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Abstract: This study aims at modelling the suction bucket foundation in clay from full finite 

element analyses to simplified macro-element. To ensure the reliability of finite element 

simulation results as much as possible, two well-known constitutive models, the Modified 

Cam-Clay model (MCC) and the Hardening Soil model (HS), are adopted respectively for the 

foundation soil which is normally consolidated clay with parameters directly determined 

from laboratory tests instead of inverse analysis or fitting using simple models in previous 

studies. The finite element analyses using both models are validated by comparing centrifugal 

tests and further extended to study the failure patterns in V–H–M (Vertical force–Horizontal 

force–Moment) space through radial displacement tests. Based on all results, two new 

alternative analytical formulations based on both models are then proposed to describe the 

three-dimensional (3D) failure envelope in V–H–M space. Finally, two new alternative 

macro-element design models of suction bucket foundation in clay under the same framework 

of hypoplasticity for both monotonic and cyclic loading conditions are proposed. By 

comparing with experimental results, the effectiveness and efficiency of both macro-element 

models are verified applicable and the one based on HS has slightly better performance than 

the one of MCC. 
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1 Introduction 

A suction bucket is a closed-top steel tube that is lowered to the ocean floor, allowing 

sediments to seep in under their own weight. Water is then pulled out of its interior to 

produce a suction force that pushes it to full depth. The main advantages of a suction bucket 

foundation are its adaptability to various seabed depths, ease of installation, reusability and 

ability to mobilise tremendous passive suction during uplift (Zhang et al., 2013). Suction 

bucket foundations often need to bear long-term loads. Vertical force, horizontal force and 

bending moment can be transferred to the bucket foundation under the upper building, which 

is defined as the combined loading mode.  

To optimise their design, however, it is necessary to understand the performance of the 

suction bucket foundation. A great deal of experimental investigation has addressed the 

response of foundations under general monotonic/cyclic combined loads, which can be 

classified as: (1) prototype and reduced-scale field tests, e.g., Tjelta (1994), Houlsby et al. 

(2005), Barari and Ibsen (2011, 2012), Zhang et al. (2015); (2) scaled 1-g model test, e.g. 

Kelly et al. (2006), Villalobos et al. (2010), Guo et al. (2012); (3) centrifuge tests, e.g. 

Fuglsang and Steensen-Bach (1991); Renzi et al. (1991) ; Allersma et al. (1999); Cao (2003); 

Cao et al. (2004); Zhang et al. (2003); Raines and Garnier (2008); Kim et al. (2005); Clukey 

et al. (1995); Watson and Randolph (1997); Cassidy et al. (2006); Lu et al. (2007); Zhang et 

al. (2007); Kim et al. (2014). Note that this study focuses primarily on suction bucket 

foundations in clay. 

Experimental studies are valuable and provide basis for the design, but it is time-

consuming and costly to study failure envelope and the characteristics of bearing capacity 

using a model test. Greater time savings and economies can be had using the finite element 

method (FEM). Many researchers have numerically studied the behaviour of a suction bucket 

foundation in clay, including the characteristics of vertical bearing capacity under installation 

(Gerolymos et al., 2015; Harireche et al., 2013; Kourkoulis et al., 2014; Muduli et al., 2013; 

Samui et al., 2011; Zhou and Randolph, 2006) and bearing capacity behaviours under general 

loads (Cheng et al., 2016; Gourvenec and Randolph, 2003; Randolph and House, 2002; Skau 

et al., 2018; Vásquez et al., 2010; Zdravkovic et al., 1998; Zdravković et al., 2001). A variety 

of constitutive models are used to study the response of suction bucket foundations under 

combined loads. However, many studies used typical profile of soil strength or inverse 

calculation methods of empirical equation to calibrate the model parameters (Zhang et al., 
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2020). Since the reliability of numerical simulation largely depends on whether the results of 

FEM can correctly regenerate the nonlinear response of soil, soil parameters directly from 

conventional laboratory tests representing nonlinear soil behaviour instead of only indirectly 

from site investigation or inverse analysis should be recommended, as tried in this study. 

FEM allows applications using complex constitutive laws, 3D meshes and combined 

loads. However, these incur huge costs of data storage capacity and computer memory, 

requiring the use of high-performance computing machines and large amounts of time (Zhang 

et al., 2019). In addition, professional engineers must first become comfortable using the 

model. Accordingly, a new method called the macro-element method is proposed which is a 

generalised 2D or 3D force-resultant model. This method centralises the behaviour of the 

foundation and soil system to a point. For example, a hyperplastic model was adopted and 

used on suction bucket foundations by Nguyen-Sy and Houlsby (2005). Similarly, Di Prisco 

et al. (2003a, 2003b, 2006) and Foglia et al. (2015) conducted a series of laboratory tests on 

suction bucket foundations in sand under monotonic and cyclic loads, interpreting the results 

of the tests with the macro-element method, using the existing analysis model of Villalobos et 

al. (2009), with appropriate modifications to accommodate cyclic loading of the foundation 

and applications. Skau et al. (2018) analysed the characteristic behaviour of suction bucket 

foundations under irregular cyclic loads using a multi-surface plasticity framework. Most 

recently, Jin et al. (2019) proposed a hypoplastic macro-element model for suction bucket 

foundation in sand under drained condition with good performance and easy implementation. 

