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Abstract: Caisson foundation has been widely used for offshore structures. The micro-

mechanical analysis of the behaviors of a caisson foundation during its installation, operation 

and failure is important but not currently available. The goal of this study is to improve the 

understanding of the micro-mechanisms in the installation, operation and progressive failure 

processes of caisson foundation and provide guidance on the design. For this, the discrete 

element method (DEM) is adopted to investigate the interaction of caisson foundation and 

sand. The DEM model is first validated by comparing the results of DEM simulations and 

experiments, in which similar trends are found in various load-displacement curves. With the 

validated model, the micro-mechanical response of soils induced by the installation process is 

studied firstly. Then the behavior of soils during the failure of the caisson foundation, 

including particle displacement, rotation, and stress distribution, are investigated for cases of 

different loading combinations. In addition, the fabric, including contact orientation, normal 

contact force, and shear contact force, and its evolution are studied by dividing the soils into 

four different zones based on their positions and failure mechanisms. At last, the effect of 

dimensionally homogenous moment to horizontal load ratio (M/(DH)) is discussed. 
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1. Introduction 

Caisson foundation, which is upside down steel or concrete tube embedded in the seabed, has 

been widely used for offshore structures such as oil and gas platforms, tension leg platforms 

and wind turbines. Compared with gravity-based foundation or pile foundation, it is more 

economical in both installation process and removal process. When a caisson is lowered to 

the seabed, the rim of the caisson cuts into the seabed due to the gravity force of the caisson. 

Because the weight of the caisson is usually not large enough to push the entire caisson into 

the seabed, the suction force, which is induced by pumping the water out of the caisson, is 

applied to push it to the final position. After the installation, a caisson foundation is often 

subjected to a combined loading condition characterized by large overturning moment and 

small vertical loads.  

Extensive experimental tests were conducted to study the responses of caisson foundation 

subjected to various loading combinations. Small-scale model test, centrifuge test and full-

scale test have widely been used to study the bearing capacity, penetration velocity, seepage 

effect, and soil-structure interaction of caisson foundations subjected to monotonic and cyclic 

loadings (Barari and Ibsen 2012; Cox et al., 2014; Jia et al., 2018; Kelly et al., 2006; Kou et 

al., 2019; Zhu et al., 2011; Zhu et al., 2019a). These experiments have been successful in 

providing valuable data for the foundation design and predict the mechanical response of 

caisson foundations. However, they are expensive and time consuming. In addition, micro-

mechanical response of caisson foundations has been unfortunately ignored in experimental 

tests. 

Besides the experiments, analytical methods are also used to describe the behaviors of 

caisson foundation, such as the strain-hardening plasticity model (Cassidy et al., 2006; 

Villalobos et al., 2009), upper bond plasticity method (Yun and Bransby 2007), 
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hyperplasticity theory (Nguyen-Sy and Houlsby 2005) or macro-element method (Jin et al., 

2019c; Skau et al., 2018). These methods have successfully provided the bear capacity and 

failure mechanism of caisson foundations, but still cannot account for the micro-mechanical 

response. 

In recently years, numerical simulation methods, such as finite element method (FEM) and 

finite difference method (FDM), have been more and more widely used in the study of 

caisson foundations (Achmus et al., 2013; Bagheri et al., 2017; Jin et al., 2019a; Jin et al., 

2019b; Mehravar et al., 2016; Mehravar et al., 2017). Some mesh-free numerical methods 

(Ceccato et al., 2016; He et al., 2018) have also potential in the study of these soil-structure 

interaction problems. The FEM, FDM or mesh-free methods, which is in the framework of 

continuum mechanics, has a high computational efficiency to simulate engineering scale 

problems, but the analyses highly depend on the phenomenological models of soils adopted, 

and the micro-mechanical behavior of particles cannot be investigated. 

The micro-mechanical properties of particles have a strong influence on the macroscopic soil 

properties. During the insertion of the caisson, large compact force at the tip and interfacial 

shear may greatly change the initial micro-structures and properties of the soil. In addition, 

during the operation and failure processes of caisson foundation, the rotation of the caisson 

also induces anisotropy on particle fabric. All these features can be achieved if the discrete 

element method (DEM) is used. The advantage of DEM lies in that it can physically capture 

the behavior of particulate materials, and as a discontinuous analysis method it can simulate 

the large deformation and discontinuous process of discrete particle assembly under quasi-

static and dynamic condition (see Cundall and Strack (1979), Jiang and Yin (2012, 2014), 

Jiang et al. (2016),Zhu et al. (2018; 2019b), Zhu and Yin (2019), and He et al.(2020)). 

