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1. Introduction 
 

Limited access to the energy resources such as oil, gas, 

and coal along with environmental pollution produced 

during their exploitation, recently, the development of 

renewable energy sources gained a lot of attention. Among 

various energy resources such as wind, sun, and waves, 

wind energy is the most rapidly developing one (Schwägerl 

2016). Despite the high-energy density and lower 

turbulence of offshore wind power (Oh et al. 2018), the 

construction costs of offshore wind frames are greater than 

that of onshore ones (Musial et al. 2010). Therefore, 

selecting a suitable offshore wind energy converter 

foundation type and its optimal design are the most 

important factors contributing to lowering the cost. Among 

various types of foundations including gravity-based, 

monopile, and suction caisson, the suction caisson type is  
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the most promising due to small installation vibration and 

noise (Breton and Moe 2009). Moreover, the steel weight of 

this foundation is less than half compared to the traditional 

monopile foundations (Ibsen et al. 2005, Gonzalez 2017). 

Monopods and multi-pods are two typical types of these 

structures constructed of an open-ended base (skirt) and a 

closed top (lid) in which the ratio of the caisson diameter to 

the skirt length ranges from 0.25 to 12 (Villalobos 2006, 

Larsen 2008, Roa et al. 1997, Iskander et al. 2002, Achmus 

et al. 2014). Caissons with an embedment ratio of 2 or 

higher are typically used for clayey soils while caissons 

with lower embedment ratios are appropriate for sandy soil 

conditions (Houlsby et al. 2005, Cotter 2009). The 

dominant loads for suction caissons when used as anchors 

for tension leg platforms or as foundations on a jacket 

structure are axial (Nielsen 2019). For relatively light 

structures such as wind turbines, the overturning moment 

resulting from large aerodynamic loads can lead to tensile 

loading and pull out of the individual foundations of the 

structure. Consequently, the tensile resistance of these 

foundations is a key factor for determining their service life 

and should be accounted for in foundation design.   

Suction caissons were first developed for floating 

platforms in the gas and oil industry (Zhu et al. 2011). The 

application of these foundations for offshore wind turbines 

encouraged a lot of researchers (Senders 2008, Alavi et al. 

2010, Fattah et al. 2013, Thieken et al. 2014, Vaitkunaite et  
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Abstract.  One of the main parameters that affect the design of suction caisson-supported offshore structures is uplift behavior. 

Pull-out of suction caissons is profoundly utilized as the offshore wind turbine foundations accompany by a tensile resistance 

that is a function of a complex interaction between the caisson dimensions, geometry, wall roughness, soil type, load history, 

pull-out rate, and many other parameters. In this paper, a parametric study using a 3-D finite element model (FEM) of a single 

offshore suction caisson (SOSC) surrounded by saturated soil is performed to examine the effect of some key factors on the 

tensile resistance of the suction bucket foundation. Among the aforementioned parameters, caisson geometry and uplift loading 

as well as the difference between the tensile resistance and suction pressure on the behavior of the soil-foundation system 

including tensile capacity are investigated. For this purpose, a full model including 3-D suction caisson, soil, and soil-structure 

interaction (SSI) is developed in Abaqus based on the 𝑢 − 𝑝 formulation accounting for soil displacement (𝑢) and pore pressure, 

P.The dynamic responses of foundations are compared and validated with the known results from the literature. The paper has 

focused on the effect of geometry change of 3-D SOSC to present the soil-structure interaction and the tensile capacity. Different 

3-D caisson models such as triangular, pentagonal, hexagonal, and octagonal are employed. It is observed that regardless of the 

caisson geometry, by increasing the uplift loading rate, the tensile resistance increases. More specifically, it is found that the 

resistance to pull-out of the cylinder is higher than the other geometries and this geometry is the optimum one for designing 

caissons. 
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al. 2014, Kim et al. 2017, Chong et al. 2019, Nielsen 2019, 

