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ABSTRACT 

 

This paper discusses the experimental findings pertaining to the instability of the suction bucket 

foundation for wind turbines or offshore structures in association with wave-induced 

liquefaction in sand beds. Centrifuge wave testing with viscous scaling was applied to 

reproduce the build-up of residual pore pressures in sand beds leading up to liquefaction. The 

emphasis of the experiments was placed on investigating the relation between the progress of 

liquefaction and the start of significant displacement of the foundation bucket installed in a sand 

bed. A range of wave tests using a drum centrifuge was performed under a centrifugal 

acceleration of 70 gravities. It was found that the foundation started moving significantly upon 

the progress of liquefaction to a soil depth corresponding to the depth of bucket tip. The 

experimental results also show that embedding the bucket tip in a dense layer with a thickness 

corresponding to 1/3 of the bucket skirt length prevented instability of the suction bucket 

foundation. 

 

INTRODUCTION 

 

Suction bucket foundations are becoming an increasingly promising foundation type for 

bottom-mounted offshore wind turbines. Recently, soil/structure interactions on suction 

caissons were discussed with centrifuge modelling. Bienen et al. (2018a) focused on the 

installation of a suction caisson foundation to dense sand, and Bienen et al. (2018b) explored 

the cyclic behaviour of suction caissons in dense sand. Zhu et al. (2019) discussed the response 

of a suction caisson to the long-term cyclic loading based on centrifuge tests as well as the 1g 

model tests (Zhu et al., 2018).  In these previous studies, however, wave forces were not 

directly dealt with, and therefore the wave-soil-structure interactions involving the wave-

induced instability of seabed soils around a suction caisson, were not investigated. 
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The wave-induced instability of seabed soils around a foundation, such as scour and 

liquefaction, is an increasingly important research subject concerning the stability of offshore 

wind turbines or other such facilities. Scour properties around a suction bucket foundation were 

observed in 1g flume tests (Stroescu and Frigaard, 2016). The effects of scour on stability of 

bucket foundation were investigated in 1g flume tests (Chen et al., 2018). It seems, however, 

that there have been few studies which have focused on the liquefaction of seabed soil around a 

suction foundation. Characteristics of wave-induced liquefaction of sands were discussed using 

centrifuge wave testing with viscous scaling (Sassa & Sekiguchi, 1999). It would be necessary 

to understand the relation between the wave-induced liquefaction and the stability of suction 

bucket foundation. 

This paper examines the instability of suction foundation in association with wave-

induced liquefaction in loose sand beds and effects of embedment to the dense layer in a set of 

centrifuge wave tests. A distinct feature of centrifuge wave testing compared to standard flume 

tests lies in its capability to match the time-scaling laws for fluid wave propagation and soil 

consolidation as well as the mechanical similarity between the model and the prototype (Sassa 

and Sekiguchi, 1999; Miyamoto et al., 2020).  

 

EXPERIMENTATION 

 

Drum Centrifuge. A water channel installed inside the 2.2-m-diameter drum centrifuge of 

Toyo Construction (Nishinomiya, Japan) is shown in Figure 1. The drum water channel consists 

of a wave paddle, water flume, sand bed model and wave absorber as the same as that of a usual 

wave test flume. The water channel is rotating with a steady high angular velocity so that the  

 

 

Figure 1. Cross section of a water channel installed inside in the drum centrifuge. 
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Table 1. Test cases. 

 

 

 

Figure 2. Sketches illustrating test cases. 

 

centrifugal acceleration ng could act on the channel. A model test of wave-soil-structure 

interaction could be performed under the extra gravity ng realized by the centrifugal 

acceleration. 

Test Cases. Three centrifuge wave tests were performed on deposits of fine sand (Table 1). All 

the wave tests were performed under a centrifugal acceleration of 70 g. Case 1 observed 

instability process of suction bucket foundation in association with liquefaction in loose 

deposits of sand. In Case 2 and Case3, the effects of embedment of the bucket in the dense layer 

on stability of the foundation were investigated. The features of each case were illustrated in 

Figure 2. In Case 1, the foundation bucket was installed in loose deposit of sand. The sand beds 

in Case 2 and Case3 have dense sand layers below the loose deposit of sand. In Case2, the tip of 

foundation bucket was nearly on the surface of dense layer. In case 3, the bucket was embedded 

in the dense layer. The embedded depth of the foundation was L/3, where L represents the 

length of the bucket skirt.  