Therefore, it can potentially overcome the shortcomings of FEM or FDM and is a powerful 
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numerical tool for computing the motion of a large number of particles in the large 

deformation analyses of caisson foundation. Moreover, for series of tests to compare each 

other, the DEM simulations can provide identical initial models which is very difficult to 

realize in experiments. However, it lacks the study of the micro-mechanical behavior of 

caisson foundation up to now.  

Therefore, in this paper, the micro-mechanical behavior of caisson foundation during the 

insertion, operation and progressive failure processes is analyzed using DEM. Thanks to the 

advantages of DEM in modeling soils at the particle scale, the micro-mechanical response of 

soil particles is investigated. The DEM model is first validated by comparing the results of 

numerical simulations and experiments. Then the micro-mechanical analysis is focused on 

the effect of caisson insertion, soil behaviors during the progressive foundation failure, and 

the effect of M/(DH) on soil behavior.  

2. DEM model and validation 

2.1. DEM modeling of caisson foundation 

In order for the DEM model to characterize the behaviors of caisson foundation, it was first 

calibrated with the experimental results of caisson foundation subjected to planar monotonic 

loading (Foglia et al., 2015). The caisson foundation model in their test has an outer diameter 

(D) of 300 mm, a lid thickness (t1) of 11.5 mm, a skirt length (d) of 300 mm and a skirt 

thickness (t) of 1.5 mm (Figure 1). The caisson was pushed into a sand box with a dimension 

of 1600 mm × 1600 mm × 1150 mm by a vertical beam bolted on the lid.  The sand used in 

experiments has a mean diameter d50 = 0.14 mm and uniformity coefficient Cu = 1.78, 

respectively. Three types of loads were considered in the test, i.e. vertical load (V), moment 

(M) and horizontal load (H). The pure central, vertical monotonic loading test was first 

performed to identify the vertical bearing capacity. Then based on the typical range of 
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moment dimensionally homogenous moment to horizontal load ratio (M/(DH)) of wind 

turbines, five displacement controlled tests with different M/(DH) ratios and constant vertical 

load were investigated, as shown in Table 1. The applied constant vertical load is 241N 

which includes the weight of the caisson and the measuring system. 

It is important to mention that to achieve the research goal some assumptions and 

simplifications are made. For example, the seepage may decrease the bearing capacity of 

caisson foundation (Takahashi et al., 2014; Wu et al., 2020), and impose risks and threats to 

the near infrastructures (Lyu et al., 2019). However, the soil used in this study is dry sand 

which is same with the experiments, and the effect of ground water is not considered. In 

addition, the only shallow caisson foundation is investigated, and the failure mechanism is 

different from caisson foundation with high length/diameter ratio (Schneider and Senders 

2010). 

 
Figure 1. Sign convention for loads and displacements 

Table 1 Descriptions of loading path in the test 

Test name Test details 

Lab_insert V keeps increasing until failure 

happens 

Lab_1.1 V=241N, M/(DH) = 1.1 

Lab_1.987 V=241N, M/(DH) = 1.987 

Lab_3.01 V=241N, M/(DH) = 3.01 

Lab_5.82 V=241N, M/(DH) = 5.82 
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Lab_8.748 V=241N, M/(DH) = 8.748 

 

Numerical tests in this study were performed using two-dimensional (2D) DEM code PFC2D 

because large number of particles raise the problem of calculation efficiency in 3D and 2D 

simulations have been verified and successfully applied in analyses of engineering structures 

in terms of trend behavior  (Fu et al., 2012; Jiang and Yin 2012, 2014; Pradana et al., 2019). 

Load combinations in Table 1 at normal gravity condition (1g) were conducted and named as 

1g_insert , 1g_1.1, 1g_1.987, 1g_3.01, 1g_5.82 and 1g_8.748. Then the gravity was increased 

to 10g to study the behavior of a prototype caisson foundation with a diameter of 10D (3m) 

subjected to same load combinations (10g_insert, 10g_1.1, 10g_1.987, 10g_3.01, 10g_5.82 

and 10g_8.748). The schematic diagram of the caisson foundation DEM model is shown in 

Figure 2. The testing box has a rectangular shape with 1300 mm in width and 750 mm in 

height, and the number of soil particles in the model is around 180,000 which is determined 

by the size of the testing box and the relative density of the soil (0.8 in the lab tests and 

simulations). The particle size distribution in the DEM simulations is parallel to that of the 

tested sand, and the mean grain size, d50, is 2.5 mm which is approximately 18 times larger 

than that of the tested sand to reduce the total number of particles. The caisson is modeled 

with a clump which is a rigid collection of disk particles rather than a wall which is a rigid 

surface. The advantage of using the clump method lies in its similarity with real caisson on 

surface roughness, geometry and self-weigh, which better reveals the micro-mechanisms 

during the insertion, operation and failure processes. In addition, it is also convenient to apply 

force and moment on a clump rather than a wall. The density of the caisson particles is set to 

5605 kg/m
3
 to make sure the weight of the caisson is 241 N which is same with that of the 

caisson in experiments. In order to obtain homogeneous specimens, the Multi-layer with 

Undercompaction Method (UCM) was used to generate the DEM samples (Jiang et al., 2003). 

