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Abstract: The caisson foundation has been extensively studied with experimental, analytical 12 

and numerical methods. However, the effect of particle shape on the caisson foundation is 13 

somehow ignored. In this paper, the caisson foundation is analyzed with DEM and the effect 14 

of particle shape is discussed in detail by introducing spherical and tetrahedral particles without 15 

rolling resistance, and spherical particle with rolling resistance. Firstly, a series of biaxial tests 16 

are simulated on samples with different particle shapes to obtain the soil properties, and typical 17 

shear behaviors are observed in all simulations. Then the effect of particle shape on the macro- 18 

and microscopic behaviors of caisson foundation is then investigated with different loading 19 

conditions. The results show that when subjected to external loading, compared with spherical 20 

particles, caisson foundation with angular particles or spherical particles with rolling resistance 21 

(1) has increased horizontal and rotational bearing capacities; (2) has much smaller particle 22 

rotation due to the strong interlocking capacity between particles; (3) exhibits higher stress 23 

concentration and magnitude of force chains; and (4) experiences significant increase on the 24 

magnitude of the anisotropy. 25 
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1. Introduction 28 

Caisson foundation has been extensively used for offshore structures such as bridge piers and 29 

wind turbines. Caisson foundation is an upside down steel or concrete tube embedded in the 30 

seabed. During the installation process, a caisson is usually floated to the job site and sunk into 31 

place. And the caisson is push to the final position by the suction force induced by pumping 32 

the water out of the caisson. Caisson foundation is often subjected to the loading condition 33 

which can be characterized by large overturning moment and small vertical and horizontal 34 

loads. Compared with other types of foundations used for offshore structures, it is more cost-35 

effective and environment-friendly.  36 

Caisson foundation has been extensively studied with experimental, analytical and numerical 37 

methods. For the experimental aspect, the moment loading capacity, vertical loading response, 38 

penetration velocity, seismic behavior, and soil-structure interaction of caisson foundation 39 

subjected to monotonic or cyclic loadings were investigated in detail using small-scale model 40 

test, centrifuge test or full-scale test (Barari and Ibsen, 2012; Byrne and Houlsby, 2002; Chang 41 

et al., 2014; Cox et al., 2014; Jia et al., 2018; Kelly et al., 2006; Kou et al., 2019; Zhu et al., 42 

2011; Zhu et al., 2019). In addition, analytical methods, including strain-hardening plasticity 43 

model  (Cassidy et al., 2006; Villalobos et al., 2009), macro-element method (Jin et al., 2019c; 44 

Skau et al., 2018), upper bond plasticity method (Yun and Bransby, 2007) and hyperplasticity 45 

theory (Nguyen-Sy and Houlsby, 2005) were used to study the bearing capacity and failure 46 

mechanism of caisson foundation. In terms of the numerical analysis, finite element method 47 

(FEM) and finite difference method (FDM) were used to investigate the behaviors of caisson 48 

foundation at various working conditions, to validate the experimental results and to reproduce 49 

the failure mechanisms provided by analytical methods (Achmus et al., 2013; Bagheri et al., 50 

2017; Jin et al., 2019a; Jin et al., 2019b; Mehravar et al., 2016; Mehravar et al., 2017). Recently, 51 



 3 / 32 

 

discrete element method (DEM) was used to study the behavior of a caisson foundation during 52 

its installation, operation and failure, in which the micro-mechanical analysis of the behaviors 53 

of caisson foundation was conducted (Wang and Yin, 2020). The advantage of using DEM to 54 

analyze the caisson foundation lies in the fact that it can physically capture the large 55 

deformation of soil particles, and thus provide us not only the bearing capacity but also failure 56 

mechanisms of caisson foundation. Therefore, in this follow-up study, the effect of particle 57 

shape, which is one of the most important characteristics of soil particles, on the micro-58 

mechanical behavior of caisson foundation is investigated. 59 

The seabed soils are usually non-homogeneous and subjected to natural spatial variation in 60 

terms of soil behavior and particle micro-structure (Peng et al., 2017; Sui et al., 2019). 61 