Test Procedure. The representative cross-section of sand deposit model with a suction 

foundation is shown in Figure 3. This model corresponds to Case 3, in which the foundation 

bucket was installed in the dense layer as well as loose layer of sand. Water was used as the 

exterior fluid, and Metolose® with a viscosity  seventy times the viscosity of water ( = 7.0 × 

10−5 m2/s) was used as the pore fluid in order to match the time-scaling laws of soil 

consolidation and fluid wave propagation (Sassa and Sekiguchi, 1999). The sand used was 

silica sand No. 7 (specific gravity of sand grains Gs = 2.64, maximum void ratio emax = 1.11, 

minimum void ratio emin = 0.65, and median grain size d50 = 0.16 mm). The loosely formed 

sand beds had relative densities Dr of 43% and the dense layer had Dr of 93%. The initial soil  

Case sand bed model DL/L DE/L
Experimental results

(foundation stability)

1 Loose sand bed (D) 1.4 0 collapse

2 Loose(2D/3) and dense  (D/3) 1 0.04 collapse

3 Loose(D/2) and dense  (D/2) 0.7 0.34 No displacement

D: thickness of entire sand bed,  L: length of skirt of foundation buckert,

DL: thickness of surface layer of loose sand,  DE: embedded depth of bucket to the dense sand layer
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Figure 3. Cross section of sand deposit model with a suction bucket foundation (Case3). 

 

 

Figure 4. Suction bucket foundation model used. 

 

depth was 100 mm corresponded to a 7-m-thick sand bed on a prototype scale and the fluid 

depth was kept at 100 mm, equivalent to a 7-m water depth on a prototype scale.  

The model of suction bucket foundation is illustrated in Figure 4. The model of suction 

foundation consists of a tower and a bucket. The tower was outer diameter  85 mm (inner   
83mm) and length L: 73mm (inner L: 70mm). The diameter   and length L of the model 

bucket corresponded to  5.6m and L 5m on the prototype scale, which is about 1/2 – 1/3 scale 

of a general suction bucket of offshore wind turbine. The mass of tower and lid of the model 

bucket was adjusted so that the effective overburden stress of the soil inside the bucket under 

centrifugal acceleration 70g could be consistent with a level of prototype stress realized by the 

weight of an offshore wind turbine and tower. The markers attached to the tower surface were 

for visual observation of the pile movement. The setup method for the foundation model may  
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Figure 5. Time histories of wave pressure acting on the soil surface, cyclic stress ratio and 

excess pore pressures at four different depths (Case1). 

 

 

be outlined as follows. Sand is poured into the sea of Metolose® to form a sand bed of thickness 

100 mm. In Case 2 or Case 3, the dense layer is formed by tamping loose sand deposit with a 

rod, where every 10mm sand layer was tamped. After preparing a level bed of sand, the 

foundation model was manually installed in the sand using a vertical guide. Air or liquid in the 

bucket outflowed from the hole of the lid (see Figure 4). After installation was completed, the 

hole was closed. 

 In the experiments, a sinusoidal wave whose amplitude gradually increased and then 

gradually decreased was imposed on the soil surface as one severe wave group. The wave 

period T of the sinusoidal wave was equal to 0.1sec corresponding to the period of 7sec in the 

field. The maximum wave height H, which was calculated from the measured wave pressures at 

the soil surface using a linear wave theory corresponded to 3.0 m on a prototype, that is to say, 

in the field. The severity of the sinusoidal wave loading on a given soil deposit may be 

expressed in terms of the cyclic stress ratio 0 as follows (Sassa and Sekiguchi, 1999): 
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Figure 6. Relation between the downward progress of liquefaction and developments of 

foundation displacement (model scale) (Case1). 

 

 

where  is the wave-induced maximum shear stress in the soil, u0 is the amplitude of fluid 

pressure fluctuation at the soil surface (z=0),  is the wave number and ’ is the submerged unit 
weight of soil. 

The wave-induced pore pressure changes in the soil bed were measured in two vertical 

arrays (see Figure 3). One array was inside and below the bucket, and the other was in the free 

field near the foundation. In this paper, the soil responses in the free field around the suction 

backet foundation will be described and discussed. Wave-pressures on the soil surface were 

measured along each array. The movement of the tower was observed using a High-speed 

camera at an image rate of 250 frames/s. 

 

EXPERIMENTAL RESULTS  

 

Pore pressure responses and liquefaction.  A typical set of experimental results from Case 1 

are discussed here. The measured time histories of the excess pore pressures at four different 

soil depths from the array of free field are shown in Figure 5, together with the wave pressure at 

the soil surface and the cyclic stress ratio given by Eq. (1). The soil response at a shallow soil 

depth is firstly focused (Figure 5 (b)). No significant build-up of residual pore pressure 

occurred during a moderate level of wave loading (t = 4.5 − 5.5 s). The increase in wave 

severity resulted in a build-up of residual pore pressure ue up to the level of the initial vertical 

effective stress vo` at this soil depth, thereby indicating the onset of liquefaction. Figure 5(f) 

shows that the critical cyclic stress ratio beyond which liquefaction occurred was equal to 0.11. 