The particle interactions were governed by the linear contact model in which the linear 
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contact force is produced by linear springs with constant normal and shear stiffness, nk  and 

sk . The typical values of the stiffness nk  = 1.5×10
8
 N/m and  sk  = 1.0×10

8
 N/m, were given. 

The density of sand particles is 2600 kg/m
3
 and the friction coefficient is set as 0.5. The 

global relative density, Dr, of 80%, same with that in the experiments, is used in the DEM 

caisson foundation model. Figure 3 shows the typical mechanical behavior of the soils with 

initial relative density of 80% and 20% (before stresses applied) according to biaxial test 

DEM simulations at the lateral stress of 400 kPa. The soil samples are created as follows: (1) 

non-overlapped sand particles are randomly generated in a box, and particle properties are 

defined; (2) four equal-sized walls are generated outside the particle area; (3) the walls move 

towards soil particles so that a target confining pressure can be achieved. Then the sample is 

subjected to a vertical compression while the confining stress is kept constant. The shear 

stress is defined as 1 3( ) / 2   and the volumetric strain is 1 3  , where 1 , 3 , 1  and 3  

are axial stress, lateral stress, axial strain and lateral strain. The typical strain-softening and 

dilatancy for dense soil are successfully reproduced. For the other sample, shear stress 

initially increases then reaches to a peak, and the less dilatancy is observed.  

The testing procedures of caisson foundation in DEM are as follows: (a) the caisson is slowly 

pushed into the soil at a constant velocity of 0.3 m/s until the foundation fails (in insertion 

test) or reaches to the final position (in constant M/(DH) tests), during which the horizontal 

and rotational velocity are fixed at zero; (b) the load with constant M/(DH) ratio is applied to 

the caisson and the corresponding displacements are monitored. And it takes about 18 hours 

on a workstation (Inter Xeon E5-2697A CPU and 128 GB RAM) to simulate one test. It 

should be noted that the goal of this paper is to investigate the mechanisms of a caisson 

foundation from installation to failure with different load combinations at the microscale. 

Therefore, the primary purpose of the 2D validation, rather than 3D, is to demonstrate that the 
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DEM model can reasonably capture the mechanical behaviors of caisson foundation at the 

laboratory scale, and lay the foundation for the following micro-mechanical analysis.  

To extend the study to be more close to engineering scale, same test simulations under 1g 

were also repeated under 10g, as usually done by centrifuge.  

Note that this work also contributes microscale characteristics references for developing the 

micromechanical models, such as Zhao et al. (2018a, 2018b, 2018c) and Xiong et al. (2019a, 

2019b).  

 
Figure 2. Schematic diagram of the caisson foundation model in DEM  

 

  
(a)       (b) 

Figure 3. Results of biaxial test simulations for: (a) shear stress versus axial strain; and (b) 

volumetric strain versus axial strain 
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2.2. Results of DEM simulations 

The comparison between experimental and numerical results of insertion test is shown in 

Figure 4. During the tests, the vertical load (V) in both experiments and numerical 

simulations increases with the vertical displacement, and then reaches its plateau. The value 

of vertical load is very low during the skirt penetration (w < 288.5 mm) and is the result of 

the reaction vertical force at the tip and the wall friction. Once the lid of the caisson is pushed 

to the seabed, the vertical load increases significantly until the foundation fails. The bearing 

capacity of a caisson foundation can be estimated by the point with maximum curvature, i.e. 

significant change in stiffness, on the load-displacement curve. Therefore, the bearing 

capacities of the 1g_insert and 10g_insert tests are 52 kN and 518 kN, compared with 91.66 

kN in the experiment. As expected, the bearing capacity of 10g_insert test is almost ten times 

of that in the 1g_insert test. As is mentioned in Section 2.1, an exact match of experimental 

and simulated bearing capacity is of minor importance, as the goal of this validation is to 

demonstrate that the 2D DEM model can capture the macroscopic behavior and failure 

mechanism of caisson foundation. The general evolution trend of vertical force (V) is very 

similar in all three tests, which indicates that the 2D simulation is able to reproduce the 

progressive failure in the insert process.  
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(a)                                                    (b)                                                  (c) 
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Figure 4. Comparison between experiments and simulation of insertion test: (a) Lab_insert; (b) 