Therefore, geotechnical survey and soil classification are often conducted before the 62 

construction of offshore structures (Thusyanthan, 2012). Previous research showed that the 63 

bearing capacity of a caisson foundation is closely related to the soil condition and mechanical 64 

properties (!!! INVALID CITATION !!! (Bagheri et al., 2017; Kelly et al., 2006; Yun and 65 

Bransby, 2007)). In addition, as proved by many studies, particle shape has a strong influence 66 

on soil properties such as strength and frictional angle. For example, the critical state friction 67 

angle of sand was reported to decrease markedly with an increase of rounded fine contents in 68 

sand (Yang and Wei, 2012). Similar results were also found in (Podczeck and Miah, 1996; 69 

Yang and Luo, 2015), which was attributable to the increased interlocking effect among 70 

particles (Shinohara et al., 2000). Particle shape also influenced the distribution of stress among 71 

particles by propagating force chains more efficiently in rough particle than frictionless 72 

systems (Guises et al., 2009). In addition, soil compressibility and dilation are also closely 73 

related to particle shape (Afzali-Nejad et al., 2017; Cavarretta et al., 2010; Wang et al., 2019). 74 

The effect of particle shape on soil behavior has also been extensively investigated and 75 

validated by using the DEM, in which the angularity can be approached by bonding a number 76 
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of spheres, applying polygon-shaped or egg-shaped particles, and imposing rolling resistance 77 

torque to particles (Cui et al., 2020; Gong et al., 2019; Zhou et al., 2018a). In the first two 78 

methods, particles have shapes that are physically similar to real soil particles, while the rolling 79 

resistance method provides a numerical way to simulate angular particles. In the case of caisson 80 

foundation, the increase of soil particle angularity is expected to increase its bearing capacity 81 

due to the enhanced interlocking between particles and the improved engineering properties of 82 

soils. In addition, the particle shape also has an influence on the size of failure zone during the 83 

failure of a caisson foundation. Thus, it is important to account for the effect of particle shape 84 

in the analysis of caisson foundation, which, however, has been unfortunately ignored in 85 

previous studies. 86 

In this paper, caisson foundation is analyzed with DEM, in which the effect of particle shape 87 

is discussed in detail with different load combinations. The particle angularity is achieved by 88 

introducing two simple but common particle shapes, i.e. spherical and tetrahedral, which allows 89 

the evaluation of the effect of particle shape at the engineering scale with relatively low 90 

computation cost. In addition to physically changing the particle shape, the rolling resistance 91 

method, which indirectly reproduces the behavior of irregular particles, is also applied. The 92 

property of soils is first investigated with a series of biaxial tests using DEM. Then the 93 

micromechanical analysis focuses the effect of particle shape on the behavior of caisson 94 

foundation. 95 

2. DEM model verification 96 

2.1. Representation of particle shape 97 

Particle shape plays an important role in determining the properties and behaviors of granular 98 

materials at both microscale and macroscale (Cho et al., 2006). Various methods have been 99 

proposed in DEM to model the angularity of soil particles, such as cluster method, spherical 100 
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harmonic method and level set method (Fan et al., 2020; Fu et al., 2017; Kawamoto et al., 2016; 101 

Zhou et al., 2013). Study in this paper is conducted in 2D, which has benefits of low-cost and 102 

ease of visualization. In 2D, these methods can be generally divided into two categories: single 103 

particle method and composite method (Zhang et al., 2017). Single particle method includes 104 

the circular-shaped and non-circular-shaped particles that are directly implemented in DEM 105 

algorithms. The circular-shaped is the most commonly used particle shape in DEM simulation 106 

due to its simplicity and computational efficiency. Despite the over-simplified shape, this 107 

method has been proved successful in simulating the behavior of soils (Chen et al., 2018; Xiang 108 

et al., 2018; Zhou et al., 2018b; Zhou et al., 2019). In order to have more realistic particle shape, 109 

non-spherical particles, such as ellipse-shaped, egg-shaped, and polygon-shaped particles, have 110 

also been implemented in DEM simulations (Alonso-Marroquin et al., 2008; Ting et al., 1993; 111 