It thus would be nice to follow this framework to propose a simple design tool for suction 

bucket foundation in clay. 

Therefore, in this paper the failure patterns of suction bucket foundation in clay are first 

studied by FEM simulations. The numerical analyses are verified using centrifugal tests of 

suction bucket foundation in a normally consolidated kaolin clay, followed by selecting a 

more representative loading combinations to reproduce the failure patterns under undrained 

condition. The modified Cam-Clay model (MCC) and Hardening Soil model (HS) are 

adopted for clay respectively to ensure the reliability of simulation results as much as 

possible. As a basis, two alternative failure envelops based on MCC and HS in V-H–M space 

are proposed and compared. Then, two novel alternative macro-element models are 

developed under the same framework of hypoplasticity using the two proposed failure 

envelops respectively. Through two monotonic and two cyclic model tests, the predictive 
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ability of two hypoplastic macro-element models is evaluated and compared. 

2 Numerical simulation 

In this section, the numerical modelling of suction bucket foundation in clay is 

introduced. Simulations using a commercial finite element code PLAXIS-3D are first 

validated using centrifuge tests of a suction bucket foundation of Watson (1999). 

2.1 Adopted experimental campaign 

A series of laboratory tests of a suction bucket foundation in a normally consolidated 

Kaolin clay are well documented, including centrifuge tests and application of monotonic 

loadings selected hereafter (Watson, 1999). The centrifuge at the University of Western 

Australia has a sample dimensions of 390 mm × 650 mm × 325 mm high, which at 200 g 

represents a sample bed up to 78 m × 130 m × 65 m. The suction bucket is based on a steel 

structure having a diameter of 50 mm, 150 mm long with a skirt thickness of 1 mm. The 

suction bucket foundation was used to perform one undrained bearing capacity test and two 

sideswipe tests. 

2.2 Finite element model 

The numerical model of the suction bucket foundation was modelled according to the 

size and shape of the foundation in prototype scale (78 m × 130 m × 65 m). Plane strain 

condition was assumed in finite-element analysis utilising axial symmetry, shown in Figure 1. 

The horizontal displacements are constrained on the lateral sides. Both vertical and horizontal 

displacements are constrained on the bottom. The finite-element mesh was constituted of 

19664 10-noded tetrahedron elements resulting in 30098 nodes. Mesh-sensitivity studies 

were done to ensure that the mesh was dense enough to produce accurate results.  

According to Watson (1999), the values of parameters of MCC model for the normally 

consolidated Kaolin clay are listed in Table 1. Note that a typical value of Poisson's ratio for 

clays ( = 0.3) was given for simulations since no value was not provided by Watson (1999). 

For HS model, the parameters were equivalently determined using the equations by Schanz et 

al. (1999):  



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 

5 

 

- power of stress dependency for clay m = 1;  

- reference oedometric modulus 2816 6  kN mref ref *

oedE p .   (with *
=/(1+e0)); 

- reference secant modulus 2

50 1 25 1026 7  kN mref ref

oedE . E .  ; 

- reference unloading/reloading modulus 215133 3 kN mref ref *

urE p .   (with *
=/(1+e0)).  

The model for the suction bucket is built using PLAXIS-3D, shown in Figure 1. The 

aspect ratio (L/D ratio) is equal to 0.5, with D = 7.5 m. The bucket foundation is composed of 

two rigid body elements, the bucket lid and the skirt, with a reference point for both at the 

symmetry line (centre) of the foundation. After the bucket foundation model is constructed, 

the boundary conditions of this structure were applied, as summarised in Table 2 for the 

translation and rotation conditions defined in PLAXIS. The interfaces of the skirt and the lid 

of suction bucket are created to allow proper modelling of the interaction between soil and 

structure. The interface is set to the rigid Coulomb friction model for the entire simulation 

with a friction angle of 10.7° (= 1/2*c: half of critical friction angle of the soil). 

The initial stress state of the foundation soil was generated according to the gravity of 

saturated unit weight of the Kaolin clay (sat = 16.5 kN/m
3
). The coefficient of earth pressure 

at rest is set as 
0 1 0 64nc cK sin .    according to Jacky’s formula. The installation of 

suction bucket into foundation soil is ignored, since this effects very locally the soils 

surrounding the bucket and thus gives very slight influence according to Jin et al. (2019). 

Furthermore, since the Kaolin clay has very low permeability, all simulations were carried 

out under full undrained condition. 