Hendriyawan 2019, Ahlinhan 2020) to investigate their 

tensile resistance. Achmus and Thieken (2014) conducted 

numerical simulations based on the combination of pore 

fluid diffusion and stress analysis. They investigated the 

effects of loading rate, soil permeability, and pore fluid 

displacement on the bucket load-bearing capacity. They 

announced that the effects of dynamics components 

resulting from pore fluid displacement are not considered 

and can be ignored. Sorensen et al. (2017) examined the 

tensile resistance of suction buckets based on 3 different 

numerical formulations. There was a good match between 

various results. Since inertia effects are negligible for most 

of the pull-out velocities, they concluded that available 

formulations in commercial software are appropriate for the 

analysis of the tensile resistance of suction buckets. Ahmed 

and Hawlader (2014) performed 3-D analyses of monopod 

suction caissons subjected to various oblique loadings. The 

effects of loading angle, mooring position, and aspect ratio 

on pullout capacity and rotation of the caisson were 

examined. Bagheri and Kim (2019) evaluated the 

mechanical behavior of caissons with different dimensions 

embedded in soils with different densities subjected to 

monotonic and cyclic loadings by conducting a 3-D finite 

element model of the foundation and the seabed. The results 

indicated that the foundation response is more sensitive to 

the soil density in comparison with its geometry. Ma et al. 

(2019) studied the shallow bucket foundation response to 

lateral loadings. Analysis of the Load-Displacement relation 

along with pore pressure and soil pressure revealed the 

foundation deformation pattern and also it was observed 

that the accumulation of pore pressure leads to a decreasing 

the anti-overturning bearing capacity of the foundation. 

Skau et al. (2019) provided a methodology through which 

the effect of caisson flexibility can be incorporated in finite 

element modeling by the definition of a macro element. 

Their results confirmed that caisson flexibility influences 

the coupling between moment and horizontal load. It also 

affects the foundation stiffness felt by the other structures 

attached to it. Jin et al. (2019) performed various 3-D 

numerical analyses of caisson foundations in the sand by 

applying complex combined loadings to the caisson to 

identify the failure envelope in various spaces. Latini and 

Zania (2019) examined the dynamic stiffness and damping 

coefficients of suction caissons embedded in a viscoelastic 

soil layer over bedrock under vertical dynamic load. It was 

observed that soil stiffness variation with depth and skirt  

 

 

length affects the dynamic response dramatically.  

To investigate the soil deformations and installation 

mechanism of giant circular open caissons in undrained 

clay, Lai et al. (2020) modeled the process using 3-D 

simulations by employing Coupled Eulerian-Lagrangian 

approach. The plastic zone, deformed soil flow, stress 

distribution, and penetration resistance developed in clay 

were effectively captured to investigate the installation 

mechanism. Faizi et al. (2019) proposed a new hybrid 

tripod bucket foundation able to resist overturning moments 

considerably in comparison with the conventional tripod 

types. The load-bearing capacity of composite bucket 

foundations with and without compartment plates installed 

in layered soil was investigated by Ding et al. (2020) under 

combined loadings. They showed that Compartments 

improve the integrity of the bucket foundation and change 

the dominant load-bearing mode.  

Bucking of the cylindrical buckets and other installation 

problems motivated researchers to investigate geometries 

other than cylindrical ones (Schløer et al. 2016, Gonzalez 

2017). In this research, multi-shell foundations reinforced 

with stiffeners were investigated (Fig. 1). 

Although a wide range of research has been devoted to 

the study of the mechanical behavior of suction caisson 

foundations, most of them are focused on examining the 

effects of variation of bucket dimension, pull-out rate, 

loading, and soil permeability on its mechanical response, 

especially on the tensile resistance. It is to be mentioned 

that Buckets with non-circular geometries can solve some 

installation issues. Therefore, investigating the effect of 

geometry change is substantial for an optimized design of 

these structures and obtaining their ultimate tensile 

resistance, too. To the best of the authors’ information, there 

has not been reported such incremental parametric study of 

SOSC offshore wind turbine foundation considering 

geometry change in 3-D space. In the present work, FEM 

with a nonlinear material model and transient analysis has 

been developed to perform a 3-D numerical analysis of 

nonlinear phenomena of the SOSC tensile resistance.  