Zhou et al., 2018a). In terms of the composite method, arbitrary particles can be represented 112 

by connecting a number of elements or spheres (Huang et al., 2020; Yin et al., 2020; Zhao et 113 

al., 2020). Depending on the deformability and the strength of the bonds, the composite method 114 

can simulate deformable and crushable particles as well as rigid ones (clumps). Another 115 

advantage of this method is that contact detection and force calculation are much easier than 116 

that of non-circular-shaped particles. However, the number of discs and computation cost 117 

increase significantly when the particle shape is complex, which make it not appropriate for 118 

engineering scale analysis. In this study, because of the large scale of the caisson foundation 119 

model, the spherical particle (SP) from the single particle method and tetrahedral particle (TP) 120 

from the composite method are adopted. The clump logic is used in the TP, which makes the 121 

particle rigid and unbreakable. The distance between the two sphere centers in TP is 1.2 times 122 

of the sphere radius. The SP in DEM is used to simulate rounded or sub-rounded particles in 123 

reality, while the TP is used to reproduce the surface roughness of angular particles. It is 124 

important to mention that by connecting a large number of spheres, particle with much more 125 
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realistic shapes can be obtained in DEM simulations. However, the high computational cost 126 

makes it not appropriate this study. Therefore, simple shapes with only one and three spheres 127 

are used in this study. During the sample preparation, the expansion method, in which the sizes 128 

of particles are adjusted by increasing/decreasing the radii of elementary spheres, is used to 129 

make sure that different types of particles have same volume. The geometries of the particles 130 

are shown in Figure 1(a) and (b). Samples consisting of only single particle shape and two 131 

particle shapes are investigated, which are named as S100, T100, S75T25, S50T50 and S25T75 132 

according to the relative fractions of the two shapes. 133 

Because reproducing realistic particle shapes with the clump method in DEM requires a large 134 

number of spheres which is usually computationally expensive, an alternative method to 135 

indirectly reproduce the behavior of irregular particles, i.e. rolling resistance method, was also 136 

adopted in some studies (Jiang et al., 2005; Wensrich and Katterfeld, 2012). The rolling 137 

resistance can arise from several sources at the contact between two particles, such as micro-138 

slip at the interface, plastic deformation around the contact, viscous hysteresis, surface 139 

adhesion and particle shape effect (Ai et al., 2011). And particle shape is the most important 140 

mechanism in the quasi-static analysis of granular materials (Wensrich and Katterfeld, 2012). 141 

In DEM, the motion of a particle is described by the rotational velocity and the translational 142 

velocity of its centroid. When there is no rolling resistance, particle can rotate without 143 

resistance and energy loss, which is not a realistic behavior. Therefore, in the rolling resistance 144 

method an artificial rotational torque to account for the rolling resistance is applied to any two 145 

connecting particles with a relative rotational increment. The direction of the torque is against 146 

the direction of the relative rotational increment and the increment of the resistance torque is 147 

expressed as 148 

rk = r

b
M θ  ........................................................................................................................... (1) 149 
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in which  r
M  is the torque increment applied on the particle; rk  is the rolling resistance 150 

stiffness; and 
b
θ  is the relative rotation increment. The maximum limiting rolling resistance 151 

is equal to the product of normal force with a rolling friction coefficient, and effective contact 152 

radius, which is expressed as 153 

max r nF R=r
M  ........................................................................................................................ (2) 154 

where r is the rolling friction coefficient; nF  is the magnitude of the current normal force; 155 

and R  is the effective contact radius which is given by 
1 21/ 1/ 1/R R R= + ( 1R  and 2R are the 156 

radii of the connecting balls). r  ranges from zero to infinity which corresponds to no rolling 157 

resistance and very high resistance. Therefore, one of the advantages of this method lies in the 158 

fact that it can simulate particles with arbitrary angularity by just changing the friction 159 