1g_insert; and (c) 10g_insert 

Figure 5 shows the relationship between horizontal displacement (u) and horizontal load (H) 

at various M/(DH) ratios in the experiments, 1g and 10g DEM simulations. Horizontal load 

increases as the displacement increases with a decreasing slope and then becomes stable. For 

a given horizontal displacement, the test with a larger M/(DH) requires a higher horizontal 

force. It is also noticeable that compared with the experimental results, there are some 

fluctuations in the results of DEM simulations, which is common in the DEM method and 

could come from various factors, such as the difference in timestep, localized strong contact 

forces or localized particle velocity. Figure 6 shows the results of relationship between 

rotational displacement (Dθ) and dimensionally homogeneous moment (M/D), in which the 

Dθ increases with M/D and reach to a peak, similar to the trend of the u-H curves in Figure 5. 

Figure 7 and Figure 8 present the results of  horizontal displacement (u) versus vertical 

displacement (w) and rotational displacement (Dθ) versus vertical displacement (w) which 

can both be characterized by a quasi-linear relationship. The values of displacements, 

including both translational and rotational, are close in experiments, 1g and 10g DEM 

simulations. Results also show that a foundation with a higher M/(DH) fails at much lower 

horizontal displacement or rotational angle. For example, the horizontal bearing capacity of 

the foundation in test 1g_1.1 is about four times that of the foundation in test 1g_8.748, as is 

shown in Figure 5. Similar result is found for the bearing capacity of moment in Figure 6. In 

other words, for a specific caisson foundation, the larger the overturning moment is applied to 

the foundation, the lower bearing capacity is obtained. To sum up, a general consistency in 

the evolution trend is observed between the experimental and the numerical results, which 

demonstrates the ability of the DEM model to simulate the behavior of caisson foundation. 
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(a)                                                    (b)                                                  (c) 

Figure 5. Horizontal displacement (u) versus horizontal load (H) in (a) experiments; (b) DEM 

simulations at 1g; and (c) DEM simulations at 10g 

 
(a)                                                    (b)                                                  (c) 

Figure 6. Rotational displacement (Dθ) versus dimensionally homogeneous moment (M/D) in (a) 

experiments; (b) DEM simulations at 1g; and (c) DEM simulations at 10g 

 
(a)                                                    (b)                                                  (c) 

Figure 7. Horizontal displacement (u) versus vertical displacement (w) 

 
(a)                                                    (b)                                                  (c) 

Figure 8. Rotational displacement (Dθ) versus vertical displacement (w) 
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3. Micro-mechanical analysis of caisson foundation 

3.1. Effect of caisson insertion 

The soil particle rotation and displacement after the caisson insertion are shown in Figure 9. 

Particles near the soil-caisson interface usually experienced large rotation due to the strong 

interface shear force during the insertion process, shown in Figure 9(a). According to the 

failure mechanism of caisson foundation proposed by (Schneider and Senders 2010), the 

addition of skirts moves the shallow foundation failure mechanism to deeper soil layers. 

Therefore, a triangular trapped soil wedge can be observed below the caisson skirt (dashed 

triangle in Figure 9(a)), which induces large particle rotations at the wedge boundaries. 

However, except for the wedge beneath the foundation, no obvious shear plane can be 

identified, which means the foundation failure has not been initiated. Similar observations are 

also reported in (Jin et al., 2019b). The wedge is found in the particle displacement field in 

Figure 9(b), and leads to large displacement gradients at the wedge boundaries. The vertical 

ground stress distribution before and after the caisson insertion is shown in Figure 10. Before 

the insertion process, the contour lines of vertical stress are quasi-horizontal indicating that 

the vertical stress increases with the depth. After the caisson is inserted, the vertical stress 

around the skirt is slightly increased due to the shear induced dilatancy effect and the 

compaction effect in which soil particles move from the tip to the skirt (Chai et al., 2014). In 

general, in the insertion process soils inside the caisson and the trapped triangular move 

downwards which generates particle rotation at the boundaries and localized stress 

concentration around the skirt.  
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(a)                                                                              (b) 

Figure 9. (a) Particle rotation and (b) particle displacement after caisson insertion 

 

 

 
(a)                                                                              (b) 

Figure 10. Vertical ground stress distribution before (a) and after (b) caisson insertion 