Comprehensive numerical analyses have been performed to 

investigate the effect of bucket geometry. The soil material 

model has been developed as a user material model 

(UMAT) in Abaqus and a computer set was performed to 

present the results for the 3-D model in the time domain. 

Furthermore, the effects of geometry change and pull-out 

rate on the tensile resistance and the difference between 

tensile resistance and suction pressure on an MSC have  

 

Fig. 1 Bucket geometries (a) (Schløer et al. 2016) and (b) (Gonzalez 2017). 
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Fig. 2 Force-displacement curves and corresponding failure 

mechanisms for suction caissons under tensile loading 

(Senders 2008) 

 

 

been analyzed. The experimental results of cone penetration 

tests and drained triaxial tests at Aalborg University (Ibsen 

et al. 2009) were utilized for material calibration.  

Following this introduction, Section 2 presents the 

effective parameters on vertical resistance of SOSCs in 

offshore wind turbines and Section 3 contains the governing 

coupled u-p equations of the saturated soil. In Section 4, the 

model, mechanical properties and calibration, boundary and 

loading conditions, and contact constraints are described. In 

Section 5, the numerical solution is validated by 

comparison to the available results. The tensile resistance, 

suction pressure, and also the difference between these 

parameters are discussed and described for different 

geometries in Section 6. Some concluding remarks are 

presented in Section 7. 

 

 

2. Effective parameters on the suction caisson 
tensile resistance  

 

Drainage conditions classified as fully-drained, 

partially-drained, and undrained conditions determine the 

load-bearing capacity of a suction caisson under tensile 

loading after installation. These conditions depend on the 

soil permeability, loading rate, and bucket dimensions.  

In fully-drained conditions, the bucket weight and the 

friction on the inner and outer perimeter of the skirt control 

the bucket tensile resistance. In this case, a gap is formed 

between the bucket lid and the soil surface. For undrained 

conditions, due to the lack of gap formation arising from 

suction pressure, the whole soil inside the bucket moves 

upward and shear forces distribute on the soil surrounding 

the bucket outside the perimeter. In this case, frictional 

forces have a great contribution to the bucket tensile 

resistance, and the bucket resistance is higher than that in 

the fully-drained conditions. The bucket tensile behavior for 

partially-drained conditions locates between these two 

extreme scenarios. Fig. 2 illustrates these conditions briefly.  

 

 
3. The u-p formulation 

 

Among various formulations for modeling saturated soil 

behaviors (Zienkiewicz and Shiomi 1984), u – p – U the 

formulation in which the displacement of the soil skeleton, 

the pore fluid pressure, and the pore fluid displacement play 

a significant role is the most widely used. Since for slow  

 

Fig. 3 A schematic view of the seabed and a suction bucket 

foundation 

 

 

phenomena, the fluid acceleration accompanies 

insignificant inertia forces, in numerous FE software, u-p 

the formulation is adopted in which only the soil skeleton 

movement and the pore fluid pressure are considered. 

Combination of equilibrium conditions for each phase in 

saturated soil, the continuity equation of the fluid flow, and 

also a proper constitutive relation results in the formation of 

the u-p formulation.  The equilibrium condition for the soil 

skeleton in the u-p formulation is governed by (Sørensen et 

al. 2017) 

, ,

1
( ( )) 0

i f f i i ll
k p u b p

Q
         (1) 

where, p, being the pore pressure and lu  is the acceleration 

of the solid phase. k denotes the soil skeleton permeability 

which depends on the hydraulic conductivity. bi,ε, and f   

are the body force, strain tensor, and fluid viscosity, 

respectively. α is the Biot coefficient defined by 

sK

K
1  

(2) 

K and Ks are the bulk modulus of the soil skeleton and 

the average bulk modulus of the soil skeleton constituents, 

respectively.  

In Eq. (1), the combined storage capacity of the solid 

and fluid results from a pressure change is shown by 
Q

1
  

which is given by 

sf K

n

K

n

Q



1

 (3) 

where Kf is the fluid bulk modulus and n is the porosity. 

