not taken into account, the ratio of 𝑉 to 𝑉𝑜 is 

used as the value of 𝑉𝑛𝑜𝑟 (𝑉/𝑉𝑜). 

Second, the equation is derived by assuming the normalized 

shape as an elliptic, another form of quadratic curve (blue dotted 

line). The cross-section of the ellipsoid becomes an ellipse, and so 

this elliptic equation is derived as Eq. (9) by formulating it with 

respect to the VH plane. Also, the result for the VM plane is the 

same as that for the VH plane. 

 

 

(𝑉𝑛𝑜𝑟 − 0.5)
2

0.52
+ 𝐻𝑛𝑜𝑟

2 = 1 

              𝐻𝑛𝑜𝑟
2 = 4 ∙ 𝑉𝑛𝑜𝑟 ∙ (1 − 𝑉𝑛𝑜𝑟) 

                   =
4

(1 + 𝜒)2
∙ (
𝑉

𝑉𝑜
+ 𝜒) ∙ (1 −

𝑉

𝑉𝑜
) 

(9) 

 

In the form of the last expression, the right side is the same as 

the parabolic equation in Eq. (8), but the exponent of 𝐻𝑛𝑜𝑟 on the 

left side is square. This type of equation has been used as the yield 

envelope for the case of deep penetration (w > 2.5B) in ISO (2012). 

Through this derivation procedure, it is found that the existing 

equations of the yield envelope have used parabolic and elliptic 

quadratic equations. The expression of the normalized shape is 

adjusted in this study while maintaining the form of the existing 

equation.  
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3.6.2. Modified equation of soft-over-stiff clay 

 

As noted above in the case of ISO (2012), linear interpolation 

between paraboloid and ellipsoid has been used in the equation for 

single clay. In the present study, the shape of the curve is controlled 

by exponent fitting rather than linear interpolation. A different form 

of expression from the quadratic curve can effectively represent the 

results of the swipe test, and this exponent-fitting process was 

carried out by Vulpe (2015). Fig. 38 shows the newly normalized 

shapes of all of the load paths calculated by the swipe test, along 

with the fitted curves to all of those results.  

 

 

                 a)                             b) 

Fig. 38 Fitted results to quadratic curves and modified equation; 

a) VH plane; b) VM plane 
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Fig. 38(a) shows the fitting results for the VH plane and Fig. 38(b) 

for the VM plane. The values of the exponent fitted in the two planes 

are applied to the equation of the yield envelope, respectively. The 

soft-over-stiff clay shows similar behavior to that of the single clay 

in the HM plane, and so the related terms are not changed. The fitted 

equations in the two planes and the final three-dimensional equation 

of the yield envelope are shown in Eq. (10) to Eq. (11). As 

formulated above, an exponent of 1 in 𝐻𝑛𝑜𝑟  and 𝑀𝑛𝑜𝑟  term 

represents the parabolic shape, so that the regressed result 

approaches to the parabolic. Although somewhat different, Eq. (11) 

has a similar form compared to that of single clay. This means that 

the lower stiff clay does not significantly affect the shape of the 

newly normalized yield envelope. The yield envelope in soft-over-

stiff clay is found to be more sensitive to the capacity in each 

direction than the interaction of V, H, and M. 

 

 𝐻𝑛𝑜𝑟
1.140 = 4 ∙ 𝑉𝑛𝑜𝑟 ∙ (1 − 𝑉𝑛𝑜𝑟) (10) 

 𝑀𝑛𝑜𝑟
1.075 = 4 ∙ 𝑉𝑛𝑜𝑟 ∙ (1 − 𝑉𝑛𝑜𝑟) (11) 

 

(
𝐻

𝐻𝑜
)
2.28

+ (
𝑀

𝑀𝑜
)
2.15

−
2𝐻𝑀𝑒

𝐻𝑜𝑀𝑜
 

       −(
4

(1 + 𝜒)2
)
2

(
𝑉

𝑉𝑜
+ 𝜒)

2

(1 −
𝑉

𝑉𝑜
)
2

= 0 

(12) 

 

 

Yield envelope expressed as Eq. (11) is represented in three 

dimensions (Fig. 39). First, in the Fig. 39(a), the yield envelope is 
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shown along with all swipe test results about soft-over-stiff clay 

in the normalized space. The results in HM plane when V is zero are 

shown in several planes, with Vnor varying with the compressive and 

tensile maximum vertical capacities at each case. It is found that the 

yield envelope obtained from the swipe test results effectively is 

represented in three dimensions. Fig. 39(b) shows the non-

normalized results of MWS2P case, for example. The yield envelope 

when the spudcan is subjected to upward force (V < 0) is revealed. 

Tensile swipe tests are performed through numerical analysis, and 

the yield envelope of soft-over-stiff clay including the negative 

region can be calculated. 

 

 

a)                                b) 

Fig. 39 Three-dimensional yield envelope; 

a) Yield envelope with the swipe test results in normalized space; 

b) MWS2P case results and corresponding yield envelope 
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3.6.3. Effect of convergence criteria on the yield envelope 

 

The maximum capacity is defined as the converged value of the 

load-displacement (moment-rotation) curve at the constant V test 

(Chapter 3.4.2). Convergence criterion is properly decided through 

the existing studies as u = Bθ = 0.1B, however, it is needed to find 

out how this criterion affects the yield envelope calculation. 

Maximum capacity is one of the main reasons why the yield envelope 

of soft-over-stiff clay differs from that of single clay, and 

convergence criterion can affect this value significantly. This study 

focuses on how the yield envelope is changed by the maximum 

capacity values obtained through three different criteria. Table 5 

summarizes the estimation results. The maximum capacities 

increase with the displacement criteria, which results in reduced 

exponents. As mentioned above, the exponent close to 1 means a 

parabola, so this means that large convergence criterion makes the 

normalized shape narrower and closer to the parabola. This 

tendency is represented in Fig. 40. As the criteria for capacity 

calculation, small displacement criteria render the yield envelope 

closer to an ellipsoid, while large criteria to a paraboloid. 
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Table 5 Regression results for different maximum capacity 

criteria 

Displacement criteria 𝐻𝑛𝑜𝑟
𝑎 𝑀𝑛𝑜𝑟

𝑏 

0.04B 1.508 1.467 

0.07B 1.239 1.216 

0.10B 1.140 1.075 

 

 

                   a)                             b) 

Fig. 40 Fitted results according to the convergence criteria; 

a) VH plane; b) VM plane 
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Chapter 4. Yield envelope in soft over stiff clay 

 

4.1. Introduction  

 

During the operation phase where the jack-up is designed, the 

leg penetrates and receives environmental loads under sufficient 

bearing capacity. Due to the environmental loads, the soil 

experiences loads in the V, H, and M directions. The study on the 

yield envelope, which determines the yield for these acting loads, 

has been conducted in Chapter 3. How the force-resultant yield 

envelope for V, H, and M in soft over stiff clay is different has been 

figured out.  

 

 

Fig. 41 Jack-up operation in overall procedure 

 

The fitted parameter values and the expression of yield envelope 

for the soft over stiff clay within the possible range have been 

presented in Chapter 3. The foundation model, which is a boundary 

condition for structural analysis, is a ground model that performs 

Arrival Preloading Unloading Operation
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structural-soil interaction analysis through the process of 

determining the reaction force of the soil by receiving the reaction 

force in real-time. Model B framework, the foundation model of clay, 

formulates not only the yield envelope that determines yield, but 

also the elasticity that defines the behavior before yield, the flow 

rule that determines the behavior in plasticity, and the hardening law 

that establishes the additional penetration of spudcan. Plastic 

displacement is calculated through the formulation of those relations, 

and this is reflected to simulate the plastic behavior of the soil. In 

this chapter, a study on elasticity has been conducted to determine 

the behavior in the elastic range before yield. Hyperbolic relation is 

suggested as the more realistic elasticity relationship than that of 

the existing model. Through this, spudcan behavior in the elastic 

region along with the yield envelope of Chapter 3 has been described. 

Through the yield envelope that determines the elastic region and 

the elasticity within the elastic region, it has been intended to 

accurately represent the behavior within the elastic region in soft 

over stiff clay. 

The existing model B is a work hardening plasticity-based 

numerical model for spudcan behavior on clay, as briefly described 

above. This concept of work hardening plasticity-based numerical 

model was first introduced in jack-up behavior by Schotman(1989) 

as model A. Afterward, elasticity, yield envelope, flow rule, and 

hardening law were improved overall by Martin(1994) and 

presented as model B. The model B presented an empirical yield 

envelope formula based on the results of the 1g experiment. After a 
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minor improvement, a yield envelope formula was proposed that 

included an eccentricity concept in a horizontal-rotation plane as a 

cigar-shaped shape. 

 

 

Fig. 42 Schematic diagram of model B in 𝑀−𝜃 graph 

 

 

Fig. 43 Schematic diagram of model B; a) Load path in yield 

envelope; b) Horizontal-rotational interaction term in elasticity 

 

In the elasticity relationship inside the yield envelope, 

Martin(1994) introduced terms related to interaction with horizontal 

and rotational directions (Eq. (13)). Through this, despite the linear 

diagonal term, it shows a characteristic that does not have a 

perfectly linear relationship in each material curve in the horizontal 

and rotational directions. 

HenvResponse (M)

iteration

Tangent stiffness

Yield envelope

a) b)
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 𝐾𝑒𝑙 = [

𝐾𝑣 0 0
0 𝐾ℎ 𝐾𝑐
0 𝐾𝑐 𝐾𝑚

] = [

𝑘𝑣𝐺𝑅 0 0

0 𝑘ℎ𝐺𝑅 𝑘𝑐𝐺𝑅
2

0 𝑘𝑐𝐺𝑅
2 𝑘𝑚𝐺𝑅

3

] (13) 

 

The model B expresses plasticity by calculating the plastic 

displacement of the soil. First, if displacement is given through 

global jack-up analysis, it is assumed to be elastic, and response is 

calculated by using elasticity relation. If the calculated response is 

in the plastic region outside the yield envelope, an iterative 

calculation is performed. Elasticity, yield envelope, flow rule, and 

hardening law are all formulated and used for iterative calculation. 

Plastic displacement is calculated through iteration, and design point 

and tangent stiffness are calculated using this value. These 

calculated values are the result of this step and are used to calculate 

the next step in the global jack-up analysis. Through this process, 

model B proposed a plasticity framework reflecting each equation. 

Modified model B is the state-of-art yield interaction model for 

clay that has improved model B. The plasticity framework of the 

model B was used as it was. Still, the model was improved, 

considering the backflow and surrounding soil in spudcan behavior. 

The modified model B is proposed by Zhang et al. (2014b) and is 

applied not only to single clay but also to various multi-layered soils 

containing clay in subsequent studies. 
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Fig. 44 Schematic diagram of modified model B; 

a) Load path in yield envelope; b) Modified model B in 𝑀−𝜃 graph 

 

First, Zhang et al. (2014b) proposed a yield envelope equation 

considering tensile capacity through a centrifuge model test and 

suggested the coefficients for this expression. In the improved yield 

envelope, horizontal and rotational capacity remained even when the 

vertical load is zero due to tensile capacity. In actual single clay, 

capacity remains even when there is no vertical load due to backflow 

and adhesion after the penetration, and this phenomenon was 

reflected. The elastic relationship and plasticity are the same as that 

of the existing model B of Martin (1994), but the necessary 

coefficients for the elastic relation were presented for a single clay 

in various embedments and properties. Accordingly, improvements 

have been made to simulate the behavior of spudcan more accurately 

in a single clay. 

Vlahos et al. (2006) simulated a non-linear relationship rather 

than a linear relationship as the elastic behavior within the yield 

envelope. In the rotational direction, the stiffness decreases as 

rotation occurs, and the hysteresis curve in the elastic region is 

Yield envelope iteration

a) b)
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simulated through this (Eq. (14)). To simulate this strength 

degradation, Vlahos et al. (2006) introduced the hyperplasticity 

theory to simulate the rotational direction spring, which adopted the 

thermomechanical principle to formulate soil plasticity. The spring-

slider element suggested in the hyperplasticity theory, the non-

linear spring in the rotational direction is simulated (𝐸𝑁∗
𝑡 ). In contrast, 

the horizontal and rotational interaction term of the elastic relation 

is removed for simplicity. Hyper-model B with this nonlinear 

rotational spring was introduced. 