2.3 Validation against centrifuge tests 

Three centrifuge tests of Watson (1999) presented in Table 3 were simulated. The 

sideswipe tests are subjected to a constant vertical load V = 0 and V = V’ respectively. Both 

tests are subjected to horizontal displacement at the loading reference point of the suction 

bucket. Figure 2 shows the result of K1-1 (pure penetration test) test, which applied z 

(vertical displacement) versus V (vertical force) to compare the results obtained from the 

numerical simulations by using the MCC and HS respectively. The simulation result of the 

MCC model is slightly closer to the experimental result than that of the HS model. Figure 3 

shows comparisons of experimental and simulated results for K1-2 and K1-3. Both results by 

the MCC model and HS model agree with experimental results with almost the same 
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performance. Although there are discrepancies between experimental and numerical results, 

all simulation results for different paths together should be acceptable. 

3 Numerical investigation of the failure envelope in the H–M-V space 

3.1 Failure envelope in the H–M plane 

Gottardi et al. (1999) presented two displacement control paths to determine the failure 

envelope of the suction bucket foundation: (1) Swipe tests: Firstly, a certain level of vertical 

load is applied to the foundation, after which a large horizontal displacement (maximum load 

principle) is applied to obtain HR (horizontal resistance) under this constant vertical load. (2) 

Radial displacement tests: The increment or decrement of the ratio between the horizontal 

displacement and rotation–displacement remains unchanged. 

In this study, the radial displacement control method is used as the main method. The 

symbols of loads (V–H–M) are applied on the LRP (loading reference point) of the suction 

bucket foundation, as shown in Figure 4. The outer diameter (D) and skirt length (L) of the 

model are 7.5 m and 3.75 m, respectively. The purpose of this research is to evaluate the 

bearing capacity of this suction bucket foundation without discretisation of possible upper 

buildings. 

The mass of typical offshore wind turbine is around 600 tons, which is relatively light 

(vertical deadload 6 MN). As a result, the design of the horizontal and rotational bearing 

capacities is critical. To study the failure surface form in the H–M plane, a constant radial 

loading ratio is determined and the different displacements applied on the LRP of the suction 

bucket foundation. As shown in Figure 5, a certain vertical load was applied to a designated 

value χ = Vi/V0 (V0 is maximum vertical load) and the radial displacement tests are then 

conducted. The displacement should be large enough to ensure that maximum capacity is 

reached. (χ = 0 means that only the self-weight of suction bucket is considered.)  

Figure 6 shows the selection method for determining the bearing capacity: the ends of 

the loading paths up to failure of the foundation determine the ultimate bearing capacity, and 

the lines before the ends represent loading paths with different ratios between the horizontal 

displacement and rotation angle (i.e. dash line for higher rotation and solid line for higher 

displacement). Examples of the H–M plane obtained by numerical radial displacement test 
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simulation are presented in Figure 7. The increment or decrement of the ratio between the 

horizontal displacement u and rotation–displacement θ is constant (       constant). The 

failure envelope is obtained by the superposition of various failure points, as presented in 

Figure 7(a), and for different vertical load levels, as shown in Figures 7(b). 

From Figure 7, some results of the failure surface can be summarised as follows: (1) the 

bending moment has a noticeable impact on the horizontal bearing capacity that depends on 

the loading direction; (2) the shape of the failure envelope of a suction bucket foundation in 

clay is the inclined ellipse; (3) with an increase in the pre-loaded vertical load, the size of the 

failure envelope decreases. 

3.2 Impact of vertical loads on the H–M failure envelope 

The bearing capacity in the H–M plane of the suction bucket foundations changed 

remarkably under different values of vertical loading. To quantify this impact, a procedure 

similar with section 3.1 is used hereafter. Specifically, numerical simulation of radial 

displacement tests under different vertical loads are conducted. The failure envelopes under 

different vertical loads are presented in Figure 7(b). Figure 7(a) also show the field case (χ = 

0). Overall, the following conclusions can be drawn: (1) the impact on the inclination degree 

of failure envelope under different vertical loads can be ignored; (2) the size of the failure 

envelope decreases with a rise in the value of the vertical load. 

3.3 Impact of vertical loads on the H–V failure envelope 

Several numerical swipe tests under different levels of vertical load are carried out to 

determine the failure envelope of the H–V plane. A series of constant vertical loads are 

applied on the LRP of the suction bucket foundation and the maximum load principle (see 

section 3.1) is again used to obtain the failure locus; see Figure 6. Then the failure envelope 

in the H–V plane is obtained and found to be similar to the experimental diagrams from 

Meyerhof (1953), Hansen (1970), Randolph and House (2002), Gourvenec and Randolph 

(2003), Cassidy et al. (2004), DNV (2013) and Ibsen et al. (2014) . Because of the high 

nonlinearity, the failure point forms an unsmooth curve.  

It can be concluded that there is a strong interaction between vertical load and horizontal 

load. The diagram of vertical bearing capacity and horizontal bearing capacity approximates 
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a quarter-ellipse. As shown in Figures 8(a) and 8(b), the peak value is at V = 0. This agrees 

with Figures 7(b) on the H–M plane. 

Combining the results in the H–M plane under different levels of vertical load (Figure 7) 

and the H–V plane (Figures 8(a) and 8(b)), the H–M–V 3D space envelope is plotted in 

Figures 9(a) and 9(b) based on simulations using MCC and HS respectively. The size of the 

inclined ellipse is controlled by vertical load. 