3.2. Soil behaviors during progressive foundation failure 

Because caisson foundations are often subjected to large moments, a typical failure pattern is 

the rotation failure. The foundation failure happens when the value of moment becomes 

stable and is not affected by the increase of rotational angle. According to the test results of 

rotational displacement (Dθ) in Figure 6, the foundation failure occurs at Dθ equal to 5.24 

mm∙rad which corresponds to a rotational angle of 1º. Therefore, in order to see the 

progressive failure of caisson foundation, the micro-mechanical analysis of caisson 

foundation failure is investigated at three rotational angles, i.e. 0.2°, 0.5° and 1.0°, which 

represents the initial stage, development stage and failure stage, respectively. Note that the 

following results in this section are obtained from the test 1g_1.1, and similar results from 

other tests are not repeated here.  
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3.2.1. Micro-mechanical analysis of caisson foundation failure 

Figure 11 shows the particle rotation obtained from the DEM simulation 1g_1.1 when the 

caisson rotational angle is 0.2º, 0.5 º and 1.0º. At the initial stage (Figure 11(a)), localized 

particle rotation first happens outside the right skirt of the caisson. Then as the caisson 

continues to rotate, some particle rotations are generated outside the left skirt and beneath the 

caisson (Figure 11(b)). In the failure stage, large particle rotations are mainly observed near 

the interface between soils and the exterior face of the skirt. In addition, particle rotations 

outside the right skirt is larger than that on the left side due to the combination of interface 

shear effect and the unloading effect which results in the downward movement of the 

particles. What’s more, particles located within the two triangular areas experienced 

relatively larger rotations than the rest area, and the size of the left triangle is bigger than the 

left one, shown in Figure 11(c). This observation during the failure of the caisson foundation 

here can be explained by the difference between active failure and passive failure: the active 

zone (right triangle) has a failure angle (57º close to /4 + p/2, where p is the friction angle 

and has the value of 26.5º) bigger than that (34º close to /4 - p/2) of the passive case, and 

thus smaller area of influence. 

  

 
(a)                                                      (b)                                                     (c) 

Figure 11. Particle rotation when caisson rotational angle is 0.2º (a), 0.5º (b) and 1.0º (c) 

Figure 12 shows the particle displacement field when the rotation angle is 0.2º, 0.5º and 1.0 º. 

When the rotational angle is increased from 0.2º to 1.0º, the magnitude of particle 

displacement also increases significantly. Soils at the surface are subjected to larger 
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displacement than other areas, and the maximum displacement occurs at the upper right 

position of the foundation. Figure 12 also shows that the rotation center of the caisson 

foundation is located at the lower left part of the caisson, and has a depth of 0.8d, 0.76d and 

0.78d corresponding to the rotational angle of 0.2º, 0.5º and 1.0º, where d is the length of the 

skirt (the embedded length of the caisson). The positons of location center in the DEM 

simulations are very close to 0.73d which value is proposed by Fan et al. (2006) for the 

rotation center of caisson foundations, and the slight difference may come from the soil 

grading and properties (Tang et al., 2016).   

 

 
(a)                                                      (b)                                                     (c) 

Figure 12. Particle displacement field when caisson rotational angle is 0.2º (a), 0.5º (b) and 1.0º (c) 

The averaged micro-pure rotation rate (APR) field for the caisson rotational angle of 0.2º, 

0.5º and 1.0º is shown in Figure 13. The APR is defined as  

  1 2
1 1 2 2

1 1 2

21 1
APR= ,  

N
k k

k

r r
r r r

N r r r
 



 
    

  ...................................................................................... (1) 

where N is the number of contacts; 1

k and 2

k are the angular velocities of two contacting 

particles with radii 1r  and 2r . At the microscale, the APR is a transient variable relating to 

particle rotation (sliding) and particle size. At the macroscale, it is a non-linear function of 

the macro-rotation rate of the major principal axis of stress and contributes to the energy 

dissipation in granular materials (Jiang et al., 2005). In addition, APR is also closely related 

to the macroscopic deformation of granular materials (Wang and Arson 2018). Figure 13 
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shows the APR is large for soils inside the caisson, in the passive region and in the active 

region before the foundation failure, and becomes localized near the right wall of the 

foundation after failure. 

   

 
(a)                                                      (b)                                                     (c) 

Figure 13. Averaged micro-pure rotation rate field when caisson rotational angle is 0.2º (a), 0.5º (b) 

and 1.0º (c) 

Figure 14 shows the vertical stress distribution. Compared with the vertical stress distribution 

after the insertion process in Figure 10(b), the stress near the left skirt is increased while the 

stress on near the right skirt is decreased. When the caisson rotates anticlockwise, the soils 

near the left are compacted due the penetration of the skirt, which induces the stress increase. 

And soils at the tip of the left skirt have the largest stress increase. On the other hand, soils on 

the on the right side are unloaded due to the removal of the skirt. 