 

 𝐾𝑒𝑙 = [

𝑘𝑣𝐺𝑅 0 0
0 𝑘ℎ𝐺𝑅 0

0 0 8𝐸𝑁∗
𝑡 𝐺𝑅3

] (14) 

 

 

Fig. 45 Schematic diagram of Hyper-model B; 

a) Load path in yield envelope; b) Hyper-model B in 𝑀−𝜃 graph 

 

Like the previous yield interaction model, Hyper-model B has 

the same plasticity framework because it is based on existing model 

B. First, the response is calculated according to elastic relation and 

Yield envelope

Hyperbolic

iteration

a) b)



 

 ９５ 

displacement. At this time, the moment of rotation is calculated 

according to the hyperbolic relationship. At this time, if the response 

is in the plastic region, iterative calculations are performed as well, 

and the plastic displacement is calculated. And the reaction force 

and moment also decrease accordingly. In this process, hyperbolic 

relations are used. 

In this chapter, hyperbolic model B is proposed, which extends 

the nonlinear hyperbolic relation in the elastic region in the 

horizontal and rotational directions and presents the coefficients for 

this. The existing Hyper-model B applied a nonlinear relationship 

only to the direction of rotation; however, the proposed model has 

extended it in the horizontal direction and added the interaction 

terms of horizontal and rotational directions (Eq. (15)). In addition, 

the state-of-art model for single clay proposed by Zhang et al. 

(2014b) has been combined and applied. 

 

 𝐾𝑒𝑙 = [

𝑘𝑣𝐺𝑅 0 0

0 𝒇𝑲𝒉(𝒖) 𝑓𝐾𝑐(𝜃)

0 𝑓𝐾𝑐(𝜃) 𝒇𝑲𝒎( )
] (15) 

 

 

Fig. 46 Schematic load path in Yield envelope 

 

Yield envelope
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Fig. 47 Hyperbolic model B in a) 𝐻−𝑢; b) 𝑀−𝜃 graph 

 

The yield envelope for the soft over stiff clay presented in 

Chapter 3 has been applied. Also, the nonlinear hyperbolic relation 

can be used not only to the moment-rotation but also to the 

horizontal force-displacement relation. The interaction terms of the 

horizontal and rotational direction of the elastic relation of the model 

B is considered as a function of rotation. In the plastic region, the 

existing model B plasticity framework is used as it is. So the 

response is calculated according to the given nonlinear elastic 

relation within the yield envelope, and the plastic displacement is 

calculated to simulate the behavior outside the yield envelope. At 

this time, the nonlinear hyperbolic relation is determined by the 

initial stiffness and capacity. In particular, the initial stiffness can 

vary significantly depending on the criteria. Accordingly, a 

regression model has been proposed to present the initial stiffness 

for the soft over stiff clay. When using the hyperbolic model B 

presented in this chapter, the regression model and fitting results 

are expected to be used for nonlinear hyperbolic relations. 

 

Hyperbolic Hyperbolic

iteration

a) b)
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4.2. Model B with hyperbolic elastic curve  

 

Hyperbolic backbone curves have often been used to express 

ground hysteresis behavior (Vlahos et al., 2006; Huang, 2020). The 

equation of the hyperbolic curve is as follows in Eq. (16). 

 

 𝑓ℎ𝑦𝑝𝑒𝑟(𝑥) =
𝑥

𝑎 + 𝑏𝑥
 (16) 

 

This hyperbolic curve equation has been used to express the 

strength degradation in the horizontal and rotational directions. In 

Chapter 3, the combined loads analysis of the single spudcan has 

been performed. Spudcan penetration has been simulated, and then 

reaction force and moment have been calculated through a horizontal 

and rotational motion under a specific vertical force with the 

maximum capacity. In this chapter, H-u and M-θ relationships are 

assumed to be hyperbolic, and this relation is fitted to those results 

of single spudcan analysis. The model B with hyperbolic elastic 

curve is proposed as Hyperbolic model B. 

First, the hyperbolic expression has been formulated using 

physically meaningful parameters (Eq. (17), (18)). 

 

 
𝐻(𝑢) =

u

(
1
𝐾ℎ
+
1
𝐻𝑜
𝑎𝑏𝑠(𝑢))

 
(17) 
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𝑀(𝜃) =

𝜃

(
1
𝐾𝑚

+
1
𝑀𝑜
𝑎𝑏𝑠(𝜃))

 
(18) 

 

where, 𝐾ℎ and 𝐾𝑚 are initial stiffness, respectively, and mean the 

slope at u=θ=0. 𝐻𝑜  and 𝑀𝑜  mean the capacity and converged 

value at u=θ=∞. Each soil parameter is presented in Fig. 48. 

 

 

Fig. 48 load-displacement curve from single spud. LDFE 

 

The results of fitting according to the proposed equation are 

shown in Fig. 49, Fig. 50 and Table 6. In one of several cases, the 

results of single clay and soft over stiff clay at w=2.2B has been 

selected. 
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Fig. 49 Fitting results in single clay; 

a) horizontal direction; b) rotational direction 

 

 

Fig. 50 Fitting results in soft over stiff clay; 

a) horizontal direction; b) rotational direction 

 

Table 6 soil parameter of single clay and 

soft over stiff clay(MWS2P) 

 Single clay Soft over stiff clay 

𝐾ℎ 473.90 MN/m 622.90 MN/m 

𝐻𝑜 24.20 MN 26.16 MN 

𝐾𝑚 19760 MNm/rad 35080 MNm/rad 

𝑀𝑜 121.40 MNm 165.20 MNm 
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As shown in the Fig. 49 and Fig. 50, the fitted hyperbolic curve 

(blue dashed line) fits the single spudcan analysis (black line) result. 

When it is assumed to be elastic-perfectly plastic (red dotted line), 

the strength degradation is poorly expressed. The effect of lower 

stiff clay on soil parameters obtained through fitting is well revealed. 

In Chapter 3, vertical and rotational capacity with downward motion 

have increased in soft over stiff clay due to squeezing effect. In the 

case of soil parameters obtained through the fitting, the horizontal 

capacity does not change much, while the moment capacity 

increases. Initial stiffness is a parameter that determines the initial 

part of the material curve. Both the horizontal and rotational 

stiffness increases due to the influence of the lower stiff clay. In 

particular, the rotational stiffness affected by the surrounding soil 

increases significantly. The fitting results for different embedments 

and properties of lower clay are as follows. 

 

Table 7 Fitted result about horizontal initial stiffness (MN/m) 

𝐾ℎ SWP MWS2P MWS3P MWS4P 

1.8B 415.73 478.01 505.89 522.12 

2.0B 444.22 605.58 706.74 759.16 

2.2B 455.64 646.88 918.74 1014.40 

2.4B 524.81 806.74 1661.17 2502.79 
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Table 8 Fitted result about rotational initial stiffness (MNm/rad) 

𝐾𝑚 SWP MWS2P MWS3P MWS4P 

1.8B 12829 19214 22400 23646 

2.0B 17366 27448 36762 41904 

2.2B 17581 30432 41698 18796 

2.4B 17711 35113 44346 75547 

 

Table 9 Fitted result about horizontal capacity (MN) 

𝐻𝑜 SWP MWS2P MWS3P MWS4P 

1.8B 18.73 18.47 18.61 18.65 

2.0B 21.32 21.67 21.54 21.50 

2.2B 24.62 25.96 28.98 32.77 

2.4B 28.03 28.62 35.42 44.42 

 

Table 10 Fitted result about rotational capacity (MNm) 

𝑀𝑜 SWP MWS2P MWS3P MWS4P 

1.8B 99.44 97.99 97.28 96.62 

2.0B 108.87 117.26 116.85 116.14 

2.2B 127.63 174.68 183.34 299.08 

2.4B 140.84 175.32 227.13 284.55 
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4.3. Regression model of initial stiffness 

 

To define the horizontal and rotational hyperbolic relations in 

Hyperbolic model B, two parameters, initial stiffness and capacity, 

should be determined. It is not easy that the response reaches the 

capacity in the jack-up analysis, because combined loads are 

applied to the soil and the capacity is the yield condition of a single 

dof. Initial stiffness, dominant factor of the initial phase of the 

material curve, is very important in this respect. However, the initial 

stiffness is determined by the response at a small strain, and the 

value varies greatly depending on the criteria of the displacement 

causing the small strain. 

 

 

Fig. 51 Difficulties in determination of initial stiffness; 

a) initial stiffness of two different criteria; b) enlarged graph 

 

The Fig. 51 shows that the initial stiffness may vary depending 

on the criteria. The smaller the displacement interval yields the 

larger the stiffness. It seems that the blue slope at a larger reference 

reveals the overall shape better in overall shape. In contrast, when 

𝜃

𝑀 Material
load-displacement curve

Initial stiffness with smaller 

Corresponding hyperbola
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it is enlarged(Fig. 51(b)), it can be confirmed that the red slope is 

the better representative of the slope at the beginning. This 

difference in the initial slope also causes a difference in the 

hyperbolic curve using the corresponding value. Even if the capacity 

is the same, the difference in the initial slope can cause a large 

difference in the early stage as shown in the Fig. 51(b). As the 

displacement increases, it converges to the same capacity, but 

differences occur in small displacements where jack-up analysis 

experiences actually, which means that hyperbolic relations can be 

greatly affected by soil parameters. Although the initial stiffness 

obtained through centrifuge model tests or other methods is the 

correct value, if used differently in the hyperbolic model according 

to the criteria, the results may not be validated. This study has 

presented a regression model for initial stiffness in soft over clay 

that can be used in hyperbolic model B. Equations are presented so 

that the corresponding parameters can be used in the range of the 

given embedments and the lower clay properties. 

Before presenting the regression equation, two variables that can 

reveal spudcan in soft over stiff clay have been selected. In chapter 

3, the impact of the lower stiff clay has been analyzed by dividing it 

into the properties of lower clay and embedment. In the regression 

model of this chapter, two variables have been selected, undrained 

shear strength ratio and depth ratio, for the purpose of clarifying the 

effects of normalization and lower stiff clay. 
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 und ained shea  st ength  ati =
𝑠𝑢,𝑠𝑡𝑖𝑓𝑓

𝑠𝑢,𝐻
 (19) 

 depth  ati =
𝑤

𝐻
 (20) 

 

 

Fig. 52 Two variables in regression model 

 

The undrained shear strength ratio refers to the ratio of the 

undrained shear strength of the upper soft clay and the lower stiff 

clay at the boundary (Eq. (19)). The effect of the lower clay can be 

normalized and expressed using the ratio of undrained strength. A 

regression model has been proposed for the lower stiff clay, which 

is 1 to 4 times harder than the upper clay. The depth ratio means 

the ratio of the depth of penetration to the height of the upper clay 

(Eq. (20)). Simple penetration depth cannot clearly present the 

relationship with the lower stiff soil, and for this purpose, the depth 

ratio has been selected by including the location of the lower stiff 

clay. A regression model has been proposed for depth ratios from 

0.9 to 1.2, and in particular, when looking at the results of chapter 

3, it is expected that the depth ratio of 0.9 or less will only affect 
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the upper soft clay and not the lower clay. This selected range can 

cover the bearing pressure of a typical jack-up. 

For the selected undrained shear strength ratio and depth ratio, 

fitting has been performed for the combined loads analysis results 

in the horizontal and rotational directions. The soil parameters 

obtained through these fittings are listed in the Table 7 ~ Table 10. 

 

Fig. 53 Horizontal material curve obtained from single spudcan 

analysis and fitted results; a) SWP; b) MWS2P 

 

 

Fig. 54 Horizontal material curve obtained from single spudcan 

analysis and fitted results; a) MWS3P; b) MWS4P 
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The result of varying embedment according to the properties of 

the lower stiff clay has been shown for the H-u curve in the 

horizontal direction. The fitting result is shown as a solid black line. 

For all cases of SWP, MWS2P, MWS3P, and MWS4P, it has been 

confirmed that the deeper the penetration depth, the greater the 

initial stiffness and the capacity, which are the slope at the origin 

and the convergence value, respectively. This significant increase 

occurs in MWS3P and MWS4P, which have a large impact by the 

lower stiff clay. In addition, it is shown that the increase is large at 

w=2.2B and 2.4B. 