4 Analytical formulas for the failure envelope 

4.1 Analytical formula for the failure envelope based on HS model 

According to the previous section, the failure envelope of the suction bucket foundation 

is like an inclined ellipse in the H–M plane. The failure surface of the suction bucket 

foundation can be reproduced by the formula introduced by Villalobos et al. (2009): 

  

2 2

0 0 0 0

2 1 0
i i i i

H M H M
y e

hV DmV hV DmV

   
       
   

 (1) 

In this equation, the parameters hi, mi and e are used to determine the shape of the failure 

surface. The two variables hi and mi are used to describe, respectively, the intersection of the 

failure envelope and the axis of H/V0 and M/DV0. The eccentricity of the ellipse is expressed 

as e. The yield points obtained can be fitted by this formula. 

Figure 10, shows how hi and mi changed with the value of V. It can be seen that the 

relation curves are similar to a quarter-circle and a quarter-ellipse, which is different from the 

proposed formulas. To obtain a more accurate result, the formulas of hi and mi are changed to 

the corresponding fitting formulas: 
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All the preceding equations describe the fitting equation in Figure 10(a), and for Figure 

10(b), the fitting formulas are as follows: 

 

2

0

0 0 0 0

1 0 88 1 08 1i
i

H V V V
h h . .

V V V V

       
                    

 (6) 
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 (7) 

The half of the inclined parabolic ellipsoid (failure surface in the H–V–M plane) can be 

obtained by the combination of Eqs. (1), (4) and (5): 

2
2 5 2 2 5 3 6

0 0 0 0 0 0 0 0 0

1 2 1 1

. . .

V H V V H M
F e

V h V V V h V Dm V

           
               
               

 

2 2 2
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V M V V
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 (8) 

 

It also can be obtained by the combination of Eqs. (1), (6) and (7): 
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 (9) 

and 

 

2

0

0 0 0

( , ) 1 0.88 1.08 1V

V V V
F V V
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 (10) 

The parameters obtained by fitting the numerical results with the optimal curve are 

shown in Table 4. According to Eqs. (8) and (9), the 3D failure surface for the suction bucket 
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foundation in clay are plotted in Figure 11. The correlation coefficient R
2
 is estimated as 

0.982 and 0.873, respectively, which indicates that Eq. (8) is more suitable for reproducing 

the 3D failure surface of the suction bucket foundation.  

4.2 Alternative analytical formula for the failure envelope based on MCC model  

Figure 12 shows how hi and mi changed with the value of V. It can be seen that the 

relation curves are similar to a quarter-circle and a quarter-ellipse, which is different from the 

proposed formulas. To obtain a more accurate result, the formulas of hi and mi are changed to 

the corresponding fitting formulas: 
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The half of the inclined parabolic ellipsoid (failure surface in the H–V–M plane) can be 

obtained by the combination of Eqs. (1), (13) and (14): 

1 08 0 54
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The parameters obtained by fitting the numerical results with the optimal curve are 

shown in Table 4. According to Eq. (15), the 3D failure surface for the suction bucket 

foundation in clay are plotted in Figure 13. The correlation coefficient R
2
 is estimated as 
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0.979, which indicates that Eq. (15) is suitable for reproducing the 3D failure surface of the 

suction bucket foundation.  

4.3 Effect of L/D ratio  

The failure of caisson foundation for different L/D ratio should be different, for which 

an additional case of L = 7.5 m and D = 3.75 m (L/D=2) was simulated only using HS model. 

Through radial displacement tests simulations, failure envelop in H-M plane at (a) χ=0, (b) 

different vertical load levels (Fig. 14), in H-V plane (Fig. 15), and the three-dimensional 

failure surface in H-M-V space (Fig. 16) were obtained. It can be found the L/D ratio 

significantly affects the size and the inclination of the failure envelop. 

To examine the applicability of the failure surface formulation, the three-dimensional 

failure surface was fitted using the equation (9). As shown in Figure 16, good agreement was 

achieved which demonstrates that the failure surface formulation is applicable for different 

L/D ratios. Thus, the macro-element model based on above failure surface formulation should 

also be applicable for caisson foundations with different L/D ratios. 

5 Hypoplastic macro-element modelling 

5.1 General framework 

Li et al. (2016) introduced the hypoplasticity macro-element for deep foundations, 

which can be seen as the starting point establishing use of a hypoplastic macro-element for 

foundations other than footings. Since then Jin et al. (2019) have developed the macro-

element method for the caisson in sand under monotonic and cyclic loadings. The overall 

process is described hereafter, using the following conventions: tensors in bold letters, norm 

of a tensor written as ||∙|| and the derivative of the variables with time represented by (∙). 