 

 

4. Finite element modeling 
 

This section details various aspects of modeling pull-out 

tests. The FE analyses were performed using finite element 

software Abaqus 6.14. In Fig. 3, a schematic view of the 

model in which Baskarp sand no. 15 is assumed to 

constitute the seabed, is visualized. Variation of tensile 

resistance with different pull-out rates from 1e-6 m/s 

corresponding to the soil drained behavior to 0.1m/s in steps 

of one order of magnitude is investigated.  
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4.1 Modeling of the SOSC and surrounding soil 
 

A cylindrical bucket with a skirt length of L=10 m, an 

inner diameter of D=10 m, and a thickness of t=30 mm 

embedded in the seabed, and a cylinder with an outer 

diameter of 50 m and height of 50 m, was modeled. These 

dimensions were assigned to the seabed to avoid boundary 

effects on the results. For modeling the bucket domain, 

ordinary continuum material, and for the soil a porous 

material model was used. Taking the advantage of geometry 

and loading symmetry, only a quarter of the SOSC 

foundation and the surrounding soil was simulated. On 

account of the possible formation of the water-filled gap 

beneath the bucket lid and skirt, a soft layer with a thickness 

of 10 mm was integrated into the model (Thieken et al. 

2014, Achmus and Thieken 2014, Cao et al. 2002). 

 

4.1.1 Material models and discretization 
The steel SOSC is modeled as a linear elastic material 

with Young’s Modulus 210GPa, Poisson’s ratio of 0.25, and 

a density of 7500 Kg/m3 (Sørensen et al. 2017). It is 

assumed that Baskarp sand no. 15 with void ratio 0.59 and 

bulk modulus 36.4GPa (Skempton 1961) constitutes the 

solid phase of the seabed soil fully saturated with water in 

which water density and bulk modulus are equal to 1000 

Kg/m3 and 2.05 GPa, respectively. On account of the 

dilative and plastic behavior of the soil solid phase, the 

Pressure-dependent Mohr-coulomb model is employed. For 

material calibration, the experimental results of cone 

penetration tests and drained triaxial tests at Aalborg 

University (Ibsen et al. 2009) were utilized. Table. 1 

summarizes other soil solid phase parameters (Sørensen et 

al. 2017, Sørensen 2016). It is to be mentioned that the 

larger the soil permeability is, the smaller the suction 

pressure and total resistance will be (Achmus et al. 2014). 

Therefore, for larger permeabilities, the behavior becomes 

more similar to the smaller pull-out rates. In the present 

manuscript various pull-out rates are investigated and to 

make the simulations more cost-effective, the initial 

permeability of the soil is used for the simulations. It should 

be noted that a sensitivity analysis and uncertainty  

 

Table 1 Properties of the soil solid phase (Sørensen et al. 

2017, Sørensen 2016) 

Description Parameter Value 

Solid Phase Density sρ  2.644e3 Kg/m3 

Porosity n  0.373 

permeability k  6.77e-9 m3s/Kg 

Hydraulic conductivity 
Dk  6.65e-5 m/s 

Coefficient of earth pressure 

at rest 
0

K  0.33 

 

 

propagation could be very helpful to investigate the 

influence of all uncertain input parameters (Samaniego et 

al. 2020). 

Considering the negligible permeability of steel, C3D8R 

elements with no pressure degree of freedom were used to 

discretize the bucket. The u-p formulation was employed to 

model the soil domain as a porous material. Since this 

constitutive model doesn’t exist in Abaqus, a user material 

subroutine (UMAT) was implemented in Intel Fortran 

which is linked by Abaqus using Visual Studio. To mesh the 

soil, C3D8P elements with displacement and pressure 

degrees of freedom accounting for porosity and pore 

pressure due to fluid flow into the soil were applied. 

C3D8PH elements able to account for pressure degree of 

freedom and incompressible material behavior with a very 

low Young’s modulus and poison’s ratio of 0.499 were 

generated beneath the bucket lid and skirt to simulate the 

water behavior. These elements were located to simulate 

seepage into the gap formed beneath the lid inside the 

bucket. It should be noted that to prevent convergence 

problems, only one row of water elements should be applied 

(Fig. 4). 