 

 

Fig. 55 Schematic diagram of horizontal reaction force acting on 

the spudcan at; a) w=1.8B; b) w=2.4B 

 

As mentioned in Chapter 3, horizontal capacity is greatly 

influenced by the overlapped area with lower stiff clay. As shown in 

the figure, at w=1.8B, spudcan does not meet the lower stiff clay, 

so the soft clay applies the small reaction force. However, at 

w=2.4B, spudcan overlaps much with the lower stiff clay, and the 
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stiff clay applies a corresponding large reaction force. The 

horizontal capacity increases significantly in 2.2B and 2.4B, where 

overlapped areas are increased due to the large reaction force from 

the stiff clay. 

 

 

Fig. 56 Rotational material curve obtained from single spudcan 

analysis and fitted results; a) SWP; b) MWS2P 

 

 

Fig. 57 Rotational material curve obtained from single spudcan 

analysis and fitted results; a) MWS3P; b) MWS4P 
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The result of varying the embedment according to each lower 

stiff soil is shown for the M-θ curve in the rotational direction in 

Fig. 56 and Fig. 57. The fitting result is shown as a solid black line. 

As in the horizontal direction, The initial stiffness, which is the slope 

at the origin, and the capacity, which is the convergence value, 

increases as the depth of penetration increases for all cases of SWP, 

MWS2P, MWS3P, and MWS4P. 

 

 

Fig. 58 Schematic diagram of rotational reaction moment acting 

on the spudcan at; a) w=1.8B; b) w=2.4B 

 

The reaction moment increases more than the horizontal reaction 

force due to the downward motion of one side to the lower stiff clay. 

This increase is particularly pronounced in 2.2B and 2.4B, which 

also depends on the location of the spudcan. When the spudcan is 

located at 1.8B, the side with downward motion will be affected by 

squeezing. However, when the spudcan is located at 2.4B, the side 

with downward motion is only affected by the stiff clay, and the 

reaction force increases accordingly. On the other hand, the side 
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with upward motion is affected by soft clay and has little influence. 

Due to this effect, the stiffness and capacity in the rotational 

direction also have a more considerable value as the penetration 

depth increases and the lower clay is stiffer. 

Initial stiffness and capacity for hyperbolic relations are 

calculated by the fitting from the results of single spudcan LDFE 

analysis. The following regression model is presented for the initial 

stiffness calculated as above. 

 

 𝑘ℎ = 0.15(
𝑠𝑢,𝑠𝑡𝑖𝑓𝑓

𝑠𝑢,𝐻
)

2.15

(
𝑤

𝐻
)
14.78

+ 1.04(
𝑠𝑢,𝑠𝑡𝑖𝑓𝑓

𝑠𝑢,𝐻
) +  .0  (21) 

 
𝑘𝑚 = 1 .8 (

𝑠𝑢,𝑠𝑡𝑖𝑓𝑓

𝑠𝑢,𝐻
)(
𝑤

𝐻
− 0.85)

0.53

+ 1.01(
𝑠𝑢,𝐻
𝑠𝑢,𝑠𝑡𝑖𝑓𝑓

− 2. 0) 

                                +4.50 

(22) 

 

The regression model is presented for the stiffness coefficient 

concept presented by ISO (Eq. (21), (22)). The actual fitting has 

been performed for Kh and Km, but an equation for the normalized 

coefficient is provided to be applied to general properties and 

spudcan (Eq. (23), (24)). Shear modulus (G) and spudcan radius (R) 

have been used for normalization. G used at this time has been 

calculated by using the general relation with E and the relationship 

with su (Eq. (25)). GH uses the upper soft clay properties at the 

boundary for the normalization (Eq. (26)). The properties of the 

lower clay have been considered in the regression model through 

the undrained shear strength ratio variable. Therefore, when 
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normalizing using the upper soft clay property, all the properties of 

soft over stiff clay can be considered. 

 

 𝐾ℎ = 𝑘ℎ𝐺𝐻𝑅 (23) 

 𝐾𝑚 = 𝑘𝑚𝐺𝐻𝑅
3 (24) 

 𝐺 =
𝐸

2(1 + 𝜈)
=

500

2(1 + 𝜈)
𝑠𝑢 (25) 

 𝐺𝐻 =
500

2(1 + 𝜈)
𝑠𝑢,𝐻 (26) 

 

 

Fig. 59 Accuracy of regression model about initial stiffness 
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4.4. Hysteresis curve 

 

The results from the LDFE analysis and that from the regression 

model are shown in the Fig. 59. In the Fig. 59, the x-axis represents 

the results from LDFE, and the y-axis represents the results from 

the regression model. The diagonal dotted line is a set of points 

where both results are the same, that is, the closer to this dotted 

line, the higher the accuracy of the regression model. Stiffness 

coefficients in both horizontal and rotational directions are shown. 

Both results are close to the linear dotted line. This means that the 

regression model expresses the initial stiffness well within the 

range (0.9~1.2 of depth ratio, 1~4 of undrained shear strength 

ratio). 

The hyperbolic curve is introduced in the horizontal and 

rotational directions, and a backbone curve and hysteresis relation 

can be implemented in the elastic region. Bolisetti(2014) used 

hyperbolic backbone curves and implemented the hysteresis relation 

of the soil using the Masing rule (Masing, 1926). Masing rule is 

about material curves to be followed when loading and unloading and 

is divided into three rules. 
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Fig. 60 Masing rule (Masing, 1926) for hysteresis curve 

 

First, the initial loading follows the backbone curve. In this study, 

since the hyperbolic relation is adopted for the nonlinear material 

curve, the hyperbolic backbone curve has been used for 

implementation. The blue LDFE result(Fig. 60) can be seen as the 

initial loading, and it is shown to follow the hyperbolic backbone 

curve well. Second, after unloading occurs at a certain point, the 

material curve follows the reversal curve. The reversal curve is 

twice the enlarged backbone curve in the opposite direction (Eq. 

(27)). 
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𝑀−𝑀𝑟
2

= 𝐹 (
𝜃 − 𝜃𝑟
2

) (27) 

 

Finally, if unloading continues along this reversal curve, the 

backbone curve meets again at the origin symmetric point with the 

point where the unloading started. From this intersection point, the 

material curve follows the backbone curve again, not the reversal 

curve. Loading and unloading are repeated accordingly, and the 

hysteresis curve is made around the backbone curve. 

This Masing rule is identical to the ideal hysteresis curve in 

general materials. The hyperbolic model B has been designed to 

express the hysteresis curve in the horizontal and rotational 

direction under repeated loads by implementing the hysteresis curve 

through the Masing rule. In the case of Modified model B, a linear 

relationship is used in the elastic region except for the interaction 

term, so the loading and unloading curves in the elastic region are 

almost the same. However, jack-up structure is frequently 

subjected to wave-like repetitive loads, and not only large loads 

that cause yield but also repetitive loads in the elastic region are 

important in terms of fatigue strength. In the hyperbolic model B, 

the nonlinear hyperbolic relationship and the hysteresis curve have 

been used to accurately simulate the response to repeated loads in 

the elastic region. 
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Chapter 5. Validation with structural analysis of 

jack-up using different foundation models 

 

5.1. Introduction  

 

The structure-ground interaction model among the foundation 

models of jack-up is the secant model, yield interaction model, and 

soil continuum model. Chapter 3 has studied the yield envelope of 

soft over stiff clay which can be used in the secant model and the 

yield interaction model. The characteristics of the yield envelope in 

soft over stiff clay have been analyzed and the yield envelope 

expression and corresponding coefficients have been presented. In 

Chapter 4, the elastic relationship that determines the behavior in 

the elastic region has been improved in the yield interaction model. 

Strength degradation in the elastic region has been implemented 

through hyperbolic relations, and soil parameters applicable to soft 

over stiff clay have been introduced in the form of regression model 

and tables. 
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Fig. 61 Jack-up operating phase considered in Chapter 5 

 

In Chapter 5, LDFE has been used to implement the soil 

continuum model. Structure-soil interaction analysis with soil 

continuum model has been performed. The yield interaction model 

in soft over stiff clay presented in Chapters 3 and 4 has been 

validated with the soil continuum model. The complicated structure-

soil interaction model, yield interaction model and soil continuum 

model, have been presented that it can be applied to single clay and 

soft over stiff clay. In order to perform the jack-up structural 

analysis under the environmental loads during the operation phase, 

the penetration of the jack-up structure should be first simulated. 

Penetration procedure and corresponding disturbed soil properties 

are reflected in this chapter (Fig. 61). 

 

 

 

 

Arrival Preloading Unloading Operation
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5.2. User element (UEL)  

 

5.2.1. Implementation of model B 

 

The elasto-plastic framework of the model B, which is the basis 

of modified model B and hyperbolic model B, has been implemented 

first in order to perform structural analysis using the yield 

interaction model. For the explicit formulation of the model B, Vlahos 

et al. (2008b) is referred. The macro element reflecting the 

formulated expression has been implemented using the user element 

subroutine of Abaqus. UEL subroutine can directly define the 

constitutive equation of element, and thus the relationship between 

load and displacement for multiple dof. In particular, the model B, 

which is the yield interaction model of clay, is effectively 

implemented through the user element because it is necessary to 

perform repetitive calculations using displacement and reaction 

forces, and define elastic and plastic relations, respectively. 
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Fig. 62 Iterative procedure in macro element of the model B 

 

First, the displacement of the increment from the global jack-up 

analysis of Abaqus is inputted. In the corresponding increment, the 

response is temporarily calculated according to the elastic 

relationship (𝑲𝑒𝑙) of the model B using the previously received 

displacement, and the value is defined as the trial load state (𝑭𝑡𝑟𝑖𝑎𝑙). 

𝑭𝑡𝑟𝑖𝑎𝑙  is substituted to the force-resultant yield envelope to 

determine whether the trial load state is in the elastic region or the 

plastic region. If the load state is in the yield envelope, it is elastic, 

so the elastic stiffness of the model B becomes tangent stiffness, 

and the trial load state becomes the final load state. However, if the 

trial load state is outside the yield envelope, iteration begins because 

it is plastic. The purpose of this iteration is to calculate the plastic 

displacement, so the elasticity, yield envelope, flow rule, and 

hardening law are considered in the interactive calculation. The 

𝒖
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plastic displacement is finally calculated through the iterative 

calculation, and the total displacement is divided into elastic 

displacement and plastic displacement. The tangent stiffness is 

defined as a function of plastic displacement, and the load state is 

placed on the yield envelope through repeated calculations. This 

load state at this time is calculated from the elastic displacement. 

The calculated tangent stiffness and load state (response) become 

the load-displacement relationship in the corresponding increment. 

This information is transferred to the global jack-up analysis, where 

checks the analysis convergence and calculates the displacement of 

the next increment, and the same process is repeated. 

 

 

Fig. 63 Schematic diagram of yield envelope check 

using trial load state (𝑭𝑡𝑟𝑖𝑎𝑙) 
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There are six cases where a trial load state can place on, among 

which two cases outside the yield envelope need the iteration(Fig. 

63). After the plastic displacement is calculated through the iterative 

calculation, the final load state is placed on the yield envelope. In 

this procedure, the flow rule determines the direction and speed of 

approaching the yield envelope. If additional penetration in the 

vertical direction should be needed during this process, the vertical 

compression capacity is changed and the yield envelope and 

accompanying other equations are recalculated in consideration of 

this. Four plasticity equations, including elasticity which is the 

elastic relationship that determines the behavior within the elastic 

region, each play a role in the model B framework. 

 

5.2.2. Validation of macro element 

 

The model B implemented through the UEL in the Abaqus 

commercial program has been validated. First, the swipe test 

performed in Chapter 3 has been selected as a verification case as 

it has been to see if the result calculates well (Fig. 64). 
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Fig. 64 Loading sequence of the swipe test 

 

 

Fig. 65 Swipe test results in a) VH plane; b)VM plane 

 

The vertical, horizontal, and rotational capacity and yield 

envelope entered in the subroutine are shown in dotted lines in the 

picture. As a result of the swipe test of the UEL, it has been 

confirmed that the results (circular point) follow the dotted line well. 

This well-matched result indicates that the input entered into the 

UEL is implemented as it is (Fig. 65). 

Validation using jack-up structural analysis should be performed 

on whether the macro element is well implemented. 2D jack-up 
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analysis in Vlahos et al. (2008b) has been selected as a validation 

case. Validation on the simplified jack-up is conducted and then 

expanded into a 3D case to compare the results. 