After the occurrence of liquefaction at the shallow soil depth, liquefaction occurred at the 

middle soil depth, and subsequently liquefaction took place at the deeper soil depth and the 

bottom. (Figure 5(c), (d) and (e)). This indicates that the liquefied zone advanced downward 

and eventually the entire soil bed liquefied in the free field around the suction bucket 

foundation.  
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Figure 7. Time histories of wave pressure acting on the soil surface, cyclic stress ratio and 

excess pore pressures at four different depths (Case3). 

 

 

Relation between the instability of foundation bucket and liquefaction. In Case 1, the 

foundation was collapsed in association with the liquefaction due to the severe waves. The 

instability and collapse of the foundation were in fact ascribed to the progress of liquefaction. 

Figure 6 shows the time histories of the downward progress of the liquefied zone in the free 

field near the foundation bucket and of horizontal displacement of the foundation tower during 

wave loading. In Figure 6(a), the advance of liquefaction was based on the time records of the 

occurrence of liquefaction at four different soil depths shown in Figures 5 (b)-(e). The 

horizontal displacement of the tower indicates the horizontal movement of a marker on the 

tower located at 60mm above the lid surface of the bucket (Figure 6(b)). No significant 

movement of the tower was observed until/at the occurrence of liquefaction at shallow soil 

depth (see a point A in Figure 6). However, as soon as the liquefaction zone advanced to the 

depth of bucket tip following the onset of liquefaction, the foundation exhibited a significant 

vibratory motion and residual horizontal displacement started to develop (see a point B in 

Figure 6). The residual displacement increased in the course of continued wave loading, and 

finally the foundation collapsed. 

 

Effects of embedment of the bucket in the dense layer.  In Case 2, although the foundation 

bucket had been installed on the surface of dense sand layer, the foundation was collapsed due 

to the liquefaction in loose sand over the dense sand. In Case3 where the embedded depth to the  
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Figure 8. Effect of embedment in the dense layer: progress of liquefaction in loose sand in 

the free field and foundation displacement (model scale) (Case3). 

 

 

dense layer of the foundation bucket was L/3, the foundation remained stable during a severe 

wave group though the liquefaction occurred in entire loose sand bed over the dense sand.   

  This section discussed a typical set of experimental results from Case 3. The measured 

time histories of the excess pore pressures at four different soil depths of free field are shown in 

Figure 7, together with the wave pressure at the soil surface and the cyclic stress ratio given by 

Eq. (1). Liquefaction took place at shallow soil depth subsequently at middle soil depth, which 

represented the downward advance of liquefaction (Figures 7 (b) and (c)). However, the dense 

layer underwent an only moderate build-up of residual pore pressures (Figures 7 (d) and (e)). 

No liquefaction occurred in the dense layer, indicating the high liquefaction resistance of the 

dense sand layer. Inside the foundation bucket, no liquefaction occurred as the same as in 

Case1.  

 Embedding the bucket in the dense layer with a certain thickness gave rise to little 

development in the displacement of the foundation and prevented the foundation from collapse. 

This aspect can be clearly seen from Figure 8 showing the time histories of the observed 

displacement of the tower of foundation in Case 3, together with the advance of liquefaction in 

the loose sand layer in the free field. It is seen from Figure 8 that no significant movement of 

the foundation was observed even after the liquefaction occurred in the entire soil depth of 

loose sand layer. In this case, liquefaction spread from the soil surface to the depth of 2/3L, 

where L was the length of bucket skirt. The embedded layer of 1/3L continued to b non-

liquefied. This indicates that the stability of the soil of one third of the area above the bucket-tip 

prevented the foundation from collapse. However, in Case 2 where liquefaction occurred in the 

entire soil bed over the depth of a bucket-tip and no liquefaction took place below the bucket 

tip, significant displacement of the foundation ensued and consequently the foundation 

collapsed. The results of Case2 and other detailed aspects will be reported elsewhere in the near 

future. 
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 The embedding the foundation bucket in the dense sand corresponding to the 1/3 of bucket 

skirt length L proved sufficient in preventing instability and collapse of the foundation, even if 

liquefaction occurred up to the depth above the surface of dense layer. 

 

CONCLUSION 

 

A set of centrifuge wave tests in a drum channel were performed to investigate the wave-

induced liquefaction and instability of the suction foundation installed in a sand bed. The 

principal experimental results obtained in this study may be summarized as follows: 

(1) The residual displacement and collapse of the suction bucket foundation were ascribed to 

the progress of wave-induced liquefaction. Indeed, as liquefaction took place at shallow soil 

depth and progressed to the depth of bucket tip, a significant vibratory motion and residual 

horizontal displacement started to develop, leading to collapse of the foundation. 

(2) The effect of embedment of a suction bucket in a dense layer on its stability against wave-

induced liquefaction was examined. It was found that embedding the bucket tip in the dense 

layer with a thickness corresponding to 1/3 of the bucket skirt length prevented instability of the 

suction bucket foundation. 
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