The generalised load vector t and displacement vector u are used to represent the 

mechanical response of suction bucket foundation, 

  : , , /
T

V H M Dt   (16) 

  : , ,
T

w u Du   (17) 
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where V, H and M/D are the vertical, horizontal and generalised rotational force applied to 

the suction bucket and w, u and Dθ are the vertical, horizontal and rotational displacements, 

respectively. D is the diameter of the bucket foundation for homogenising the dimensions of 

the t and u components. The vector d is defined as generalised velocity, which can be 

expressed as 

 :d u   (18) 

The macro-element formulas of hypoplasticity under monotonic loading conditions are 

expressed as 

 ( , , )t t q d    (19a) 

 ( ) + ( , ) T, t q N t q η   (19b) 

 
d

d
   (19c) 

where q is the internal variable pseudo-vector that accounts for the impacts of the previous 

loading history. 

The difference between tangent stiffness ( , , )t q d  and classical elastic–plastic tangent 

stiffness is that  is changing the generalised velocity direction η, a property that is 

incremental and nonlinear. Moreover, ( , , )t q d  has both a “linear” term (L) and a 

“nonlinear” term ( N ).  describes the initial linear constitutive relationship of the macro-

element and also represents the stiffness at a load reversal point. As the stress state changes, 

N  will modify the “linear” behaviour continuously. 

To investigate the cyclic loadings, a definition of the “internal displacement” δ proposed 

by Niemunis and Herle (1997) and Salciarini and Tamagnini (2009) is adopted. The 

formulations of the macro-element are thus modified as follows: 

 ( , , )t t q d  (20) 

 
(1 )( )    (

(1 )
( )( )                 ( 0)

T T

T

T R T

R T

m
m m

m m

 

    



  

 
 



     
      

  

η η

η η η

  



Ν
 (21) 
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The derivative of δ (internal displacement) is expressed as: 

 
( ) ( 0)

( 0)

r T

  



  
 

 

η d    

d                          




η η

η η

>
  (22) 

The value of scalar ρ is [0,1], which can be obtained by the norm of δ, 
R


 

  
 

δ
. mT, mR, χ, 

r  and R are five constants;  is the identity matrix; and 

 
     ( )

0              ( )

/


   
 

  
η

 
  (23) 

It can be seen that to reproduce cyclic loadings of the suction bucket foundation, the 

“linear” and “nonlinear” constitutive relationships of the macro-element are modified by 

comparing Eqs. (19), (20) and (21). The matrix L is expressed as 

 
1 e

Rm
  (24) 

 

0 0

: 0

0

vv

e

hh hm

hm mm

k

k k

k k

 
 


 
  

  (25) 

where 
e
 is the elastic stiffness matrix and k represents the different dimensional stiffness of 

the bucket and soil system, which was similar to that of pile foundations (Li et al. 2016; Li et 

al. 2018). Because of the skirt of the suction bucket foundation, khm must be taken into 

account. 

N is defined as 

 ( ) = ( ) ( )YN t t m t   (26) 

Y(t) is a scalar function that controls the nonlinearity degree, and m(t) is the unit gradient 

describing the direction of plastic flow. To define Y and m in Eq. (26), the ultimate failure 

surface F(t) and the loading surface f(t) are needed to be adopted. 
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5.2 Novel macro-element models 

In this section, in seeking to establish F(t) for a suction bucket foundation in clay, we 

use numerical calculation and simulation to find the 3D failure surface. We now review the 

details of the research discussed in previous sections. Different loading paths were selected to 

study the shape and size of the failure surface in the H–M plane, and as Figure 5 shows, a 

constant radial loading ratio was determined and the large displacements applied on the LRP 

of the suction bucket foundation to reach the ultimate strength under a constant vertical load. 

The end points of the loading paths are defined as the failure loci points (see Figure 6). 

Villalobos et al. (2009) introduced a mathematical equation for reproducing the failure 

envelope in the H:M/D plane (Eq. (1)). In this equation, the parameters hi, mi and e are used 

to determine the shape of the failure surface. The two variables hi and mi are used to describe 

the intersection of the failure envelope and the axis of H/V0 and M/DV0, respectively. The 

eccentricity of the ellipse is expressed as e. Using least-squares regression, the yield points 

obtained in previous sections can be fitted by Eq. (1) (Villalobos et al., 2009), shown in 

Figure 17. 

Figure 10(a) and Figure 12 show how hi and mi changed with the value of V/V0. It can be 

seen the relation curves are similar with a quarter-circle and a quarter-ellipse. Eqs. (2) and (3) 

provide the fitting functions of HS model. Eqs. (11) and (12) provide the fitting functions of 

MCC model. The fitting equations of HS model are shown in Eqs. (2), (3), (4) and (5). Also, 

fitting equations of MCC model are shown in Eqs. (11), (12), (13) and (14). 

V0 has been determined by applying the K1-1 test; h0 and m0 are defined as the 

maximum hi and mi respectively, found at V/V0 = 0. Note that Eqs. (4), (5), (13) and (14) can 

be adopted at the different levels of V. All the parameters of macro-element are shown in 

Table 5. Half of the inclined parabolic ellipsoid of HS model (failure envelop in the H–V–M 

plane; see Figure 11(a)) is expressed in Eq. (8). The failure surface in the H–V–M plane of 

MCC model (Figure 13) is expressed in Eq. (15). 