 

 

Fig. 66 2D Jack-up validation case; 

a) Schematic diagram of validation case; 

b) Soil responses of macro element and Vlahos(2008) 

 

The environmental load is 7MN, and the applied vertical load is 

50MN in the validation case. The capacity of each direction given in 

reference has been used as it is. The results of Vlahos et al. (2008b) 

are shown as a mark (o, +) in the Fig. 66. As a result, yielding at 

about Henv=4MN and moment failure of the leeward leg has been 

simulated well. In addition, the reaction force in the vertical and 

horizontal directions of the macro element follows the reference 

results well. 
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The same validation case has been used in expanded 3D UEL. 3D 

yield envelope equation (Eq. (28)) using symmetric conditions has 

been used (Bienen and Cassidy, 2006). 

 

 

𝑓 = (
𝐻2
𝐻𝑜
)
𝛼

+ (
𝑀3
𝑀𝑜
)
𝛽

− 2𝑒
𝐻2
𝐻𝑜

𝑀3
𝑀𝑜
+ (
𝐻3
𝐻𝑜
)
𝛼

+ (
𝑀2
𝑀𝑜
)
𝛽

 

    +2𝑒
𝐻3
𝐻𝑜

𝑀2
𝑀𝑜
+ (

𝑄

𝑄𝑜
)
2

− (
4

(1 + 𝜒)2
)
2

(
𝑉

𝑉𝑜
+ 𝜒)

2

(1 −
𝑉

𝑉𝑜
)
2

 

(28) 

 

The sign of horizontal and rotational direction is changed according 

to the sign convention, and a torsion term(Q) is added. As a result 

of performing the validation case analysis using this equation, the 

same result of the 2D UEL code result has been obtained. Through 

this validation process, it has been confirmed that the macro element 

using UEL subroutine can effectively implement the existing model 

B. Modified model B (state-of-art model) and hyperbolic model B 

presented in this study have been implemented based on the existing 

model B subroutine. These implemented yield interaction models are 

used in this chapter for the structure-soil interaction analysis. 
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5.3. Single clay at deep embedment  

 

5.3.1. Jack-up structure 

 

Jack-up, corresponding to the spudcan used in Chapter 3, has 

been selected for modeling of jack-up structure (Menzies and Roper, 

2008). MLT 116C (Fig. 67) is a jack-up oil platform with leg length 

= 125.08m, leg spacing 39.32m, hull length 74.09m, and breadth 

61.11m.  

 

 

Fig. 67 Jack-up structure used in numerical analysis; 

a) Jack-up oil platform (MLT-116C); 

b) Simplified spudcan used in Chapter 3 

 

However, it is challenging to know detailed information about this 

actual jack-up, so the similar-sized jack-up used in the other 

research has been selected. Zhang et al. (2014a) presented a 

13.5m

a) b)
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detailed specification of the jack-up structure used for verification 

of modified model B. Given detail has legs with 120m length and 

37.87m spacing and spudcans with 14m equivalent diameter. This 

model closely resembles the leg and spudcan specification of MLT 

116C, which is referred in this study. Therefore, corresponding leg 

section information and stiffness have been used in this study model. 

The second moment of area of the leg modeled by the equivalent 1D 

beam in the reference is 7.2m4, and this study assumes a 

rectangular-shaped section of 3.05 m with the same second section 

moment. In the case of Hull, the reference gives as a 1D beam with 

a second section moment of 72m4, and similarly, in this study, the 

hull structure is modeled with a rectangular-shaped section of 5.42 

m with the same second moment of area. The elastic modulus and 

shear modulus of the leg use the value of 200 GPa and 80 GPa, 

respectively, which are common steel values. 

 

5.3.2. FE model used in single clay analysis 

 

The FE model used in structure-soil interaction analysis using 

the soil continuum model is shown in the figure.  
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Fig. 68 FE model used in single clay analysis;  

a) Starting position; b) Penetration; c) Environmental load analysis 

 

First, jack-up penetrates from the seabed to the target location 

of 2.2B (Fig. 68(b)). The penetration process simulating the jack-

up installation phase has been performed at a 0.2 m/s (=0.015 B/s) 

of penetration rate. After penetration and positioning at the target 

position, structure-soil interaction analysis has been performed by 

applying an environmental load (Fig. 68(c)). The weight of the 

jack-up structure has been applied to the hull-leg joint as a vertical 

point load. In the case of environmental loads, a load has been 

applied to the 105m position (airgap 15m) from the spudcan, 

assuming the water depth. The environmental load has been applied 

until the structure failure, so a total of 15MN has been applied by 

combining the three legs. 
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Fig. 69 FE model of jack-up structure 

 

The details of the jack-up structure are as follows (Fig. 69). An 

equivalent beam model has been used for the jack-up model 

consisting of leg and hull. This model called stick model has been 

proposed as one of the leg model types, which can be used for 

structural analysis in ISO (2012). The stick model can calculate the 

global response of jack-up, such as base shear and overturning 

moment, and global leg force such as bending moment, and 

overturning check and foundation check are also possible because 

the overall soil reaction response and displacement are calculated. 

However, since detailed modeling of leg members has not been 

performed, it is impossible to calculate local response like member 

forces of legs, hulls, jacking unit, and fixation system. The beams 

JU leg
(beam)

JU hull (beam)

6-dof
coupling

Spudcan
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that make up the legs and hulls are modeled as Timoshenko beams 

that allow transverse shear deformation (Fig. 70(a)). 

 

 

Fig. 70 Analysis condition of jack-up structure; 

a) Applicability of leg stick model suggested in ISO(2012); 

b) spudcan assumed as rigid body 

 

Spudcan is a steel structure that transfers reaction force and 

moment by directly performing interaction with the soil. For 

simulating the structure-soil interaction through the CEL technique, 

spudcan has been modeled using 3D solid elements. The lagrangian 

mesh comprises C3D6 and C3D8R elements. The local strength of 

the spudcan has a minimal effect in terms of overall structural 

Ref. ISO(2012), Table A.8.2-1

Reference point
= Load reference point

in combined load analysis 

Rigid link

a)

b)
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strength. Therefore, spudcan is assumed to be rigid to clarify the 

structure-soil interaction without compromising the accuracy of the 

global analysis. The load reference point(LRP) of spudcan becomes 

a rigid link (Fig. 70(b)), and this point has been connected to the 

lower part of the leg through 6-dof coupling. 

 

 

Fig. 71 FE model of soil continuum 

 

The soil continuum has been modeled as 3D soild to perform 

LDFE analysis through CEL. The eulerian mesh comprises the 

EC3D8R element. Tresca model incorporating strain softening and 

rate dependency is used for modeling clay. This nonlinear clay 

model has been introduced in Chapters 2 and 3. Soil domain has been 

modeled large enough to avoid boundary effects, width 10 times the 

spudcan diameter, and height 5.5 times the spudcan diameter (Fig. 

71). 
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Fig. 72 Mesh convergence test in jack-up analysis 

 

The element size has been determined to be 0.065B considering 

the computational cost and the accuracy of the analysis. As the 

element size increases, the analysis time decreases, but the 

accuracy of the analysis also decreases. Large-sized element 

typically shows that the bearing capacity value increases (Fig. 72). 

An element size of 0.065B, which shows similar results compared 

to 0.05B used in single spudcan analysis, has been adopted. 
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Table 11 Soil properties used in single clay analysis 

 Value Remarks 

𝛾′ 5.36 kN/m3 Unit weight 

𝑠𝑢𝑚 2.4 kPa 𝑠𝑢 at mudline 

𝑘 1.35 kPa/m 𝑠𝑢 slope with depth 

𝐸/𝑠𝑢 500 Rigidity index 

𝜈 0.49 Poisson’s ratio 

𝛼𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 0.35 Friction coefficient 

𝑆𝑡  (= 1/𝛿𝑟𝑒𝑚) 2.86 

[𝛿𝑟𝑒𝑚 + (1 − 𝛿𝑟𝑒𝑚)𝑒
−3𝜉/𝜉95] 

𝜉95 15 

𝑢 0.1 

[1 + 𝜇 l g (
𝑀𝑎𝑥(|�̇�|, �̇�𝑟𝑒𝑓)

�̇�𝑟𝑒𝑓
)] 

�̇�𝑟𝑒𝑓 1%/h 

 

The soil properties used in single layer modeling are shown in 

the Table 11. The single clay used in Chapter 3 has been used in the 

same way. It has been attempted to compare under the same 

conditions as the yield interaction analysis using soil parameters 

obtained from the single clay analysis performed in Chapter 3. 
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5.3.3. Yield interaction model used in single clay analysis 

 

jack-up structural analysis has been performed using the yield 

interaction model implemented in UEL and compared with the 

analysis results using the soil continuum model described above. 

The same model of jack-up structure with the soil continuum model 

in 5.3.2 has been used. This is for comparison of the differences 

according to the nonlinear foundation model in the same structure. 

 

 

Fig. 73 FE model for structure-soil interaction analysis with 

yield interaction model (model B) 

 

FE model of jack-up analysis using the yield interaction model 

is shown. The implemented user element is placed in the lower part 

of the jack-up leg as a 1D beam. Legs and user elements are 

User element
(modeled in beam)

Henv

Weight
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connected by 6-dof coupling like spudcan so that the reaction and 

displacement calculated from user elements can be transferred. The 

bottom of the user element is fixed so that only the user element 

reaction becomes the boundary condition of the jack-up structure. 

Two types of yield interaction models have been used to compare 

each other. First, hyperbolic model B, a proposed model for soft over 

stiff clay, has been used in this study. Although it is a proposed 

model for soft over stiff clay, it is thought that the hyperbolic 

relation in the elastic region will be effective even for single clay. 

And for comparison, the modified model B (Zhang et al., 2014b), 

which is a state-of-art model on a single clay, has been used. The 

difference between the proposed model and the latest model is 

analyzed in this chapter. 

 

Table 12 Soil parameter used in single clay analysis 

Capacity Value Stiffness Value 

𝑉𝑢𝑙𝑡 69.79 MN 𝐾𝑣 574.52 MN/m 

𝐻𝑜 24.20 MN 𝐾ℎ 473.90 MN/m 

𝑀𝑜 121.40 MNm 𝐾𝑚 19760 MNm/rad 

  𝐾𝑐 -120.27 MN/rad 

 

For comparison in the same criteria, both models use the same 

soil parameters (stiffness, capacity). Zhang et al. (2012) has 

suggested stiffness and capacity for single clay. However, if two 
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models using different parameters are compared, the difference in 

methodology becomes unclear. To remove the effect of soil 

parameters on the results, the soil parameters obtained through 

single spudcan analysis (Table 12) have also been used in modified 

model B. It has been intended to show the difference of the 

methodologically proposed model and existing model. 

 

5.3.4. Results 

 

The results of the jack-up analysis considering structure-soil 

interaction by using a nonlinear foundation model for single clay 

were compared. The results of the reaction force, moment, and 

displacement acting on the soil are shown in the figure. The results 

of the soil continuum model and two yield interaction models, 

described in 5.3.2 and 5.3.3 respectively, are shown in the figure. 

 

Fig. 74 Soil response in vertical direction of single clay 

analysis; a) Reaction force; b) Displacement 
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The Fig. 74 shows the vertical reaction force and displacement 

of the structure-soil interaction models. When an environmental 

load is applied, the whole structure rotates in the environmental load 

direction, so that the leeward leg shows the downward motion and 

the windward leg shows upward motion. This phenomenon is shown 

in the Fig. 74 about the vertical load and displacement. The reaction 

force of Leeward leg increases, and accordingly downward motion 

is shown in the vertical direction. The windward leg shows upward 

motion and the corresponding reaction force decreases accordingly. 

The load applied direction is the direction in which two of the three 

legs are leeward leg and one is the windward leg. Accordingly, it is 

shown that the displacement and reaction force of the windward leg 

are about twice as large as the leeward. 