coefficient. In addition, because each particle only contains one elementary spheres, the 160 

computational cost is low. The rolling resistance method has been proved to successfully 161 

reproduce the macroscopic behavior of angular particles (Salazar et al., 2015; Yang et al., 2017), 162 

and a detailed description of this method is available in (Ai et al., 2011). In this study, the 163 

rolling resistance method with the r  equal to 0.25, 0.5 and 0.75 is applied to SP to investigate 164 

the effect of particle shape, as shown in Figure 1(c). 165 

 166 
(a)                        (b)                       (c) 167 

Figure 1. Representation of particle shapes in DEM simulation: (a) spherical particle (SP) with r =0.0; 168 

(b) tetrahedral particle (TP) with r =0.0 and (c) SP with r ≠0.0 169 
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2.2. Effect of particle shape on shear behavior 170 

Because the shear behavior of soils has a strong influence on the loading capacity of caisson 171 

foundation, a series of biaxial tests are simulated with different particle shapes and rolling 172 

resistance to investigate their influences on the shear behavior. The soil used in this study is 173 

well-graded sand which has a particle size distribution (PSD) parallel to that of the sand used 174 

in the experiments by Foglia et al. (2015) and a mean grain size of 2.5 mm which is 18 times 175 

higher to avoid high computational cost. Because of this change, the ratio of particle size and 176 

specimen size (and later caisson size) is much higher than the reality. However, the validity of 177 

the DEM is not impaired by the increased particle size according to the typical macroscopic 178 

shear behaviors observed in the biaxial shear tests and reasonable residual friction angles 179 

compared with experiments (Rousé et al., 2008; Wu et al., 2017). Both loose and dense sand 180 

are prepared with a relative density of 20% and 80%, respectively. The relative density is given 181 

by  182 

max

max min

100%.relative

e e
D

e e

−
= 

−
 .................................................................................................... (3) 183 

The method proposed by Wood and Maeda (2008) is used to determine the maximum and 184 

minimum void ratios ( maxe  and mine ), and to generate samples with different relative densities. 185 

Specimens were prepared as follows: (1) four walls forming a box shape with 80 mm in height 186 

and 40 mm in width are generated and work as the boundaries of the sample; (2) the number 187 

and size of soil particles are obtained based on the PSD and porosity 
gn , and then non-188 

overlapped particles are randomly generated within the box; (3) initial particle friction 189 

coefficient p

ini  and other micro-mechanical parameters shown in Table 1 are applied; (4) the 190 

particle assembly is subjected to an isotropic compressive stress of 
4

0 10m nk −=  ; (5) the 191 

friction coefficient is changed to the final value p , and the sample is stabilized to reach a 192 
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state of equilibrium with 0m ; (6) the final confinement stress of 200 kPa is applied. The 193 

sample with mine  is obtained when the p

ini  and 
gn  are respectively 0.0 and 0.1 (Wood and 194 

Maeda, 2008). While the 1.0p

ini =  and 0.3gn =  give the loosest sample with maxe . For 195 

samples with other relative densities, the void ratio e  is firstly calculated based on Eq. (3), and 196 

then / (1 )gn e e= +  and 0.1p

ini =  are respectively adopted in the steps (2) and (3). After the 197 

preparation process, the sample is then subjected to a vertical compression while the 198 

confinement stress is kept constant in the horizontal direction during the simulation. The 199 

vertical compressive stress, vertical displacement and horizontal displacement are monitored 200 

throughout the modeling. The particle interactions are governed by the linear contact model in 201 

which linear elastic (no-tension) frictional behavior with constant normal and shear stiffness is 202 

provided. The values of micro-mechanical parameters used in the DEM simulation are 203 

summarized in Table 1. The density of sand particle is 2600 kg/m3, which is a typical value for 204 

sand. The normal and shear stiffness of both sand particle and wall are respectively chosen as 205 