As for the hypoplasticity framework, F(t) is the boundary of the stress state for a suction 

bucket foundation in clay that functions as a bounding surface. Plasticity will develop, with 

the bounding surface reaching the full plastic state when the stress state of the foundation 

reaches the boundary surface. In this case, the current stress state can be considered to be 

lying on a smaller bounding surface, which is defined as loading surface, f(t); see Figure 18.  
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With the development of plasticity, the size of the loading surface could enlarge as 

isotropic as the bounding surface. Y(t) is used to define the nonlinearity degree as 

 ( ) =Y t   (27) 

the value of   is [0,1], and it measures the distance between f(t) and F(t). κ is a material 

constant which can control the loading function evolution. 

Geometrically, as seen in Figure 18, the loading surface f(t) has the same shape as F(t), 

but smaller, so the associated formulas can be described as 

 

2
2 5 2 2 5 3 6

0 0 0 0 0 0 0 0 0

2 2 2
3 6 2 2 5 3 6

0 0 0 0 0

1 2 1 1

1 1 1 0 by HS

. . .

. . .

V H V V H M
f e

V h V V V h V Dm V

V M V V

V Dm V V V

     

   

           
               
               

            
                 
                 

           (28) 

or 
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. .
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f e
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                  (29) 

By plugging the current stress state (H, M/D, V) into Eqs. (28) or (29), we can obtain the 

root value of  0 1  ，  in this nonlinear function. It can be calculated numerically by 

bisection or Newton-Raphson method.  

m(t) is the direction of normalised plastic flow, taken as the normalised gradient of the 

f(t) at the current stress state (Figure 18). According to the associative plastic flow rule, m(t) 

is given by 

 ( ) =
f

f

 

 

t
m t

t
  (30) 

5.3 Parameters of macro-element models and calibration 

The macro-element parameters have been divided into four groups, as shown in Table 5: 
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four parameters that determine the failure surface, four pseudo-elastic stiffness coefficients, a 

hardening parameter used to control macro-element stiffness decay under monotonic loadings 

and five parameters that control the behaviour of the foundation under cyclic loadings. 

The hypoplastic macro-elements for suction bucket foundations in clay are implemented 

in MATLAB. Experimental results are used to identify and validate these parameters. Using 

appropriate loading conditions and numerical simulation, the pseudo-elastic stiffness 

coefficients of macro-elements can be determined, as shown in Figure 19 (Li et al. 2016). For 

instance, when the rotation remains unchanged, a small horizontal displacement applied at 

LRP can obtain the value of kmh. The results are shown in Table 5.  

The K1-2 test was selected to calibrate the value of κ. Extra macro-element simulations 

in the H:u plane for other values of κ under the same loading condition are shown in Figure 

20. Based on comparisons with experimental data, κ = 0.9 was chosen for the constant of the 

function of HS model, and κ = 0.6 was chosen for MCC model. 

Since there are no cyclic tests available in Watson (2000), the field test at Bothkennar 

and laboratory test under cyclic loadings by Kelly et al. (2006) were adopted to evaluate the 

predictive ability of the proposed macro-elements. Since there are no tests under monotonic 

loading available, we just adopted the parameters of the case of Kaolin clay foundation as the 

cyclic loading states are inside of the yield envelope. The parameters for cyclic behaviour 

have been calibrated by trial and error comparing the simulated and experimental/in-situ 

results of Kelly et al. (2006). More specifically, the constants  r
 and   are less sensitive. The 

size of the pseudo-elastic region R can be inferred from the length of the pseudo-linear part of 

the load-displacement curve during unloading or reloading, while the parameters mR and mT 

affect the stiffness ratio of the system under reverse or tangential loading and continuous 

loading conditions. The calibrated values of the 5 parameters are summarized in Table 5.  

The results of cyclic moment under small deformation moment loading (M/[su(2R)
3
] = 

0.25) from the field test at Bothkennar and laboratory test are shown in Figures 21(a) and 

21(b) which are used for parameters calibration. The simulated results in Figures 21(c) and 

21(d) well agree with the observed response of the system in the moment cyclic loading tests, 

indicating a good descriptive performance of the macro-element models.  

Note that all parameters can also be identified through the inverse analysis using 

optimisation or Bayesian methods, as shown by Yin et al. (2016, 2017, 2018) and Jin et al. 
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(2016, 2017, 2018, 2019a, 2019b) for advanced constitutive models of clay or sand.  

5.4 Validation of models 

The swipe test K1-3 was adopted to validate the predicative performance of the macro-

element models that adopted the parameters of Table 5. Figure 22 shows that the calculation 

results are basically consistent by comparing results of the experiment and the macro-

elements under monotonic loading. 

The results of cyclic moment under large deformation moment loading (M/[su(2R)
3
] = 

0.312) from the field test at Bothkennar and laboratory test are shown in Figures 23(a) and 

23(b) for predictions. The comparison between experimental results and simulated results, 

shown in Figure 23(c) and 23(d), demonstrates that both macro-elements based on HS and 

MCC well describe the observed response of the system in the moment cyclic loading tests, 

indicating a good predictive ability of the macro-element models. Both macro-elements are 

applicable and the one based on HS has slightly better performance than that of MCC. 