 

 

Fig. 75 Soil response in rotational direction of single clay 

analysis; a) Reaction moment; b) Rotation 

 

 

0

20

40

60

80

100

120

0 1 2 3 4 5

M
 (

M
N

m
)

Henv (MN)

mMB

LDFE

hMB

0

0.01

0.02

0.03

0.04

0 1 2 3 4 5

θ
ro

ta
ti
o

n
 o

f 
s
p

u
d

. 
(m

)

Henv (MN)

LDFE_leeward

LDFE_windward

hMB_leeward

hMB_windward

mMB_leeward

mMB_windward

a) b)

LDFE

mMB

hMB



 

 １３５ 

The Fig. 75 shows the rotational reaction moment and rotation of 

the structure-soil interaction models. In general, the soil 

experiences moment failure first among the other directions during 

jack-up behavior. That is the reason why the secant model 

introduced the concept of secant stiffness for moment stiffness. Soil 

continuum model (LDFE) and yield interaction results have also 

confirmed that failure occurs first in the rotational direction. When 

looking at the LDFE results, the increased rate of moment gradually 

decreases as the environmental load increases and eventually starts 

to fall near 4 MN. This moment failure occurs gradually, and the 

displacement also shows increasing the slope progressively. In the 

case of the yield interaction models, both models well predicted the 

moment failure. In particular, plasticity occurs in the case of the 

environmental load 5MN, where the failure of the structure occurs. 

In the hyperbolic model, strength degradation in the elastic region 

has been simulated through hyperbolic relation before plasticity 

occurred. Accordingly, the reaction moment gradually decreased as 

the environmental load increased, such as LDFE. In contrast, the 

modified model B shows that the reaction moment increased 

relatively linearly as the environmental load increased before yield 

occurs. Thus it has been confirmed that the moment is slightly 

overestimated at the yield point. In the case of displacement, 

hyperbolic model B results are gradually increased, but the 

difference between foundation models is not significant. 
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Fig. 76 Soil response of single clay analysis; 

a) Load path in VM plane; b) M-θ relationship of analysis 
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and that from jack-up structural analysis are almost identical. 

Hyperbolic model B using hyperbolic relation fitted from singe 

spudcan analysis follows the strength degradation before yield and 

moment failure after yield. However, the modified model B 

accurately simulates the plastic behavior after yielding, while the 

elastic behavior shows a curve close to linearity. Gradual moment 

failure in LDFE results has not been simulated in modified model B. 

 

5.4. Soft over stiff clay 

  

5.4.1. FE model used in soft over stiff clay analysis 

 

   

Fig. 77 FE model used in soft over stiff clay analysis; a) 

Starting position; b) Penetration; c) Environmental load analysis 

 

The FE model used in structure-soil interaction analysis using 

the soil continuum model is shown in Fig. 77. As a typical soft over 

stiff clay, the MWS2P case is selected, in which the physical 
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properties of the lower clay is twice as hard as the upper soft clay. 

After the penetration of the jack-up structure, the same load 

sequence with the single clay case is performed to apply the 

environmental load. The penetrated location of 2.2B and the 

penetration rate of 0.015B/s have also been the same. In the soft 

over stiff clay case, the soil profile, which is the main point of the 

analysis, has been changed, as well as the jack-up structure and the 

applied load. jack-up structure has been damaged by the impact due 

to lower stiff clay. To prevent this, the hull leg joint and spudcan-

leg joint have been reinforced. First, the hull-leg joint has been 

reinforced through additional brace structures to increase strength. 

In addition, the local spudcan-leg joint has been changed from the 

pipe section to the circular section to increase the strength without 

changing the outer diameter. Also, in the case of vertical load, the 

total load is the same, but the leg weight is applied as the distribution 

load. And as the soil properties changed, the environmental load 

reaching the failure of the structure has been changed. A total of 

19.5MN of the load has been applied to the leg by combining the 

three legs. 
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Fig. 78 Detailed FE model used in soft over stiff clay analysis 

 

As described above, the same jack-up structure and spudcan as 

single clay case are used in soft over stiff clay case. Jack-up 

modeling has been performed with a stick model using a Timoshenko 

beam. To use the CEL technique, the spudcan has been modeled as 

a 3D solid lagrangian model and assumed to be a rigid body for 

analysis clarity. Jack-up structure and spudcan is connected using 

6-dof coupling which transfers the reaction force, moment and 
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displacement. The whole soil domain has remained the same, and 

accordingly, the domain size and element size of the eulerian mesh 

is the same (Fig. 78). However, the soil domain has been divided 

into two layers to model the upper and lower clays. The upper layer 

is composed of the same soft clay as the existing single clay, and 

the lower layer is modeled by applying twice the undrained strength 

at the boundary of the upper soft clay. This is the same as the 

MWS2P case of Chapter 3, which is for comparison under conditions 

such as yield interaction analysis using soil parameters obtained 

from soft over stiff clay analysis performed in Chapter 3. Details are 

given in the Table 13. 

 

Table 13 Soil properties used in soft over stiff clay analysis 

 Value Remarks 

𝛾′ 7.46 kN/m3 Unit weight 

𝑠𝑢𝑚 77.81 kPa 
𝑠𝑢,𝑠𝑡𝑖𝑓𝑓 = 𝑠𝑢,𝐻 

Twice the upper clay strength 

𝑘 - Homogeneous soil (assumed) 

𝐸/𝑠𝑢 500 Rigidity index 

𝜈 0.49 Poisson’s ratio 

𝛼𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 0.35 Friction coefficient 
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5.4.2. Yield interaction model used in soft over stiff clay analysis 

 

 

Fig. 79 FE model used in soft over stiff clay cas for structure-

soil interaction analysis with yield interaction model (model B) 

 

The jack-up structure changed in 5.4.1 has been used in the 

yield interaction model for consistency (Fig. 79). The soil continuum 
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single clay case, the user element with the yield interaction model 
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stiff clay case, the hyperbolic model B proposed in this study and 

the latest modified model B have been used (Zhang, 2014). Modified 

model B is a model for a single clay, but soil parameters obtained 
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from soft over stiff clay have been applied for analysis. 

 

Table 14 Soil properties used in soft over stiff clay analysis 

Capacity Value Stiffness Value 

𝑉𝑢𝑙𝑡 110.95 MN 𝐾𝑣 654.94 MN/m 

𝐻𝑜 26.16 MN 𝐾ℎ 622.90 MN/m 

𝑀𝑜 165.20 MNm 𝐾𝑚 35080 MNm/rad 

  𝐾𝑐 -62.62 MN/rad 

 

 

There is no suggested soil parameter of modified model B for 

soft over stiff clay. Accordingly, the soil parameter obtained in this 

study has been applied equally to both models for consistency. The 

comparison between two yield interaction models in soft over stiff 

clay is intended to be analyzed by methodology. 
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5.4.3. Results of soft over stiff clay analysis 

 

Fig. 80 shows the vertical reaction force and displacement of 

the structure-soil interaction models. 

 

  

Fig. 80 Soil response in vertical direction of soft over stiff clay 

analysis; a) Reaction force; b) Displacement 

 

As mentioned in 5.3.4, when an environmental load is applied, 

the jack-up rotates as a whole in the direction in which the 

environmental load is applied, so that the leeward leg is downward 

and the windward leg is subjected to upward forces. This 

phenomenon also occurs in the soft over stiff clay case. Leeward leg 

shows downward motion, and at the same time, vertical reaction 

force increases. In contrast, the windward leg shows upward 

movement, and the vertical reaction force decreases. 

 

-40

-20

0

20

40

60

80

0 2 4 6 8

V
 (

M
N

)

Henv (MN)

-0.2

-0.1

0

0.1

0.2

0.3

0 2 4 6 8

z
 d

is
p

la
c
e

m
e
n
t o

f 
s
p

u
d

. 
(m

)

Henv (MN)

LDFE_leeward

LDFE_windward

hMB_leeward

hMB_windward

mMB_leeward

mMB_windward

a) b)



 

 １４４ 

  

Fig. 81 Soil response in horizontal direction of soft over stiff 

clay analysis; a) Reaction force; b) Displacement 

 

Fig. 81 shows the horizontal reaction force and displacement. As 

the environmental load is applied in the horizontal direction, in the 

elastic region, the horizontal reaction force acting in the opposite 

direction should be the same value by the principle of action-

reaction. Before the yield occurs near Henv=4MN, it has been 

confirmed that the horizontal reaction force of the same magnitude 

as the environmental load occurs in both the soil continuum model 

and the two yield interaction models. When yield occurs, moment 

failure occurs first, and redistribution of force occurs accordingly. 
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Displacement results show a difference between the hyperbolic 

model B and the existing modified model B, in which the hyperbolic 

relation is implemented in the horizontal direction in the hyperbolic 

model B (Fig. 81(b)). The soil continuum model by using LDFE 

analysis results in a gradual increase in displacement, which is also 

simulated in hyperbolic model B. However, modified model B shows 

a relatively linear relationship, and accordingly, the yield occurs 

more quickly. As a result, there is a difference in displacement 

between two yield interaction models. Hyperbolic model B shows 

similar results to the soil continuum model, especially in the leeward 

leg. 

 

  

Fig. 82 Soil response in rotational direction of soft over stiff 

clay analysis; a) Reaction moment; b) Rotation 

 

Fig. 82 shows the rotational reaction moment and rotation 
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in the rotational direction, and in this respect, it is important to 

simulate the reaction moment precisely. In soft over stiff clay cases 

subjected to larger environmental loads, the gradual moment failure 

appears well. The moment increases slowly as the environmental 

load increases in the results of the soil continuum model, and it is 

shown that the moment values of the windward leg become different 

due to yield near the environmental load of 4MN. Modified model B 

predicted the yield point of 4MN well, and it is shown that the 

moment in the plastic region is close to the LDFE result. In 

Hyperbolic model B, the yield point is somewhat slower 

(Henv=4.5MN), but the strength of degradation at the moment is 

well simulated. With this nonlinear hyperbolic relation in the 

rotational direction, the moment results about the environmental 

load approach close to the LDFE result. In the case of modified 

model B, despite the similar results after yield, the moment is 

overestimated due to the near-linear moment increase in the elastic 

region. In the case of rotation of the spudcan(Fig. 82(b)), hyperbolic 

model B expresses a gradual increase due to hyperbolic relation, but 

modified model B also shows a good fit with LDFE results due to the 

changed slope after yield. 
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Fig. 83 Load path of soft over stiff clay analysis in VH plane 

 

  

Fig. 84 Load path of soft over stiff clay analysis; 

a) in VM plane; b) in HM plane 
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because of yield, such as the moment. 

The load path in the VM plane and HM plane shows the effect of 

moment failure (Fig. 84). The load path in the VM plane shows that 

the results of hyperbolic model B follow the results of LDFE better. 

Unlike modified model B, which approaches the yield envelope in a 

direction close to linear at initial stiffness, the slope of hyperbolic 

model B gradually decreases in the increment of the moment and 

thus becomes similar to the result of the soil continuum model, 

where the gradual moment failure occurs. In addition, the modified 

model B rapidly approaches the yield envelope, and yield occurs in 

the leeward leg. In contrast, the hyperbolic model B does not reach 

the yield envelope, and yield does not occur. This indicates that, like 

the load path in the HM plane, the linear elastic relationship of 

modified model B can overestimate the moment before yield. On the 

other hand, hyperbolic model B similarly simulates gradual moment 

failure due to the implemented nonlinear hyperbolic relations. 

  

Fig. 85 Hull displacement of soft over stiff clay analysis; 

a) Vertical displacement; b) Horizontal displacement 
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The vertical and horizontal hull displacements are shown in the 

Fig. 85. As the soil continuum model simulates the gradual plasticity 

of the soil, the hull gradually moves down and shifts in the horizontal 

direction. In the yield interaction model, these plastic deformations 

can be simulated, but due to the characteristics of the elasto-

plasticity framework, plastic deformation is not calculated before 

yield occurs. Accordingly, both yield interaction models have a 

vertical displacement of 0 in the elastic region, and then plastic 

deformation increases after yield. The plastic displacement of the 

hull calculated in the hyperbolic model B approaches the LDFE result 

faster (Fig. 85(a)). In general, horizontal behavior in the hull is 

affected by rotation at the spudcan due to the long leg length. 

Spudcan rotation is similar in the three models, so the horizontal 

displacement of the hull is also similar (Fig. 85(b)). 

 

  

Fig. 86 M-θ material curve of soft over stiff clay analysis 
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To present the moment failure, the M-θ material curve in single 

spudcan analysis, jack-up analysis using a soil continuum model, 

and those of two yield interaction models are shown in Fig. 86. 

Hyperbolic model B uses a fitted hyperbolic curve from the results 

of single spudcan analysis and follows the entered curve well. The 

decreasing moment has also been simulated in the windward leg 

where yield occurs due to the vertical and horizontal forces. A 

smaller moment is available under vertical and horizontal reaction 

force than that under no vertical and horizontal forces in the concept 

of force-resultant yield envelope. In contrast, in the case of 

modified model B, the moment overestimates in the elastic region 

before yield. However, the results approach the LDFE results fast 

after yield. 