   

 
(a)                                                      (b)                                                     (c) 

Figure 14. Vertical ground stress distribution when caisson rotational angle is 0.2º (a), 0.5º (b) and 

1.0º (c) 
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The force chain distribution at different loading stages is shown in Figure 15. Because the 

caisson rotates counter clockwise, the magnitude and density of force chains near the upper 

left and the lower right of the caisson, which regions are marked by the two red squares with 

solid lines in Figure 15(c), keep increasing as the rotational angle increases. In addition, due 

to the internal “inverted” scoop mechanism developing within the soil plug (Barari and Ibsen 

2012), contact forces between particles in the lower left part of the soil plug and the left skirt 

(red squares with dash lines in Figure 15(c)) are also increased. 

   
(a)                                                      (b)                                                     (c) 

Figure 15. Force chain distribution when caisson rotational angle and maximum contact force are 

0.2º and 2.5 kN (a), 0.5º and 2.6 kN (b) and 1.0º and 2.7 kN (c) 

3.2.2. Evolution of particle fabric 

The behavior of soils is known to be sensitive to the material fabric which is the topology of 

the internal structure of the soil particles. A lot of previous studies have been qualitatively 

related the soil fabric change to the macroscale observations of soil response (Chen et al., 

2020; Fonseca et al., 2013; Gao and Zhao 2013; Jiang et al., 2019; Oda et al., 1982; Wang et 

al., 2019). Therefore, in order to better understand the failure mechanism of caisson 

foundation, the fabric evolution from the initial stage to the failure stage is investigated in this 

section.  

According to the results in Section 3.2.1 and Figure 11 to 14, soils exhibit quite different 

behaviors depending on their relative positions with the caisson. For example, soil particles 

inside passive or active regions have much large rotation than soils in other areas according 
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to Figure 11. In order to better describe the fabric of soils, the soil particles are divided into 

four groups, i.e. LS, RS, IN, OUT, which corresponds to soil particles on the left side, on the 

right side, inside or outside of the caisson (Figure 16). The two triangular regions in Figure 

16, which consist of the LS and RS groups, have the same size and shape with the passive 

region and active region in Figure 11. Caisson foundations are often subjected to large 

horizontal force and overturning moments. The bearing capacity of horizontal force is 

determined by the total passive earth pressure from the passive region LS and the horizontal 

friction at the bottom. Therefore, soils with large friction angle can stand higher horizontal 

force. In terms of the bearing capacity of moment, because the rotation center of the caisson 

foundation is located at the lower left part (Figure 12), soils at different regions contribution 

to the capacity with different mechanisms.  

Three fabric descriptors are investigated in this study, i.e. particle contact orientation, normal 

contact force and shear contact force. For a contact between two spherical particles, the 

contact orientation is defined as the normalized vector connecting centroids of the two 

particles. Normal and shear contact forces are the force in parallel and vertical to the contact 

direction. For a granular assembly, the contact orientation distribution can be characterized 

by an angular distribution ( )E  , which is given by 

1
( ) [1 cos 2( )]

2
aE a  


    ...................................................................................................... (2) 

where a  defines the magnitude of anisotropy and a  defines the direction of anisotropy 

(Rothenburg and Bathurst 1989). Similarly, the normal force distribution and shear force 

distribution can be expressed as 

0( ) [1 cos2( )]n n n nf f a      .................................................................................................... (3) 

and 
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0( ) sin 2( )s s s sf f a      ........................................................................................................... (4) 

where 0nf / 0sf  is the average normal/shear force over all contacts in the assembly, na / sa

defines normal/shear force anisotropy, and n / s  is the principal direction of the 

normal/shear contact force. 

The fabric evolution of particles in the LS group when the rotational angle is 0.0º, 0.2º, 0.5º 

and 1.0º is shown in Figure 17 in which the black lines represents the data measured in the 

DEM simulations and red lines are the analytical approximations based on Eq. (2) to (4). In 

Figure 17, good agreements can be observed between the measured results and the analytical 

approximations. Before applying moments and horizontal loads to the foundation, the contact 

orientation and normal contact force have an almost uniform angular distribution (Figure 17(a) 

and (b)), and the peak shear forces are in the vertical and horizontal direction (Figure 17(c)). 