In C3D8PH elements, pressure is considered an extra 

unknown. These elements are applied when the material is 

incompressible ( 𝜗 = 0.5 ). Since the pressure in these 

elements is unknown, simple elements cannot be used for 

the simulation of incompressible behavior. By simulation of 

one element with incompressible material behavior under 

hydrostatic loading, the volume of the element will not  

 

Fig. 4 Close-up view of water elements under (a) bucket lid and (b) bucket skirt 
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Fig. 5 Modeling strategy: (a) the surrounding soil, bucket 

lid, and the water beneath it, and (b) the bucket skirt and the 

water beneath it are modeled as two separate parts 

 

 

Fig. 6 A schematic view of the model and its details 

 

 

change. Furthermore, compressive stresses cannot be 

computed using displacements of the nodes. Consequently, 

hybrid elements with an extra degree of freedom for the 

calculation of compressive stresses can solve this problem.  

It should be noted that all parts except the bucket skirt 

are modeled as a whole to eliminate the application of 

redundant constraints. Therefore, different parts are 

distinguished by the definition of different sections and by 

assigning special material models and elements. More 

details are provided in Fig. 5. 

The model is discretized such that the nodes along the 

common boundaries place identically to apply node-to-node 

contact constraint implemented using the Lagrange 

multiplier method (Wriggers and Laursen 2006). Fig. 6 

shows a schematic of the model and its discretization.  

 

4.1.2 Boundary conditions and constraints 
Radial displacement of the soil's outer and inner 

boundaries i.e., r=50 m and 0 mm, is constrained along the 

cylinder height. Soil vertical displacement at the bottom 

(z=-50 m) is also set equal to zero. Symmetric constraints 

are applied on the symmetry planes e.g., symmetric 

constraint on the Y-Z plane is defined as ( 0
x y z

u     ) 

in which 
x

u , ,
y z

  are displacement in X direction and 

rotation in Y and Z  directions, respectively. Fig. 7 shows 

applied boundary conditions. 

One of the limitations of this modeling strategy is that 

its simulation results are only valid for water in the liquid  

 

Fig. 7 Applied symmetric boundary conditions on (a) x 

plane and (b) Y plane 

 

 
Fig. 8 A schematic view of the boundaries on which 

frictional interaction between the soil skeleton and the 

bucket is defined 

 

 

phase. As soon as a phase change occurs (liquid to gas), due 

to the formation of porosities, the results are not valid 

anymore. When pore pressure is less than the cavitation 

pressure, a phase change occurs and dramatically affects 

liquid properties and its ability in flowing through the soil 

which leads to the variation of bucket tensile resistance. In 

consequence, the results are valid for pressures higher than 

the cavitation pressure (pc= -100 Kpa). In the absence of 

cavitation, the pore pressure effect on the bucket resistance 

is related to the pore pressure gradient and also the relative 

pressure difference between the inside and outside of the 

bucket. Therefore, the pore pressure is measured concerning 

the hydrostatic pressure at the seabed (ρgH0) which H0 

denotes the water depth. Based on this approach, as long as 

Eq. (4) is governed, the results are valid. 

cppp  0  (4) 

The pore pressure for the seabed, outside the bucket, is 

assumed to be equal to zero to allow fluid flow across the 

boundary. Moreover, to allow water to flow into the soil 

along the outer radial boundary and at the bottom, the 

hydrostatic pressure, p=ρfgz is set as the pore pressure in 

these regions.  

Contact constraints are applied along the vertical 

boundary formed between the bucket and the soil (Fig. 8). 

This constraint is implemented by the node-to-node contact 

elements implemented using the Lagrangian multiplier 

method. Between these surfaces, Frictional slip-stick 

formulation is governed by which frictional capacity, τf, is 

defined as 
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anf  )tan(  (5) 

Where σn,  , and a are effective normal stress, friction 

angle, and cohesion, respectively. In the present work, 
oδ=26  and a= 0 Kpa are considered (Sørensen et al. 2017). 