Furthermore, by comparing the macro-element results simulated by adopting HS and MCC 

models, it can be found that, even though the constitutive models and three-dimensional 

failure surface selected are a little bit different, the results are close at last. 

In conclusion, the behaviours of the complex loading pattern on the horizontal and 

rotational dimension are well regenerated by the macro-elements. The excellent comparison 

between the macro-element predictions and the observed response in validation tests 

indicates that the proposed approach is capable of reproducing the foundation-soil system 

behaviour with the same level of accuracy of advanced non-linear three-dimensional finite 

element simulations, but with a dramatic reduction of the computational cost. Moreover, the 

macro-elements are robust without any convergence problem usually happened in finite 

element calculations. 

5.5 Model validation by other tests 

In order to further evaluate the predictive ability of the proposed macro-elements, a 

series of swipe tests of caisson foundation with L = 3 m and D = 6 m in Kaolin clay 

conducted by Cassidy et al. (2004) was adopted. Note that only the macro-element model 

based on HS is used since the one based on MCC has similar predictive ability shown in 
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previous sections. Four swipe tests were carried out by applying horizontal displacement 

under constant vertical forces without rotation and moment. Four different vertical forces 

bigger than the vertical bearing capacity (V0 = 0.992 MN) were applied for four swipe tests: 

(Swipe-1) V0 = 1.268 MN, (Swipe-2) V0 = 1.601 MN, (Swipe-3) V0 = 1.919 MN and (Swipe-

4) V0 = 2.352 MN. 

For macro-element parameters, h0 = 0.288 and m0 = 0.073 were measured based on 

failure envelop of caisson foundations provided by Cassidy et al. (2004). Then, other 

parameters from the previous case (Table 5) were directly adopted since two cases of caisson 

foundation are quit similar. The κ was found sensitive and thus re-calibrated by using the 

swipe-2. As shown in Figure 24 based on comparisons with experimental data, κ = 0.62 was 

determined. The remaining three swipe tests were adopted hereafter to evaluate the predictive 

ability of the macro-element. Figure 25 shows the comparison between the model test results 

and the macro-element predictions. A fairly good agreement is observed for all the swipe 

tests. 

 

6 Conclusion 

Through finite element analysis and development of new macro-element models, the 

mechanical response of a suction bucket foundation in clay was numerically investigated in 

this study. The main conclusions and contributions are concluded as follows: 

(1) Using PLAXIS-3D, the MCC and HS models were adopted to simulate the mechanical 

response of a suction bucket foundation in clay subjected to complex loading 

combinations. Based on a comparison of numerical results with experimental ones, both 

MCC and HS models were validated and selected to study the 3D bearing capacity 

thenceforth. Then, new analytical formulations for expressing the 3D failure envelope in 

the V–H–M space were proposed based on the results of numerical simulations.  

(2) Two novel macro-element models based on MCC and HS respectively were proposed to 

reproduce the mechanical response of a suction bucket foundation in clay under the same 

framework of hypoplasticity. It is shown that the macro-elements are able to reproduce 

the nonlinear behaviour of the suction bucket foundation in clay under the monotonic and 

cyclic loadings by comparing the predicted results with experimental ones. The 

computational cost and robustness when using the macro-element is much lower and 
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stronger than those for classical finite element analysis of the same problem, making the 

macro-element model valuable for foundation design in the field of marine engineering. 
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Tables 

Table 1 Values of parameters and initial state variables of the MCC model for Kaolin clay 

Parameter Value 

Poisson’s ratio, v’ 0.3 

Compression index, λ 0.278 

Swelling index, κ 0.030 

Initial void ratio, e0 1.27 

Slope of the critical state line, M 0.83 

 

Table 2 Translation and rotation boundary conditions for the bucket. 

Direction Translation condition Rotation condition 

x Free Fixed 

y Fixed Free 

z Free Fixed 

 

Table 3 Adopted centrifugal tests of suction bucket foundation in Kaolin Clay 

Test series Description 

K1-1 Undrained vertical bearing capacity 

K1-2 Large displacement, Sideswipe test under V=0 

K1-3 Large displacement, Sideswipe test under V=V’ (V’/A=32 kPa) 

 

 

Table 4 Parameters of failure surface for the suction bucket foundation 

Parameter Name Value (HS) Value (MCC) 

V0 Vertical bearing capacity: kN 2150 1800 

h0 Dimension of failure surface (horizontal) 0.213 0.245 

m0 Dimension of failure surface (moment) 0.101 0.124 

e Eccentricity of failure surface 0.768 0.80 
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Table 5 Parameters of the macro-element models based on HS and MCC 

Group Parameters Description Value (HS) 
Value 

(MCC) 