These observations demonstrate that insertion process generated very slight anisotropy in the 

soils on the left side, which conforms with the results in Section 3.1. In the loading process, 

significant anisotropy can be observed in Figure 17(d) to (l). When the rotational angle is 

increased from 0.0º to 1.0º, the contact orientation anisotropy parameters a increases from 

0.07 to 0.20 while the a  remains at 12º (Figure 17(a), (d), (g) and (j)). This evolution of 

contact orientation indicates that the magnitude of anisotropy keeps increasing but the 

direction remains same during the loading process. The increased contact anisotropy in the 

upper right to low left direction is induced by the combined horizontal movement and 

counterclockwise rotation of the caisson. Similar evolution pattern is obtained for the normal 

contact force distribution, which has the final na  and n  equal to 0.55 and 20º, respectively. 

The evolution of contact orientation is consistent with force change in the LS region in Figure 

15: the combined horizontal and counter clockwise rotational movement of the caisson 

generated new contacts and force chains in the moving direction. In addition, the magnitude 
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of contact force is also increased due to the passive movement of particles in the LS region. 

In terms of the shear contact force, the anisotropy magnitude sa keeps increasing and the 

anisotropy direction s  decreases to resist the external shear force imposed by the caisson. 

Anisotropy is also generated in other areas, summarized in Table 2. The parameters a  and na  

for soils in the LS and RS groups are much larger than soils in other places, which 

demonstrates the large anisotropy in these areas. To sum up, the movement of caisson, which 

is induced by the load combination imposed on the caisson, introduces anisotropy in the soils, 

and the magnitude and direction of the anisotropy are determined by their relative position to 

the caisson.  

 
Figure 16. Schematic diagram of grouping method of soil particles 

33° 57° 

RS LS 

OUT 
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Figure 17. Fabric evolution of particles in the LS group 
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Table 2. Summary of soil anisotropy induced by the foundation failure 

Fabric descriptor LS RS IN OUT 

Contact orientation 
a  (-) 0.20 0.14 0.08 0.02 

a  (º) 12 72 11 12 

Normal contact force 
na  (-) 0.55 0.38 0.21 0.02 

n  (º) 20 59 19 75 

Shear contact force 
sa  (-) 1.56 1.36 1.50 1.38 

s  (º) 23 55 31 74 

 

3.3. Effect of M/(DH) 

When the suction caissons are used as foundations for offshore wind turbines, they are often 

subjected to high overturning moment. Two kinds of arrangements of caissons are often used 

as foundations for wind turbines, i.e. the tetrapod and the monopod. For the monopod 

condition, the key issue is the performance of foundations under high overturning moment. 

Therefore, the effect of the dimensionally homogeneous moment to horizontal load ratio, 

M/(DH), on the behavior of caisson foundations is investigated in this section. The following 

discussions are based on the results of tests 10g_1.1 and 10g_8.748. However, the 

conclusions are applicable to tests with various values of M/(DH).  

Figure 18 shows the particle rotation of soils when the value of M/(DH) equals to 1.1 and 

8.748. Similar with the results in the 1g_1.1 test in Figure 11(c), the passive failure zone and 

active failure zone on the left and right side of the caisson can be observed in both tests. For 

particles inside the caisson, large rotation occurs near the skirts. Particles in other areas 

experienced relatively smaller rotations. The comparison of the results between Figure 18(a) 

and (b) shows that the passive and active failure zones are smaller in the 10g_1.1 test. In 

other words, foundations with lower M/(DH) ratio has larger passive and active failure zones. 

The effect of M/(DH) on the size of failure zones can also be identified from the results of 

particle displacement shown in Figure 19, which clearly presents smaller sizes of two failure 
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zones in the 10g_1.847 test. The smaller failure zone sizes provide the explanation of the 

lower bearing capacities of horizontal load and overturning moment in Figure 5 and Figure 6. 

Figure 20 shows the APR field of the two tests. Except for a larger failure region in the 

10g_1.1 test, an increased magnitude of APR can also be observed. The vertical ground stress 

distributions of the two tests are shown in Figure 21 in which similar distributions can be 

observed. Therefore, the M/(DH) ratio does not have a strong influence on the vertical stress 

distribution. Figure 22 presents the force chain distribution of the two tests, in which a strong 

similarity is found on the locations and magnitude of the localized strong force chains. 

Therefore, the effect of M/(DH) ratio on the force chain is very slight. 