1.5×108 N/m and 1.0×108 N/m, which ensures small overlap (less than 2% of average particle 206 

diameter) between contacting particles. An empirical value of friction coefficient 0.5 is used 207 

for particles according previous studies (Wang and Arson, 2018; Wang et al., 2020; Zhang et 208 

al., 2019). And the walls are assumed smooth and have a friction coefficient of 0.0. The rolling 209 

friction coefficient is set as 0.0, 0.25, 0.5 and 0.75 in different simulations to investigate its 210 

effect on soil behavior.  211 

Table 1. Values of parameters for DEM simulation 212 

Parameter Value 

Density   (kg/m3) 2600 

Normal stiffness of particle 
p

nk  (N/m) 1.5 108 

Shear stiffness of particle 
p

sk  (N/m) 1.0 108 

Normal stiffness of wall 
w

nk  (N/m) 1.5 108 
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Shear stiffness of wall 
w

sk  (N/m) 1.0 108 

Friction coefficient of particle p  (−) 0.5 

Initial friction coefficient of particle p

ini  (−) 0.0/0.1/1.0 

Friction coefficient between wall and particle w  (−) 0.0 

Rolling friction coefficient r  (−) 0.0/0.25/0.50/0.75 

 213 

Figure 2 presents the evolution of shear stress and volumetric strain along with axial strain 214 

from samples with various particle shape conditions, in which the shear stress,  , is given as  215 

1 3

2

 


−
=  .............................................................................................................................. (4) 216 

where 1  and 3  are  the axial and confinement stress. For all the dense samples with various 217 

particle shape conditions, the shear stresses increase much faster compared with the 218 

corresponding loose samples until peak values are reached. Then the shear stresses decrease 219 

with the increase of axial strains. In addition, despite the difference in the initial relative density 220 

(80% versus 20%), the residual shear strengths of the dense and loose sample with same particle 221 

shape are almost identical, which conforms to the theory of critical soil mechanics. Both dense 222 

and loose samples contract at the beginning of the simulations and then change to dilative. 223 

However, the dense samples become dilative much earlier and have much larger volumetric 224 

strains than the corresponding loose ones. In Figure 2(a) and (b), the general evolution trends 225 

of shear stress and volumetric strain are quite similar for the T100 and S100 samples at both 226 

dense and loose conditions. However, the peak and residual strengths of the T100 sample are 227 

77% and 49% higher than those of the S100 sample, which demonstrates the strong effect of 228 

particle shape on the shear strength of soils. This observation is consistent with experimental 229 

results reported by Cho et al.(2006) that soils made of particles with high angularity have a 230 

much large strength than soils made of round particles. The dilation of the T100 sample is more 231 

remarkable than that of the S100 sample at the dense state, while at the loose state the dilative 232 
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behaviors of S100 and T100 samples are quite similar. When a soil sample consists of both SP 233 

and TP, the peak and residual shear strengths increase with an increase of the fraction of TP, 234 

as shown in In Figure 2(c). The evolutions of shear stress versus axial strain of the S75T25, 235 

S50T50 and S25T75 samples are bounded by a lower bound from the S100 sample and an 236 

upper bound from the T100 sample in Figure 2(a). The results of S100 samples with 0r   237 

are shown in Figure 2(e) and (f). In general, similar and reasonable trends of shear stress and 238 

volumetric strain versus axial strain are observed compared with SP or TP samples. As the 239 

rolling resistance coefficient of the S100 sample is increased from 0.25 to 0.75, the peak shear 240 

strength shows a remarkable increase from 254.1 kPa to 409.2 kPa. These observations indicate 241 

that the macroscopic shear properties of angular particles can be reasonable reproduced by 242 

adopting the rolling resistance method. Based on the critical state soil mechanics, the 243 

peak/residual friction angles of S100, T100, S75T25, S50T50, S25T75, S100 ( 0.25r = ), 244 

S100 ( 0.50r = ) and S100 ( 0.75r = ) are 24º/17º, 32º/24º, 26º/18º, 28º/21º, 30º/22º, 33º/24º, 245 