 

 

Fig. 87 Two moments for structural response of jack-up 

(Henv=3.3MN for elastic, 6.5MN for plastic) 
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moments of the two yield interaction models are different 

(Henv=3.3MN in Fig. 87), and the point within the plastic region, 

where ground failure and structure failure occur (Henv=6.5MN in Fig. 

87), are selected. 

 

 

Fig. 88 Bending moment at Henv=3.3MN; a) LDFE analysis; b) 

Hyperbolic model B; c) modified model B 

 

The structural response at the Henv=3.3MN, where a difference 

in soil reaction moment between modified model B and hyperbolic 

model B occurs, is shown in Fig. 88. The stick model is suitable for 

viewing the global jack-up response, not local member forces, and 

thus the distribution of the bending moment of the leg is presented. 

Hyperbolic model B shows a similar distribution to soil continuum 

model results using LDFE. On the other hand, modified model B 
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shows that the reaction moment on the soil is larger than the other 

two models, and the bending moment of the leg is also different 

accordingly. The moment acting on the spudcan-leg joint is larger 

than the other two models like soil response, so the distribution of 

the moment of the entire leg is shifted. As a result, the bending 

moment at the hull-leg joint is underestimated due to the shifted 

distribution. This joint is the critical point of jack-up structural 

analysis, and the hyperbolic model B shows a more accurate bending 

moment distribution of leg. 

 

 

Fig. 89 Bending moment at Henv=6.5MN; a) LDFE analysis; b) 

Hyperbolic model B; c) modified model B 

 

The structure response at Henv = 6.5MN, where the plasticity of 

the soil and the failure of the structure occurs, is shown in Fig. 89. 
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In this plastic region, the three models show similar values. This is 

because modified model B simulates a moment in the plastic region 

well through the plasticity framework after yield. As a result, all 

three models showed a similar distribution in terms of the bending 

moment of the leg. 

Through the bending moment results, it has been confirmed that 

the magnitude of the reaction moment acting on the spudcan, which 

is the same with the applied moment on soil, affects the distribution 

of the bending moment of the leg. The distribution of bending 

moments is similar if they show similar soil reaction moments (Fig. 

89). However, it is important that the large reaction force on the soil 

may lead to an underestimation of the bending moment in the hull-

leg joint (Fig. 88). 
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Chapter 6. Dynamic effects of jack-up  

structural analysis 

 

6.1. Introduction  

 

Jack-up is an offshore structure that is subjected to 

environmental loads such as wave, current, and wind during 

operation. Random wave is generally expressed as the sum of 

regular waves of different periods and heights, and have a great 

influence on the dynamic response of structures.  

Offshore platforms are always designed for the specific field, so 

the natural period varies depending on the design and characteristics 

of the individual structures. However, in general, fixed offshore 

structures have a small natural period (𝑇𝑛 < 5s). In comparison, 

floating offshore structures typically have a comparatively long 

natural period (𝑇𝑛 > 20s). Jack-ups typically have a natural period 

between 5 ~ 15 seconds, depending on their size, which overlaps 

the maximum wave energy spectrum (ABS, 2014). This means that 

jack-up is the dynamically sensitive offshore platform in wave 

analysis (Fig. 90(a)). 

To consider these dynamic characteristics, jack-up structural 

analysis of dynamic loads has been performed using a soil continuum 

model. In this chapter, the dynamic effects that accompany jack-up 

dynamic analysis are investigated. These include the effects due to 

inertia force, resonance with wave, and dynamic characteristics of 
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the soil (Fig. 90(b)). These effects were investigated and reflected 

in the yield interaction model and compared with the results of the 

soil continuum model. 

 

 

Fig. 90 Dynamic effects of jack-up; 

a) Typical natural period of offshore platform; 

b) Jackup structural analysis with dynamic load 

 

6.2. Dynamic effects in jack-up structural analysis 

 

6.2.1. Categorization of dynamic effects 

 

Dynamic effects are caused by several factors about time. It has 
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Fig. 91 Schematic figure of dynamic effects 

 

Dynamic effects about clay can be a strain rate dependency of 

properties, energy dissipated damping, material damping, and so on. 

Damping is generally considered by observation and calculation of 

coefficient through experiments, and the material damping has been 

usually simulated using a viscous material model. Among these 

dynamic effects, the strain rate dependency has been described in 

this chapter. In general, as the strain rate increases, the strength 

increases, and the stiffness and capacity increase accordingly. This 

effect has been reflected in the numerical analysis with the soil 

continuum model. Soil parameters considering the rate hardening 

are entered into the yield interaction model, and the results are 

compared with those of LDFE analysis. 

Structural dynamic effects include amplified response and phase 

shift, due to inertia force. The amplified response is caused by 
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several factors, such as resonance with a wave, wave damping, and 

the effect of soil damping on the boundary condition. In general, 

when determining the dynamic response of a structure, these 

various factors are collectively considered as DAF (Spidsøe and 

Karunakaran, 1996; Yu et al., 2012). Although it is difficult to 

calculate the exact DAF, this study has assumed the DAF carefully 

and applied to the yield interaction model. The analysis results are 

compared with those of the soil continuum model. 

 

6.2.2. Strain rate dependency of clay on jack-up wave analysis 

 

In general, as the strain rate increases, 𝑠𝑢  increases in 

logarithmic scale. This relationship is also introduced in Abelev and 

Valent (2009) and Nanda et al. (2017). Rate hardening with 

logarithmic relation is also implemented in nonlinear clay model (Eq. 

(29)) used in this study. 

 

 
𝑠𝑢𝑖 = [1 + 𝜇 l g (

Max(|�̇�|, �̇�𝑟𝑒𝑓)

�̇�𝑟𝑒𝑓
)] 

     [𝛿𝑟𝑒𝑚 + (1 − 𝛿𝑟𝑒𝑚)𝑒
−3𝜉 𝜉95⁄ ][𝑠𝑢m𝑖 + 𝑘𝑧𝑖] 

(29) 
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Fig. 92 M- 𝜃 curve according to the rotation rate 

 

Fig. 92 shows the effect of rotation rate on material curve (𝑀−𝜃) 

in single spudcan analysis. Wave load analysis results of Jackup is 

also plotted together (black line). Quasi static case has both small 

stiffness and small capacities (red line), but the rate is far from 

dynamic wave analysis. 𝑀−𝜃 curve in this study (Chapter 3) based 

on 0.01 rad/s is rather close to wave analysis. When typically 

calculating soil parameters, the analysis has been performed at a 

sufficiently slow rate to eliminate the inertia effect. However, 

quasi-static analysis cannot accurately consider soil properties due 

to rate dependency. This rate dependency is considered in this 

study through soil parameter calculation, both stiffness and capacity, 

and these calculated soil parameters are used in static yield 

interaction model. 
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Fig. 93 Contour about rate hardening value in nonlinear clay 

model; a) 0.01 rad/s; b) 0.002 rad/s; c) 0.00035 rad/s 

 

6.2.3. Phase shift effect 

 

Phase shift is typically caused by inertia force in dynamic 

analysis. To identify the phase shift in jack-up analysis, mass 

scaling technique in Abaqus is used. Mass scaling technique increase 

the mass of the model artificially in numerical simulation. Mass 

scaling is a technique that forcibly increases the time increment by 

artificially increasing the mass term because this mass term is 

proportional to the time step in the explicit analysis. With this 

increased time increment, explicit analysis that takes longer can be 

performed more cost-efficiently. In this scaled-mass analysis, 

inertia effect is amplified through mass scaling, but the rate 

dependency of material is maintained (Simulia, 2013). This study 

has focused these features of the technique. In a situation where the 

response due to the rate dependency did not change, how the 

1.14
in single spudcan analysis

1.0

a) c)b)
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amplified inertia effect by artificially increasing the mass affects the 

response is examined. 

In Fig. 94, phase shift occurs in the case of amplified inertia effect 

(mass scaling = 4). Immediately after the load is applied, the 

response is delayed due to the high value of initial acceleration. 

However, inertia effect is reduced and responses converge as the 

analysis progresses. Under monotonic load analysis, phase shift due 

to inertia effect occurs at initial phase but does not affect the 

response after stabilization. When designing offshore structures, the 

magnitude of the response is more important than the phase. After 

sufficient stabilization, it is assumed that the inertia effect does not 

exist in the response, and the phase shift effect after stabilization is 

not considered in this study. 

 

 

Fig. 94 Inertia effect on Jackup analysis under 

monotonic load analysis 
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6.2.4. Dynamic Amplification Factor (DAF) 

 

Natural period is very important factor for calculating DAF in 

offshore platform. Typical natural period of jack-up is between 

5~15s (ABS, 2014). Soil stiffness, as the boundary condition, has 

great influence on natural period. In the soil continuum model where 

the strength degradation occurs, it is impossible to accurately 

calculate the natural period. As an alternative, Fig. 95 shows the 

result of calculating the natural period using the initial stiffness. 

Calculated natural period is 7.76s, and 12.03s for pinned condition. 

Corresponding motion of 1st and 2nd mode are translated motion, 

which is surge, sway. 

 

Fig. 95 Mode shape of jack-up; a) original structure; 

b) 1st mode (surge); c) 2nd mode (sway) 

 

a) b) c)
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Definition of DAF is the structural response ratio between static 

and dynamic analysis. Conservative DAF is generally calculated 

using this definition, and then used in the platform design. 

 

 

Fig. 96 Example of DAF (ISO, 2012) 

 

For comparison of wave load analysis between static analysis 

with yield interaction model and dynamic analysis with soil 

continuum model, DAF should be considered. However, calculating 

DAF accurately is challenging. DAF calculation using classical single 

degree of freedom (SDOF) analogy is suggested in guideline (Eq. 

(30)). 

 

 𝐷𝐴𝐹 =
1

√(1 − Ω2)2 + (2𝜁𝛺)2
 (30) 

 

Where Ω is Natural period divided by the wave excitation period 

(𝑇𝑛 /𝑇), and 𝜁 is damping ratio. Natural period of structure, wave 

excitation period, wave damping, soil damping should be considered 

Dynamic response

Static
response
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in this DAF calculation using SDOF analogy, and this is the reason 

difficult to calculate DAF exactly. And also, this suggestion is 

conservative equation for design, not proper in calculation of realistic 

response. In this study, DAF is assumed excluding strain-rate 

dependency from amplified response (Fig. 97). 

 

 

Fig. 97 Effect of DAF on the amplified response 

 

6.3. Application : Jack-up structural analysis under 

dynamic wave load 

 

6.3.1. Selection of soft over stiff clay 

 

One of the purposes of the application is to validate the soil 

parameters, including regression model about initial stiffness, 

presented in Chapter 4. Soft over stiff clay soil has been presented 

for both depth ratio(𝑤/𝐻) and undrained shear strength ratio(𝑠𝑢,𝑠𝑡𝑖𝑓𝑓/

𝑠𝑢,𝐻) variables. Soil parameters have been presented in the range of 

depth ratio from 0.9 to 1.2 and undrained shear strength ratio from 

1 to 4. It is believed that this range can cover typical soft over stiff 
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clay properties. In this chapter, a middle point, 2.5 times stiffer 

lower clay and 2.1B of embedment case, has been selected to 

validate the interpolative capability of the regression model (Fig. 

98). This is equivalent to a depth ratio of 1.05 and a undrained shear 

strength ratio of 2.5. Proposed regression model for initial stiffness 

and interpolated values of other soil parameters are used for 

validation. 

 

 

Fig. 98 Soft over stiff clay case used in application; 

a) Depth ratio of 1.05; b) Strength ratio of 2.5 
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6.3.2. Wave environmental load 

 

Wave environmental load is assumed as similar value with field 

data of reference jack-up (MLT-116C). Detailed information is 

shown in Table 15. 

 

Table 15 Environmental condition for wave load 

 

Load cases are selected for validation about hyperbolic relation 

of material in elastic region. Case 1, regular wave with 𝐻𝑚𝑎𝑥 = 8m, 

𝑇 = 8s, is selected because the wave period is close to natural 

period with initial stiffness (7.76s). It has been selected to 

investigate the dynamic characteristics of the jack-up near the 

natural period, and the height suitable for wave steepness (0.08) 

has been calculated. Case 2, regular wave with 𝐻𝑚𝑎𝑥 = 12m, 𝑇 = 

13s, is selected according to the concept of design wave selection. 