Failure surface 

V0 (kN) Vertical bearing capacity 2150 1800 

h0 (-) 
Dimension of failure surface 

(horizontal) 
0.213 0.245 

m0 (-) 
Dimension of failure surface 

(moment) 
0.101 0.124 

e  (-) Eccentricity of failure surface 0.768 0.8 

Pseudo-elastic stiffness 

kvv (kN/m) Vertical stiffness 4024 4024 

khh (kN/m) Horizontal stiffness 2261 2261 

kmm (kN/m) Rotational stiffness 854.8 854.8 

khm , kmh (kN/m) 
Coupled translation-rotation 

stiffness 
-835.0 -835.0 

Hardening parameter   (-) Loading function constant 0.9 0.6 

Cyclic behaviour 

(intergranular strain) 

mR (-) Stiffness at load reversal point 5 5 

mT (-) Stiffness when neutral loading 2 2 

  (-) Transition of stiffness 0.5 0.5 

 r 
(-) 

Rate of evolution of 

intergranular strain 
0.5 0.5 

R (-) Range of linearity 0.02 0.02 
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Figures 

Figure 1 FEM Model with geometries in PLAXIS-3D 

Figure 2 Comparison between experimental and simulated results on pure vertical load test 

K1-1 

Figure 3 Comparison between experimental and simulated results on sideswipe tests under (a) 

V=0 for the test K1-2 and (b) V=V’ for the test K1-3 

Figure 4 Schematic plot of the loading patterns of suction bucket foundation 

Figure 5 Schematic plot of radial displacement control 

Figure 6 Determination of failure points according to the ends of loading paths in different 

 

Figure 7 Failure envelopes in H-M plane at (a) χ=0, (b) different vertical load levels based on 

HS and MCC models 

Figure 8 Failure envelope in H-V plane using (a) HS model and (b) MCC model 

Figure 9 Three-dimensional failure surface in H-M-V space using (a) HS model and (b) MCC 

model 

Figure 10 hi, mi versus V/V0 based on HS model with curve fitting using (a) equations (4)-(5) 

and (b) equations (6)-(7) 

Figure 11 Three-dimensional failure surfaces based on HS model fitted by using (a) the 

equation (8) and (b) the equation (9) 

Figure 12 hi, mi versus V/V0 based on MCC model with curve fitting using equations (13)-

(14) 

Figure 13 Three-dimensional failure surfaces based on MCC model fitted by using the 

equation (15) 

Figure 14 Failure envelopes for L/D=2 using HS model in H-M plane at (a) χ=0, (b) different 

vertical load levels 
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Figure 15 Failure envelope for L/D=2 using HS model in H-V plane 

Figure 16 Three-dimensional failure surface for L/D=2 using HS model in H-M-V space and 

the fitted envelop using the equation (9) 

Figure 17 Fitted failure surfaces in the H:M/D plane based on simulation results using HS 

and MCC respectively 

Figure 18 Schematic plot for loading surface and bounding surface 

Figure 19 Schematic plot for stiffness coefficient of macro-element model determined by 

different loading conditions 

Figure 20 Determination of the hardening parameter using the test K1-2 for two macro-

element models based on (a) HS and (b) MCC 

Figure 21 Rotation (θ) versus generalized moment (M/[su(2R)3]) under small deformation 

moment loading for (a) field test, (b) laboratory test, and predicted results by 

macroelement models based on (c) HS and (d) MCC 

Figure 22 Comparison of experimental, FEM simulated and macro-element predicted results 

for the test K1-3 based on (a) HS and (b) MCC 

Figure 23 Rotation (θ) versus generalized moment (M/[su(2R)3]) under large deformation 

moment loading for (a) field test, (b) laboratory test, and predicted results by 

macroelement models based on (c) HS and (d) MCC 

Figure 24. Determination of the hardening parameter  using the test swipe-2 for the macro-

element model of HS 

Figure 25. Comparison of model test results and predictions for the remaining three swipe 

tests 

 

 

  



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 

30 

 

Figure 1 

 
 

 

Figure 2 

 

 

  

6
5

 m

3
.7

5
 m

-2.25

-1.5

-0.75

0

0 500 1000 1500 2000 2500 3000

v
 (

m
)

V (kN)

Experiment

Simulation -

MCC

Simulation -

HS



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 

31 

 

Figure 3 
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Figure 6 
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Figure 8 
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Figure 9 
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Figure 10 
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Figure 11 
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Figure 12 

 
 

 

 

 

Figure 13 

R
2
=0.979  
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Figure 14 

(a)  

 

(b)  
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Figure 15 

 

Figure 16 

R
2
=0.91  
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Figure 17 

 
 

Figure 18 
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Figure 20 

(a)  

(b)  
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Figure 21 

   

                                   (a) Field test                                                             (b) Laboratory test 

 

                     (c) Macro-element based on HS                                   (d) Macro-element based on MCC 
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Figure 22 

(a)  
 

(b)  
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Figure 23 

  

(a) Field test                                                          (b) Laboratory test 

 
                 (c) Macro-element based on HS                                   (d) Macro-element based on MCC 
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Figure 24 

 

 

Figure 25 
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