39º/27º and 41º/29º respectively.  246 

247 
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 248 
(a)      (b) 249 

 250 
(c)      (d) 251 

 252 
(e)      (f) 253 

Figure 2. Shear stress and volumetric strain versus axial strain from simulations of biaxial tests on 254 
samples with: pure spherical and tetrahedral particles ((a) and (b)); a mixture of spherical and 255 

tetrahedral particles ((c) and (d)); and spherical particles with different rolling resistance coefficients ((e) 256 
and (f)) (RR: Rolling Resistance coefficient) 257 

  258 
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2.3. DEM modeling of caisson foundation insertion and failure 259 

In a previous study conducted by the authors, the behaviors of a caisson foundation during the 260 

insertion, operation and failure processes were investigated micro-mechanically using 2D 261 

DEM (Wang and Yin, 2020). The schematic diagram of the caisson foundation model is shown 262 

in Figure 3. The sand had the same PSD with this study and soil particles were spherical without 263 

rolling resistance. The soil was prepared with the Multi-layer with Undercompaction Method 264 

(UCM) (Jiang and Yin, 2012, 2014; Jiang et al., 2003; Jiang et al., 2016) in order to obtain a 265 

homogeneous specimen. The caisson with both outer diameter and skirt length of 300 mm was 266 

assumed rigid and modeled with a particle clump. The caisson foundation the caisson was 267 

firstly slowly pushed into the soil at a constant velocity of 0.3 m/s until the caisson reached the 268 

final position. It worthwhile to mention that the loading rate is carefully chosen based on a 269 

sensitivity analysis to maintain the whole model at a quasi-static state. Then progressive failure 270 

of the caisson foundation at different loading combinations were investigated with the DEM 271 

model. Compared with the experimental results with same load combinations (Foglia et al., 272 

2015), good agreements were found in various load-displacement curves which demonstrated 273 

the ability of this model to capture the behaviors of caisson foundation. Although the 2D 274 

caisson foundation model was used rather than the 3D to avoid high computation cost, the 275 

general trend of load-displacement curves and failure mechanisms were well captured and 276 

consistent with both experimental and theoretical results. A detailed description of the caisson 277 

foundation model can be found in (Wang and Yin, 2020) and will not be repeated here. In this 278 

study, the validated caisson foundation model is adopted to investigate effect of particle shape, 279 

which will be presented in the following section. Three different soil conditions, i.e. S100, 280 

T100 and S100 ( 0.5r = ), are used in the analysis. It takes about 26 hours on a workstation 281 

(Inter Xeon E5-2690A CPU and 128 GB RAM) to simulate one test from insertion process to 282 

the rotation angle of 5º. 283 
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 284 
Figure 3. Schematic diagram of the caisson foundation model in DEM  285 

 286 

3. Effect of particle shape on behavior of caisson foundation 287 

In this section, caisson foundations with soils consisting of solely SP ( 0r = ), TP ( 0r = ) as 288 

well as SP ( 0.5r = ) are investigated. The model is subjected to a gravity of 10g to simulate 289 

a prototype caisson foundation with a diameter of 3 m. The ratio of dimensionally homogenous 290 

moment to horizontal load, M/(DH), is kept constant during the simulation. Three simulations 291 

with the M/(DH) of 1.1, 3.01 and 8.748, which are determined based on typically load 292 

conditions of wind turbines, are conducted. The moment and horizontal load increase 293 

monotonically until the rotational angle reaches 2º. Displacements and forces are monitored 294 

throughout the simulation. 295 

3.1. Effect of particle shape on macroscopic behavior 296 

Figure 4 presents the relationship between horizontal displacement (u) and horizontal load (H) 297 

for caisson foundations with different particle shapes. And the horizontal and rotational bearing 298 

capacities of different particles shapes are also summarized in Table 2. Results from 299 

simulations with different M/(DH)s and particle shapes exhibit a similar evolution trend: 300 

horizontal loads increase with the increase of horizontal displacements and then become stable. 301 

For a given M/(DH), simulations with SP ( 0.5r = ) has the largest horizontal loading capacity, 302 

1350 mm

7
5
0

 m
m
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which is around 80 % and 150 % higher than that from simulations with TP ( 0r = ) and SP 303 