Design wave height is decided from the referenced significant wave 

 
Water 

depth 
Airgap Height (H) Period (T) 

reference 
64~ 

80m 

15~ 

20m 

𝐻𝑠=6.4~ 

9.0m 

𝑇𝑝=11.1~ 

13.1s 

Case 1 65m 25m 𝐻𝑚𝑎𝑥=8.0m 𝑇𝑝=8.0s 

Case 2 65m 25m 𝐻𝑚𝑎𝑥=12.0m 𝑇𝑝=13.0s 
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height is selected ( 𝐻𝑠 =6.4m). Corresponding wave period is 

calculated using proper wave steepness (0.046). 

The wave load is calculated using the morison equation (Eq. (31)) 

depending on the location. This calculated load is especially key load 

in the cylinder structure like jacket or jack-up. 

 

 𝐹 = 𝜌𝐶𝑚𝑉�̇� +
1

2
𝜌𝐶𝑑𝐴𝑢|𝑢| (31) 

 

Wave load applied at leg cannot be calculated using stick model, 

so the drag coefficient and inertia coefficient is modified according 

to leg design. For computational cost, Abaqus/Aqua analysis is 

performed in initial stiffness. Drag force and inertia force, including 

buoyancy, have been calculated and acted on the jack-up leg (Fig. 

99). Corresponding nodal force is scanned and applied in 3D soil-

jack-up interaction analysis (Fig. 100). 

 

Fig. 99 Abaqus/Aqua analysis results; 

a) Vertical force; b) Horizontal force 

 

a) b)
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Fig. 100 Applied nodal force in jack-up 

 

6.3.3. FE model for application 

 

Same FE model with soft over stiff clay case, including reinforced 

jack-up structure, is used for application. Hull-leg joint and 

spudcan-leg joint have been reinforced so that the structure can 

withstand the impact due to the stiff soil below. Assuming a different 

payload, a vertical load of 33MN has been applied, and a repeated 

regular wave has been applied as an environmental load (Fig. 

101(a)). 

 

Wave force
including buoyancy
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Fig. 101 a) FE model for application; b) Notation of legs 

 

Since the direction of load is changed in regular wave, a specific 

leg cannot be defined as a leeward or windward leg in the application 

case. For the purpose of classification, the legs has named as "1-

leg" and "2-leg" and the results have been shown accordingly (Fig. 

101(b)). 
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Fig. 102 Schematic figure of applied load 

 

As an environmental load, a sinusoidal load has been assumed 

and applied using the peak load obtained through scanning like Fig. 

100. To calculate DAF, the quasi-static analysis has also been 

performed in which the peak load of the wave is applied 

monotonically and slowly (blue line in Fig. 102). This is for using 

the definition of DAF, the ratio of dynamic response and quasi-static 

response. 

The dynamic analysis has used the environmental load of the two 

cases mentioned above. Case 1, which is close to the natural period, 

has been used to investigate the dynamic effect, and case 2 has been 

used according to the design wave decision. 
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6.3.4. DAF calculation 

 

As mentioned earlier, it is difficult to calculate the DAF. In the 

DAF calculation process using SDOF, the natural period of Jack-up, 

wave excitation period, wave damping, and soil damping should be 

considered. It is impossible to accurately calculate the natural period 

of Jack-up because the boundary condition is changed due to the 

change of the soil properties. Wave damping terms that vary 

depending on the structure are applied indirectly through the model 

tests. The soil damping term is divided into material damping and 

energy dissipation damping, and each influence must be accurately 

considered. It is not easy to accurately calculate and compare DAF 

under the influence of many factors. 

 

 

Fig. 103 Simplified diagram of DAF calculation procedure 

 

In this study, since it is difficult to calculate all factors accurately, 

DAF has been assumed through an appropriate procedure. Using the 
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definition of DAF, the ratio between the time series analysis result 

and the quasi-static analysis result has been used, and the rate 

dependency of the soil strength has been considered separately. 

Rate dependency term has been calculated using a single spudcan 

analysis in which amplification of the reaction due to the inertia 

effect does not occur (Fig. 103). 

First, in the Jack-up analysis using the soil continuum model, 

wave load analysis and quasi-static analysis have been performed 

(Fig. 102). Wave load analysis has a high inertia effect and a high 

strain rate, as a time series sinusoidal load has been applied. On the 

other hand, quasi-static analysis of slowly applying the load 

corresponding to the peak load has no inertia effect, and the strain 

rate is also sufficiently low. Therefore, the difference in response 

between the two analyzes can be divided into the effects of rate 

dependency, soil damping, and inertia effect. The difference in 

response between the two calculated analyzes is shown in the Table 

16. 

Second, the difference in soil strength due to rate dependency is 

considered. A single spudcan analysis has been used, reflecting only 

the effects of soil properties according to the rotation rate. The 

difference between the two responses is defined as a response that 

is different due to the rate-dependent soil strength by applying 

rotational motion at high speed and slow speed. The calculated 

results are also shown in the Table 16. 
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Table 16 Assumed DAF 

 Case 1 Case 2 Remarks 

𝑀𝐽𝑎𝑐𝑘𝑢𝑝, 𝑤𝑎𝑣𝑒
𝑀𝐽𝑎𝑐𝑘𝑢𝑝, 𝑞𝑠

 5.50 2.66 
① in Fig. 103 

DAF + Rate dep. 

𝑀𝑠𝑝𝑢𝑑., 𝑑𝑦𝑛

𝑀𝑠𝑝𝑢𝑑., 𝑞𝑠
 1.35 1.31 

② in Fig. 103 

Rate dependency 

𝐷𝐴𝐹 4.07 2.03 
(① - ②) 

DAF 

 

It has been assumed that the effect of soil strength obtained 

through single spudcan analysis is the same as the rate dependency 

term in Jack-up analysis. Finally, DAF to be applied to static 

analysis has been assumed using the difference in response from 

Jack-up analysis and the response from single spudcan analysis. 

The assumed DAF is applied to the static analysis result using the 

yield interaction model, and this has been compared with the Jackup 

analysis result using the soil continuum model analyzed in the time 

domain. 
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6.3.5. Analysis condition 

 

Jack-up structural analysis with yield interaction model is 

performed in static analysis. Two yield interaction models are used; 

Hyperbolic model B, proposed in this study, and modified model B, 

state-of-art model of clay (Zhang et al., 2014b). According to the 

corresponding depth ratio of 1.05 and undrained shear strength ratio 

of 2.5, soil parameter from regression model proposed in Chapter 4 

and interpolation with fitting results are used in application case. 

 

Table 17 Soil parameters used in application case 

Capacity Value Stiffness Value 

𝑉𝑢𝑙𝑡 106.32 MN 𝐾𝑣 613.88 MN/m 

𝐻𝑜 29.34 MN 𝐾ℎ 610.46 MN/m 

𝑀𝑜 173.65 MNm 𝐾𝑚 33798 MNm/rad 

→ From regression model 𝐾𝑐 73.68 MN/rad 

 

𝑉𝑢𝑙𝑡 is obtained from the penetration analysis, and it is thought 

that this approach can use the 𝑉𝑢𝑙𝑡 in a nonlinear soil model using 

the bearing capacity obtained in the penetration process in the actual 

jack-up design. 𝐾ℎ  and 𝐾𝑚  is calculated from the proposed 

regression model in Chapter 4. Since the initial stiffness is sensitive 

to the criteria, the regression equation has been presented. 

Verification about this equation is attempted through this application.  
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Other soil parameters is interpolated from fitted results in Chapter 

3 and 4 (Table 9, Table 10). 

 

 

Fig. 104 FE model of jack-up analysis with 

yield interaction model 

 

Nodal force equivalent to wave load is applied. Assumed DAF is 

multiplied to static nodal force for considering the dynamic effect on 

response (Fig. 104). In general, the DAF is multiplied by the 

response and used to compensate for the difference in response 

between static and dynamic analysis. However, in this study, since 

it is a linear analysis in the elastic region, it is an attempt to obtain 
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Jackup model

User element
(Foundation
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the corresponding material curve by multiplying the load by DAF 

rather than response. Vertical load is applied to reflect the weight 

and payload of the structure. The load corresponding to the weight 

has been applied to the leg through the distributed load, and the load 

corresponding to the hull weight and payload has been applied 

through the hull-leg joint. User elements which implements the 

yield interaction model are placed below the leg as the boundary 

condition of the jack-up analysis. The lower part of the UEL is fixed 

so that the behavior of UEL can be completely the boundary 

condition of the entire structure. 

 

6.3.6. Case 1 : Analysis results 

 

DAF is calculated based on the moment and rotation, so the soil 

response in rotational direction is shown in Fig. 105. DAF in case 1 

is 4.07, which is close to the natural period and has a high value. 

DAF based on moment is applied in static analysis with two yield 

interaction models. 
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Fig. 105 Soil response in rotational direction; 

a) Moment about time; b) Rotation about time 

 

After stabilization, responses of Hyperbolic model B and those of 

soil continuum model shows similar results. In contrast, the rotation 

is small while the moment shows a large value in modified model B. 
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Fig. 106 Soil hysteresis curve; a) Comparison with proposed 

backbone curve; b) Comparison with yield interaction model 

 

Moment - rotation hysteresis curve occurs in results of soil 

continuum model (Fig. 106(a)). This hysteresis curve follows the 

backbone curve of soil parameters from regression model. Through 

this, regression model proposed in Chapter 4 shows good agreement 
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with LDFE analysis with dynamic load. 

This well-matched backbone curve and hysteresis curve 

according to Masing rule are implemented in Hyperbolic model B. As 

a result, hysteresis curve simulated in Hyperbolic model B shows 

the similar shape with that of soil continuum model. Modified model 

B uses the almost linear relationship as elasticity relation, so the 

loading curve and unloading curve is the same as a line. 

 

  

Fig. 107 Structure response : bending moment; 

a) LDFE analysis; b) Hyperbolic model B; c) Modified model B 

 

 

a) b) c)
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Fig. 108 Structure response : curvature; 

a) LDFE analysis; b) Hyperbolic model B; c) Modified model B 

 

Fig. 107 and Fig. 108 show the bending moment and curvature of 

jack-up leg. Bending moment and curvature show same trend. 

Because the windward leg is under the tension, large bending 

moment is applied. Among three structure-soil interaction model, 

Modified model m shows different moment distribution. Because of 

the over-estimated moment response of soil, hull-leg joint is 

under-estimated in bending moment and curvature. Different soil 

response can result in the different structural response. 

 

 

 

a) b) c)
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6.3.7. Case 2 : Analysis results 

 

DAF is calculated based on the moment and rotation, so the soil 

response in rotational direction is shown in Fig. 109. DAF in case 2 

is 2.03, which is smaller than that of case 1. 13s of period is far from 

the natural period of jack-up, so the DAF is small value in case 2. 

Assumed DAF is applied in static analysis with two yield interaction 

models. 

   

Fig. 109 Soil response in rotational direction; 

a) Moment about time; b) rotation about time 
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After first peak, phase shift rarely occurs because the wave 

excitation period is far from natural period of jack-up. Compared to 

the case 1 of the 8s period, the dynamic characteristics are less 

when far from the natural period. Also in case 2, responses of 

Hyperbolic model B and structure-soil interaction analysis with soil 

continuum model are similar and the rotation is small while the 

moment has large value in modified model B.  

  

Fig. 110 Soil hysteresis curve; a) Comparison with proposed 

backbone curve; b) Comparison with yield interaction model 
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In case 2, the hysteresis curve in the soil continuum model also 

follows the backbone curve well. This means that verification of 

interpolated soil parameters has been performed. Corresponding 

hysteresis curve is implemented in Hyperbolic model B in this study. 

In the fatigue assessment of jack-up structure, Hyperbolic model B 

can be adopted as the simplified nonlinear foundation model because 

of consideration about hysteresis in the elastic region. 

 

  

Fig. 111 Structure response : bending moment; 

a) LDFE analysis; b) Hyperbolic model B; c) Modified model B 

 

a) b) c)
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Fig. 112 Structure response : curvature; 

a) LDFE analysis; b) Hyperbolic model B; c) Modified model B 

Fig. 111 and Fig. 112 show the bending moment and curvature of 

the jack-up leg. Bending moment and curvature show the same 

trend, as in case 1. Because the windward leg is under the tension, 

a significant bending moment is applied. In case 2, where the wave 

period is far from the natural period, Modified model B also shows 

different moment distribution. Linear elastic relation results in the 

over-estimated moment acting on the soil in the elastic region. 