Owing to the continuity of the soil skeleton, bucket lid, 

and the water beneath it (Fig. 5), only the common surface 

between the top surface of the bucket skirt and lid and also 

the lower surface of the water beneath the bucket skirt is 

restricted by applying tie constraint. 

 

4.1.3 Initial and loading conditions 
To define the initial condition and apply the load, it is 

assumed that at the beginning of the simulation (t = t0) the 

bucket has been installed and the soil stress distribution is 

characterized by the geostatic conditions under hydrostatic 

pressure. Therefore, the initial pore pressure variation is 

defined as 

gztp f)( 0
 (6) 

Since the installation process is not taken into account, 

the simulation started when the upward external force 

adjusted the bucket weight. To model these forces, a 

 

 

 

constant vertical displacement rate on the nodes at the top 

of the bucket lid (according to Eq. (7)) displaces the bucket 

upward. The gravity force is also applied to the whole 

model accounting for the weight effect. In geostatic 

problems, the initial conditions should be defined in such a 

way that the solution starts after equilibrium. Consequently, 

initial stresses and displacements accompanied by the 

bucket installation are equilibrated defining a geostatic step 

at the beginning of the solution. Then, the bucket is pulled 

out slowly by 2 ms. Since the effects of pore pressure on the 

soil are followed, the transient *SOILS analysis was 

selected as the analysis procedure. In the final step, a heave 

of the bucket lid with constant velocity leads to the applying  

tensile loads on the bucket. For this step, again * SOILS 

analysis was employed and the time step is set such that the 

bucket is raised 200 mm.  

gztp f)( 0  (7) 

 

4.1.4 Mesh convergence analysis 
To study the effect of element sizes on the results, 

meshes with different numbers of elements were generated 

for the buckets with cylindrical shapes. In Fig. 9, the 

variation of the resistance force during pull-out loading at  

 

Fig. 9 Results of convergence analysis utilizing resistance force for cylindrical buckets 

 

Fig. 10 Comparison of the total resistance with the results of Vaitkunaite et al. (2016) for the velocity of 1e-3 m/s 
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the velocity of 1e-3 m/s is plotted considering the various 

elements. It can be seen that coarse models with a smaller 

number of elements can approximately provide the same 

results as the models with finer meshes. In the trade-off 

between accuracy and simulation costs, the best number of 

elements were used to simulate various geometries. 

 
 

5. Validation 
 

For validation, the results of the FE model of a caisson 

are compared against the observations of an approximately 

1:20 scale model pull-out test conducted by Vaitkunaite et 

al. (2016). The simulated 3-D caisson undergoing tension 

loading at the velocity of 1e-3 m/s has a skirt length of 250 

mm, lid diameter of 500 mm, and thickness of 6 mm. 

besides, the soil base was chosen to have a depth and a 

radius of 1500 mm. The simulation procedure explained 

insection 4 was used to extract the FEM results. Fig. 11 

presents the results of the model test performed by 

Vaitkunaite et al. (2016) and that of FEM. The comparison 

suggests that the FE model could predict tensile behavior 

appropriately.   

 

 

6. Results and discussion 

 

6.1 Cylindrical geometry 

 

This section summarizes finite element results of 3-D 

cylindrical SOSC. Bucket resistance vs. vertical displacement 

for various velocities is presented. Since suction pressure is 

one of the most important components that affect the bucket 

tensile resistance, variation of suction pressure concerning the 

vertical displacement is also reported.  

 

 

Contours of the suction bucket vertical displacement for the 

pull-out rate of 0.1 m/s at the end of each step i.e., a) initial 

step, b) geostatic solution, c) initial tension, and d) tension with 

a constant velocity until reaching a heave of 200 mm are given 

in Fig. 11. 

It can be seen that although there is not any loading in 

the geostatic solution step, the soil saturation and water 

seepage lead to the soil heave. Consequently, some 

displacement can be observed. In addition, the bucket 

weight causes its downward movement and prevents soil 

uplift in the zone surrounding the bucket. 