( 0r = ). In Figure 5, the rotational displacements (Dθ) increase as the dimensionally 304 

homogeneous moments (M/D) increase with a decreasing slope. Similar with the results of 305 

horizontal bearing capacity, the moment bearing capacity of simulations with SP ( 0.5r = ) is 306 

65% and 110% higher than that of TP ( 0r = ) and SP ( 0r = ), respectively. The trends in 307 

Figure 5 and Figure 6 are similar to those observed in the experimental tests (Foglia et al., 308 

2015), and indicate that both horizontal and moment bearing capacities of caisson foundation 309 

can be significantly increased by increasing the angularity of soil. 310 

Table 2. Horizontal and rotational bearing capacities of different particles shapes (M/(DH)=1.1) 311 

Particle shape 

Horizontal 

bearing capacity 

(kN) 

Rotational 

bearing capacity 

(kN∙m) 

SP ( 0r = ) 5.38 1.86 

TP ( 0r = ) 7.32 2.40 

SP ( 0.5r = ) 13.20 3.99 

 312 

In Figure 6 and Figure 7, the evolution trends of both horizontal displacement (u) versus 313 

vertical displacement (w) and rotational displacement (Dθ) versus vertical displacement (w) 314 

can be reasonably characterized by a quasi-linear relationship, which have good agreement 315 

with the results reported in (Foglia et al., 2015). The influence of particle shape on the 316 

displacements is slight. Models with SP ( 0r = ) and TP ( 0r = ) share similar magnitudes of 317 

displacements (u, w and Dθ), while the displacements of model with SP ( 0.5r = ) are slightly 318 

larger. The increased magnitudes of displacement may be attributed to the larger dilation of 319 

angular particles as shown in Figure 2(c) and also reported in (Xiao et al., 2019). 320 

 321 
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   322 
(a)    (b)    (c) 323 

Figure 4. Horizontal displacement (u) versus horizontal load (H) from simulations with (a) SP ( 0r = ), 324 

(b) TP ( 0r = ) and (c) SP ( 0.5r = ) 325 

   326 
(a)    (b)    (c) 327 

Figure 5. Rotational displacement (Dθ) versus dimensionally homogeneous moment (M/D) from 328 

simulations with (a) SP ( 0r = ), (b) TP ( 0r = ) and (c) SP ( 0.5r = ) 329 

   330 
(a)    (b)    (c) 331 

Figure 6. Horizontal displacement (u) versus vertical displacement (w) from simulations with (a) SP 332 

( 0r = ), (b) TP ( 0r = ) and (c) SP ( 0.5r = ) 333 

   334 
(a)    (b)    (c) 335 

Figure 7. Rotational displacement (Dθ) versus vertical displacement (w) from simulations with (a) SP 336 

( 0r = ), (b) TP ( 0r = ) and (c) SP ( 0.5r = ) 337 
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 338 

3.2. Effect of particle shape on microscopic behavior 339 

The microscopic behavior of caisson foundation is discussed in this subsection in terms of 340 

particle rotation, particle displacement, APR (averaged micro-pure rotation rate) field, stress 341 

distribution and soil fabric. Note that only results from simulations with M/(DH) equal to 1.1 342 

are presented, since models with different M/(DH)s share similar microscopic behavior. The 343 

foundation failure starts when the value of overturning moment becomes stable, which, 344 

according to Figure 5, corresponds a rotation angle of 1º. Therefore, the following analysis is 345 

based on the results with a rotation angle of 1º. 346 

3.2.1. Micro-mechanical analysis 347 

Figure 8 presents the particle rotation from simulations with different particle shapes. Because 348 

the caisson rotates counter clockwise, large particle rotation mainly occurs in the passive region 349 

on the left, in the active region on the right and inside the caisson. The particle rotation is 350 

negligible in the rest areas. The particles in the simulation with SP ( 0r = ) exhibit much larger 351 

particle rotation than TP ( 0r = ) and SP ( 0.5r = ), which is expected and can be attributed 352 

to less interlocking between smooth spherical particles. Because SP ( 0.5r = ) simulates a soil 353 

particle more angular than TP ( 0r = ) according to the results of biaxial tests in Figure 2, the 354 

magnitude of particle rotation in the simulation with SP ( 0.5r = ) is much smaller than that 355 

in the simulation with  TP ( 0r = ).  356 

   357 
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 358 
(a)    (b)    (c) 359 