Moment distribution of leg has shifted value because of the large 

moment at the boundary condition, so the difference occurs at the 

hull-leg joint. Environmental loads are almost in the elastic region 

before reaching the yield envelope, and the underestimated bending 

moment at the hull-leg joint may have a great influence on the 

strength assessment in the corresponding structure. 

a) b) c)
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Conclusion 

 

Summary 

 

This study aims to perform a jack-up structural analysis for 

dynamic loads using a foundation model considering structure-soil 

interaction. A nonlinear foundation model has been proposed using 

simplified soft over stiff clay as a target soil, and jack-up structural 

analysis has been performed with the proposed structure-soil 

interaction model. 

The structure-soil interaction model refers to a two-way 

analysis model in which the plasticity of the soil and the response of 

the structure interact with each other. In ISO (2012), a secant model, 

a yield interaction model, and a soil continuum model have been 

proposed as the structure-soil interaction model. The secant model 

is the simplest model that considers structure-soil interaction. This 

model introduces the concept of secant stiffness in the rotational 

direction, which is only available at a specific design point. The 

model B was proposed as a yield interaction model to more 

accurately simulate the plastic behavior of the soil. The yield 

interaction model about clay has been improved from model B to the 

latest model, modified model B. The model B calculates the plastic 

displacement through an iterative calculation using the formulated 

equation of elasticity, yield envelope, flow rule, and hardening law. 

This model is known to calculate the plastic behavior of the soil well. 

In addition, Hyper-model B was proposed to simulate the strength 
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degradation in the rotational direction by introducing a nonlinear 

moment-rotation relationship into the model B framework.  

Soft over stiff clay is a general case that can occur when the 

jack-up is operated in soft clay. Jack-up should penetrate until 

meeting the stiff clay to obtain sufficient bearing capacity in the soft 

soil. This case is stable in terms of installation. However, in the 

aspect of the operation, the foundation model and corresponding 

structural response can be changed because it is simultaneously 

affected by the upper soft clay and lower stiff clay. A study has been 

conducted on how the ground model and jack-up structures are 

affected by the lower stiff clay, assuming the spudcan in this 

transition zone. The foundation model has been studied using the 

LDFE technique, and disturbed soil properties by spudcan 

penetration are considered.  

A study has been conducted on the yield envelope in soft over 

stiff clay. LDFE analysis is used to calculate the ultimate capacity 

through constant V test and yield envelope through a swipe test. 

Combined loads analysis for deep embedment is performed and 

confirmed to be consistent with the yield envelope of the existing 

single clay. The combined loads analysis on the soft over stiff clay 

has been performed with various embedments and lower clay 

stiffnesses. The lower stiff clay gives a large reaction force against 

the downward motion of the spudcan, so the compressive vertical 

capacity and rotational capacity have increased significantly. On the 

other hand, in the case of tensile vertical capacity, where the upward 

motion is involved, there is a negligible effect of lower stiff clay. In 
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consideration of these effects, the best-fit yield envelope 

expression of soft over stiff clay and the corresponding ultimate 

capacity are presented. 

A study about the elasticity of model B, which determines the 

behavior inside the yield envelope, is performed. In the existing 

model, load-displacement has an almost linear relationship except 

for the horizontal-rotation interaction term. However, the actual soil 

shows the gradually degraded strength, and this study applies this 

nonlinear relationship to the horizontal and rotational directions. In 

the existing Hyper-model B, a nonlinear hyperbolic relationship was 

applied only to the rotational direction. Proposed model extends this 

nonlinear relationship in the horizontal direction and combines the 

state-of-art concept like the tensile capacity of modified model B. 

As a result, the material curve assumed to be linear can 

overestimate the soil response before the yield. In contrast, the 

nonlinear hyperbolic relationship shows degradation of strength 

before the yield effectively. 

Incorporating yield envelope and elasticity inside the yield 

envelope about soft over stiff clay, Hyperbolic model B is proposed 

and implemented using Abaqus user elements. The proposed model 

is compared with the structure-soil interaction analysis using LDFE 

and the results are verified. Jack-up analysis with the yield 

interaction model and the soil continuum model analysis is 

performed on single clay and soft over stiff clay, and the results are 

compared and analyzed. As a result, the proposed Hyperbolic model 

B can simulate the response of the soil where gradually degraded 



 

 １８７ 

strength occurs similarly to LDFE, and the bending moment 

distribution of the leg is also well simulated due to the soil response. 

A dynamic wave load analysis is performed using the structure-

soil interaction model. Dynamic effects such as the Inertia effect and 

rate dependency are investigated. To validate the proposed soil 

parameters, application cases are selected and compared with the 

soil continuum model. As a result, the backbone curve of the 

proposed soil parameter is well-matched with the result of the soil 

continuum model. Hyperbolic model B also shows a similar 

hysteresis curve because this backbone curve is implemented. 
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Limitation and Future work 

 

The nonlinear clay model used in this study only considers strain 

softening and rate hardening. In order to accurately simulate the 

tensile capacity, effects of suction force and consolidation should be 

considered. However, this phenomenon is difficult to consider using 

the current LDFE technique. In dynamic load analysis, several load 

cycles are generally simulated. However, due to computational cost, 

only a small number of cycles have been performed. 

The dynamic effect is made up of a lot of factors, especially 

including soil damping. it is difficult to separate the each effect from 

the integrated dynamic response. For this, the effect of damping 

should be analyzed through experiments individually. Including the 

difficulties in calculation of the natural period, it is difficult to 

accurately calculate DAF, and only appropriate assumptions are 

made in this study. In addition, it is difficult to perform such dynamic 

analysis because the user element in which the yield interaction 

model is implemented is based on static analysis. 

To achieve these limitations, the effect of time can be considered 

in LDFE analysis. Rani (2016) performed an LDFE analysis 

considering the effects of consolidation, by the implementation of 

additional nonlinear equations about time effect. In order to consider 

the dynamic effects of Jackup, it is necessary to use a macro 

element in which model B is implemented in a dynamic environment. 

This can be a model that replaces the time-consuming 3D soil 
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continuum model and is expected to be able to freely consider the 

equation for dynamic effects.  

It is very important to use the proposed yield interaction model 

in structure design actually. For this, an external program, where 

the yield interaction model is implemented, can be used with the 

general code check program like SACS. This interface code for 

actual design is expected to have many uses. Also, this study has 

been omitted the lattice leg effect to clarify the structure-soil 

interaction. This effect can be necessary to accurately simulate the 

behavior of the jack-up within the soil. 
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초록 

 

잭업 해양 구조물은 수심 150m까지 설치되며, 시추 및 생산용 리그 

뿐 아니라 해상풍력발전기 전문설치선과 같은 설치 유닛에도 

사용되어오고 있다. 잭업은 파도와 바람 등의 환경하중 하에서 작업이 

수행되므로 설계 시 그에 따른 잭업의 거동 및 구조 반응을 명확히 

이해해야 한다. 거동 및 구조 해석 시 해양구조물의 경계조건으로 

작용하는 지반 모델은 구조물의 진동 모드에 영향을 주어 해석 

결과에도 영향을 미치게 된다. 일반적인 지반 모델에는 단순 지지 

조건이나 선형 스프링을 이용한 모델이 있으나, 이는 잭업의 구조-

지반 상호작용을 반영하지 못한다. 그 대안으로 International 

Organization for Standardization (ISO) 에서는 가이드라인을 통해 

구조-지반 상호작용을 고려하는 비선형 지반 모델들을 제시하고 

있으며, 이는 가장 단순한 모델인 시컨트 모델 (secant model)부터 

지반의 소성 변위를 고려하는 항복 상호작용 모델 (yield interaction 

model), 그리고 가장 정확하지만 시간이 걸리는 지반 연속체 모델 

(soil continuum model)로 나뉘어진다. 이러한 비선형 지반 모델 중 

이번 연구에서는 구조-지반 상호작용을 모사하기 위하여 항복 

상호작용 모델과 지반 연속체 모델을 사용하였다. 동적 하중 하에서 

구조-지반 상호작용을 고려한 지반 모델을 사용하여 잭업의 

구조해석을 수행하였다. 상부 연약한 지반-하부 단단한 점토 조건에서 

사용할 수 있는 적절한 항복 상호작용 모델을 제시하고 지반 연속체 

모델을 통해 이를 검증 비교 하였다. 상부 연약한 지반-하부 단단한 

점토 조건에서, 지반에 작용하는 복합 하중의 항복 여부를 결정하는 

항복 곡면에 대한 연구를 수행하였다. 해당 지반 조건은 하부 단단한 



 

 ２０３ 

점토 지반으로 인해 상부 지반이 압착되어 충분한 지지력이 확보되기 

때문에 많은 연구가 수행되지 않았다. 그러나 잭업 운용 시 사용되는 

지반 모델은 상부와 하부 지반의 영향을 모두 받으므로 상부 연약한 

점토-하부 단단한 점토 지반에 대한 연구가 필요하다. 해당 지반에서 

수직 압축 용량은 압착 효과로 인해 증가한 반면 수직 인장 용량은 

하부 단단한 점토 지반의 영향을 받지 않았다. 해당 지반에 잘 맞는 

항복 곡면 식과 이 때 사용되는 수직, 수평, 회전 방향의 극한 지지력 

(ultimate capacity)에 대하여 제안하였다. 점토 지반에서 모델 비 

(model B)로 불리는 항복 상호작용 모델은 소성 변위를 통해 지반의 

비선형 거동을 고려하며, 구조-지반 상호작용을 단순화하여 고려할 수 

있는 모델로 최근까지 연구되어 오고 있다. 기존 모델 비는 항복 

곡면에 도달하기 이전의 탄성 영역에서 선형의 힘-변위 관계와 함께 

수평-회전 방향의 상호작용을 고려한다. 그러나 실제 지반은 

점진적으로 소성이 발생하며 그에 따라 선형의 힘-변위 관계를 갖지 

않는다. 이번 연구에서는 비선형성이 큰 수평, 회전 방향에 대하여 

비선형 쌍곡선 힘-변위 관계를 가정한 하이퍼볼릭 모델 비 

(hyperbolic model B)를 제안하고, 이 때 사용되는 초기 지반 강성에 

대한 식을 제시하였다. 검증을 위하여 지반 연속체 모델을 이용한 

잭업의 구조-지반 상호작용 해석을 수행하였다. 연약 점토에서의 깊은 

관입 깊이로 인한 지반의 대변형을 잭업 구조 해석에 고려하였다. 

제안된 항복 상호작용 모델인 하이퍼볼릭 모델 비는 상부 연약한 

점토-하부 단단한 점토 조건에서 항복 곡면 이전과 이후 지반 연속체 

모델과 해석 결과가 비슷한 경향을 보임을 확인하였다. 기존 모델 비는 

항복 곡면 안에서 선형 힘-변위 관계로 인해 지반에 작용하는 

모멘트를 과대평가하는 경향이 있고, 경계조건으로써 구조 해석에 

영향을 미쳐 잭업 레그의 모멘트가 과소평가되는 경향이 발생하였다. 



 

 ２０４ 

제안된 하이퍼볼릭 모델 비는 항복 곡면 이전의 비선형성을 

고려함으로써 잭업 레그의 모멘트 분포를 잘 예측하였다. 이렇게 

제안된 항복 상호작용 모델과 지반 연속체 모델을 이용하여 잭업의 

동적 구조해석을 수행하였다. 동적 사인파 하중에 대한 지반 반응 및 

잭업의 구조 반응을 계산하고 정적 하중 결과와 비교하였다. 

일반적으로 사용되고 있는 동적증폭계수 뿐 아니라 지반의 동적 효과 

및 관성력에 의한 효과가 존재하는 것을 확인하였으며, 이에 대하여 

분석하였다. 항복 상호작용 모델 및 지반 연속체 모델을 통해 구조-

지반 상호작용을 고려하여 동적 하중에 대한 잭업 구조해석을 

수행하였고, 항복 곡면 이전과 이후 지반 반응 및 잭업 레그의 모멘트 

분포를 잘 예측하는 것을 확인하였다. 
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