Fig. 12 displays the gap expansion beneath the bucket 

lid for three different pull-out rates. The difference in the 

behavior arises from velocity difference corresponding to 

drained (low velocities), partially-drained (mean velocities), 

and undrained (high velocity) conditions, as was reported 

by Senders (2008). In drained conditions, sufficient seepage 

is possible and suction pressure will not occur. As a result, 

the water elements expand completely and the soil will not 

displace vertically. For high displacement rates, suction 

pressure hinders gap expansion (Fig. 12, top). For the pull-

out rate of 1e-2 m/s, gap expansion is less than the bucket 

displacement. In such partially-drained soils, the more the 

pull-out rate is, the less the gap will expand. 
Fig. 13 shows the resistance forces vs. bucket vertical 

displacement for various loading rates. In these figures solid 
and dashed lines show the total resistance and suction 
pressure, respectively. The difference between these curves 
indicates the frictional forces between the soil and the skirt's 
internal and external surfaces. It can be seen that the bucket 
total resistance highly depends on the suction pressure such 
that by increasing the pull-out rate an undrained behavior is 
governed and the total resistance increases dramatically. As 
the pull-out rate decreases, drained behavior is more 
obvious and the suction pressure effect minimizes. Suction 
pressure for various velocities is visualized in Fig. 14 which  

 
Fig. 11 Vertical displacement contours for the velocity of 0.1 m/s. (a) beginning of the solution, (b) geostatic solution, 

(c) initial pull-out and (d) tension with constant velocity 
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clarifies this claim. In this case, the only factors that 
determine the bucket resistance are friction forces on the 
internal and external surfaces of the bucket skirt and a small 
contribution of the bucket weight. Besides, the more the 
velocity, the higher the ultimate resistance will be. It can be 
predicted that in higher velocities, the ultimate resistance 
will not reach even in very large displacements. It should be 
emphasized that various experimental tests conducted by 
Vaitkunaite et al. (2016) considering different pull-out rates 
confirm the trends and mechanical responses obtained with 
3-D FEM results in the present work. 

The development of the difference between the tensile 

resistance and suction pressure for various rates is presented 

in Fig. 15. By increasing the pull-out rate, the soil-drained 

behavior changes to the undrained one and as a result, the 

difference between tensile resistance and suction pressure 

decreases.  

Figs. 16(a) and 16(b) show the ultimate tensile resistance 

and peak pressure for various velocities, respectively. As the 

extraction rate increases, the ultimate tensile resistance and 

peak pressure increase as well. In high velocities undrained 

behavior is governed; in this case, as explained in section 2, 

suction pressure develops under the lid and frictional forces 

have more contribution to the total resistance and the bucket 

resistance and suction pressure are higher than those in low 

velocities. 

 

 

6.2 New geometries 
 
After evaluating the simulation procedure, in this 

section, 3-D models with different geometries, inscribed 

and peripheral in a reference circle, such as a triangle, 

pentagon, hexagon, and octagon are studied. In Fig. 17, 

inscribed and peripheral triangles and hexagons are plotted. 

Since triangular and pentagonal geometries only have 

one symmetry plane, half of the model is considered and for 

the other two, a quarter of the model is simulated. The 

methodology, boundary conditions, constraints, and 

material models are the same as the cylindrical one. For all 

geometries, bucket height and thickness are the same but 

due to the difference in their geometries, their volume and 

weight are different. The FE models of the triangle and 

hexagon are described in Fig. 18. 

The variation of suction pressure and total resistance 

force concerning the displacement for some geometries is 

plotted in Figs. 19 and 20, respectively.  In all of the 

figures, the graphs related to circular geometry are included 

as a reference solution. It can be seen that irrespective of the 

geometry, variation of resistance forces concerning the 

vertical displacements follow the same trends similar to that 

of the circular one for various velocities. The more the 

velocity increases, the more the resistance force will be. As  

 

Fig. 12 Water elements expansion beneath the bucket lid corresponding to various velocities 
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(a) 

 

(b) 

 

(c) 

Fig. 13 Resistance forces for different velocities (a) 1e-6, (b) 1e-5, (c) 1e-4 and (d) 1e-3 m/s 
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Fig. 14 Suction pressure versus displacement for various 

velocities 

 