  

 
(a)                                                                                (b) 

Figure 18. Particle rotation with M/(DH) equal to 1.1 (a) and 8.748 (b) 

 

  

 
(a)                                                                                (b) 

Figure 19. Particle displacement with M/(DH) equal to 1.1 (a) and 8.748 (b) 
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(a)                                                                                (b) 

Figure 20. Averaged micro-pure rotation rate field with M/(DH) equal to 1.1 (a) and 8.748 (b) 

 

 
(a)                                                                                (b) 

Figure 21. Vertical ground stress distribution with M/(DH) equal to 1.1 (a) and 8.748 (b) 

 
(a)                                                                                (b) 

Figure 22. Force chain distribution with M/(DH) and maximum contact force equal to 1.1 and 2.70 

kN (a), and 8.748 and 2.67 kN (b) 
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4. Conclusion 

In this study, the DEM simulations of caisson foundation subjected to different load 

combinations have been conducted. Simulation results have the same pattern with the 

experimental results, which indicates the validity of the DEM model. Then the micro-

mechanical analysis of the behaviors of a caisson foundation during its installation, operation 

and progressive failure have been conducted. In addition, the effect of dimensionally 

homogenous moment to horizontal load ratio (M/(DH)) is presented. The conclusions of this 

study includes: 

(1) In the insertion process, the caisson foundation has a failure mechanism similar to the 

shallow foundation, in which a trapped triangle can be observed. Large particle rotation 

happens near the caisson and the boundaries of the trapped triangle below the caisson. In 

addition, particles inside the caisson and the trapped triangle also have large displacement.  

(2) In the progressive failure process, the particle rotation and displacement increases with 

the rotational angle. The majority of particle sliding, which is characterized by the averaged 

micro-pure rotation rate (APR), occurs before the failure of the foundation. In addition, the 

increase of vertical stress in the passive region and the decrease of vertical stress in the active 

region are also observed. 

(3) The particle fabric anisotropy mainly occurs within the active and passive regions. Soil 

particles are divided into four groups depending on their relative positons with the caisson. 

The rotational angle of the caisson induces significant fabric anisotropy which is 

characterized by contact orientation, normal contact force and shear contact force. Particles 

located in the passive region and active regions exhibits much large anisotropy magnitude 

compared with particles anywhere else. 



 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 

 26 / 31 

 

(4) The homogenous moment to horizontal load ratio (M/(DH)) affects the size of the passive 

and active regions in the failure mechanism of caisson foundation: larger M/(DH) results in 

smaller passive and active regions. 

This study is carried out to improve the understanding of the micro-mechanisms in the 

installation, operation and progressive failure processes of caisson foundation and provide 

helpful guidance on the design.  
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Figure captions 

Figure 1. Sign convention for loads and displacements 

Figure 2. Schematic diagram of the caisson foundation model in DEM 

Figure 3. Results of biaxial test simulations for: (a) shear stress versus axial strain; and (b) 

volumetric strain versus axial strain 

Figure 4. Comparison between experiments and simulation of insertion test: (a) Lab_insert; 

(b) 1g_insert; and (c) 10g_insert 

Figure 5. Horizontal displacement (u) versus horizontal load (H) in (a) experiments; (b) DEM 

simulations at 1g; and (c) DEM simulations at 10g 

Figure 6. Rotational displacement (Dθ) versus dimensionally homogeneous moment (M/D) in 

(a) experiments; (b) DEM simulations at 1g; and (c) DEM simulations at 10g 

Figure 7. Horizontal displacement (u) versus vertical displacement (w) 

Figure 8. Rotational displacement (Dθ) versus vertical displacement (w) 

Figure 9. (a) Particle rotation and (b) particle displacement after caisson insertion 

Figure 10. Vertical ground stress distribution before (a) and after (b) caisson insertion 

Figure 11. Particle rotation when caisson rotational angle is 0.2º (a), 0.5º (b) and 1.0º (c) 

Figure 12. Particle displacement field when caisson rotational angle is 0.2º (a), 0.5º (b) and 

1.0º (c) 

Figure 13. Averaged micro-pure rotation rate field when caisson rotational angle is 0.2º (a), 

0.5º (b) and 1.0º (c) 

Figure 14. Vertical ground stress distribution when caisson rotational angle is 0.2º (a), 0.5º 

(b) and 1.0º (c) 

Figure 15. Force chain distribution when caisson rotational angle and maximum contact force 

are 0.2º and 2.5 kN (a), 0.5º and 2.6 kN (b) and 1.0º and 2.7 kN (c) 

Figure 16. Schematic diagram of grouping method of soil particles 

Figure 17. Fabric evolution of particles in the LS group 

Figure 18. Particle rotation with M/(DH) equal to 1.1 (a) and 8.748 (b) 
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Figure 19. Particle displacement with M/(DH) equal to 1.1 (a) and 8.748 (b) 

Figure 20. Averaged micro-pure rotation rate field with M/(DH) equal to 1.1 (a) and 8.748 (b) 

Figure 21. Vertical ground stress distribution with M/(DH) equal to 1.1 (a) and 8.748 (b) 

Figure 22. Force chain distribution with M/(DH) and maximum contact force equal to 1.1 and 

2.70 kN (a), and 8.748 and 2.67 kN (b) 