 
Fig. 15 Variation of the difference between total 

resistance and suction pressure with displacement for 

various velocities 

 

 

 
(a) 

 
(b) 

Fig. 16 (a) ultimate tensile resistance and (b) peak 

pressure for various velocities 

 

 

the pull-out rate decreases, the resistance force decreases, 

too. In very low velocities, due to the decrease of suction 

pressure, the total resistance force is limited to the frictional 

resistance. The ultimate capacity of the bucket is reached at 

the displacement of 200 mm in lower velocities, whereas in 

higher velocities, the ultimate resistance will not reach. A  

 

(d) 

Fig. 13 Continued 
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close-up view of these figures shows that the effect of the 

loading rate on the initial resistance of the bucket is less 

than the ultimate resistance. As a consequence, considerable 

resistance is provided in very large displacements. In these 

figures, all curves start from a nonzero value denoting the 

resistance corresponding to the bucket weight. 

Figs. 19 and 20 reveal that the more the geometry of the 

bucket is similar to the cylinder, the more the mechanical 

response of the bucket converges to that of the reference 

cylinder. This is more obvious for peripheral geometries. 

For instance, the total resistances in the 50 mm heave of the 

bucket for the peripheral octagon are 13 MPa and 6.2 MPa, 

at velocities of 1e-4 and 1e-5 m/s, respectively which is 

very close to those of the cylindrical geometry (14 MPa and 

6 MPa). 

It should be emphasized that for new geometries, FE 

results are reported for low velocities accounting for the 

effects of friction. Since in low velocities, frictional forces 

close-up view of these figures shows that the effect of the 

loading rate on the initial resistance of the bucket is less 

than the ultimate resistance. As a consequence, considerable 

resistance is provided in very large displacements. In these 

figures, all curves start from a nonzero value denoting the 

resistance corresponding to the bucket weight. 

 

 

 

7. Conclusions 
 
In this paper, three-dimensional FE analyses were 

employed to investigate one of the challenging topics  

related to suction caisson-supported offshore structures 

such as offshore platforms and wind turbines. Caisson 

resistance against uplift loading is very important in 

designing these structures that can be affected by caisson 

geometry.  Furthermore, the bearing capacity and suction 

pressure of the SOSC foundations with various geometries 

such as triangle, pentagon, hexagon, and octagon in 

saturated soil were studied considering various loading 

rates. First, a 3-D model was developed to simulate the soil, 

bucket, and water accounting for the soil dilative and plastic 

behavior and also seepage and gap extension for cylindrical 

geometry as a reference solution. After verification of the 

re ference model and mesh convergence analysis of the 

results, the results in the form of Total Resistance -

Displacement and Suction-Displacement plots for all 

geometries were provided. It was concluded that regardless 

of the 3-D SOSC geometry, the more the velocity is, the 

more the tensile resistance will be. At high speeds, the 

development of suction pressure within the interior of the 

bucket in response to the pull-out determined the suction  

 

Fig. 17 Inscribed and peripheral (a) triangle and (b) hexagon in a reference circle 

  
(a) (b) 

Fig. 18 FE model of (a) triangular and (b) hexagonal suction caissons in the soil 
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(a) 

 

(b) 

 

(c) 

Fig. 19 Suction pressure for (a) inscribed pentagon, (b) peripheral pentagon, (c) inscribed hexagon and (d) peripheral 

hexagon 
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(d) 

Fig. 19 Continued 

 

(a) 

 

(b) 

Fig. 20 Total resistance force for (a) inscribed triangle, (b) peripheral triangle, (c) inscribed octagon and (d) peripheral 

octagon 
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resistance. In low velocities, drained behavior for the soil 

was governed and friction forces played a significant role in 

determining bucket resistance. Although the suction 

pressure for cylindrical geometry was higher than that of 

other geometries, the total resistance for some geometries 

was higher or lower than the reference one. That was 

expected since depending on the geometry, the contact area 

and the weight are higher or lower than the cylindrical one. 

By eliminating this contradiction through the division of 

resistance to the bucket weight, the results confirmed that 

the cylindrical geometry is the optimum geometry for 

designing suction caissons. 
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