Figure 8. Particle rotation from simulations with (a) SP ( 0r = ), (b) TP ( 0r = ) and (c) SP ( 0.5r = ) 360 

Figure 9 shows the particle displacement field from simulations with different particle shapes. 361 

The shapes of the displacement fields in Figure 9(a), (b) and (c) are similar. The passive failure 362 

region and active failure region can be clearly identified on the left and right of the caisson in 363 

each simulation. The maximum soil displacement happens at the ground surface. Identifying 364 

the rotation center is important to understand the failure mechanism of caisson foundation, and 365 

many studies have been conducted to find its location (Tang et al., 2016). In Figure 9, the 366 

rotation center of caisson foundation is located at the lower left part of the caisson, which has 367 

a buried depth of 0.67, 0.68 and 0.75 times of skirt length respectively for simulations with SP 368 

( 0r = ), TP ( 0r = ) and SP ( 0.5r = ). The values found in this study is within the range of 369 

theoretical estimation that the rotation center has a depth from infinite to two-third of skirt 370 

length depending on the embedded length of caisson foundation (Tang et al., 2016).    371 

   372 

 373 
(a)    (b)    (c) 374 

Figure 9. Particle displacement field from simulations with (a) SP ( 0r = ), (b) TP ( 0r = ) and (c) SP 375 

( 0.5r = ) 376 

The movement of caisson also significantly changes the vertical and horizontal distributions in 377 

ground, as shown in Figure 10 to. Because of the counter clockwise movement of the caisson, 378 

the soils outside the left skirt (passive zone) become more compacted which causes both 379 

vertical and horizontal stresses increase. While in the active zone on the right, stresses are 380 
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decreased. In addition, stress increase is also observed in the lower left part of the soil plug, 381 

which is due to the rotation of the caisson around the rotation center in Figure 9. The particle 382 

shape has a strong influence on the stress distribution. The introduction of rolling resistance 383 

increases the interlocking between particle by significantly decreasing the relative rotational 384 

movement within contacts (Yang et al., 2017). Therefore, stress increase is more evident in 385 

simulation with SP ( 0.5r = ). Similarly, simulation with TP ( 0r = ) experiences stronger 386 

stress increase than that of the simulation with SP ( 0r = ).  387 

 388 

 389 
(a)    (b)    (c) 390 

Figure 10. Vertical stress distribution (kPa) in ground from simulations with (a) SP ( 0r = ), (b) TP 391 

( 0r = ) and (c) SP ( 0.5r = ) 392 

   393 

 394 
(a)    (b)    (c) 395 

Figure 11. Horizontal stress distribution (kPa) in ground from simulations with (a) SP ( 0r = ), (b) TP 396 

( 0r = ) and (c) SP ( 0.5r = ) 397 

The force chain distributions from simulations with different particle shape are shown in Figure 398 

12, which show the localized large force concentration induced by caisson movements. The 399 

density and magnitude of force chains near the upper left and the lower right of the caisson, as 400 

well as in the lower left part of the soil plug are much higher than other areas. Because the 401 

stress distributions are the average of contact force within measure spheres in DEM, the 402 
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locations of large contact force match very well with the stress distributions in Figure 10 and 403 

Figure 11. The particle shape does not affect the contact force concentration but has a strong 404 

influence on the magnitude of the contact force. The maximum contact force increases with the 405 

particle angularity and rolling resistance coefficient because of the increased interlocking force 406 

among particles.  407 

 408 
(a)    (b)    (c) 409 

Figure 12. Force chain distribution when particle shape and maximum contact force are  SP ( 0r = ) 410 

and 2.2 kN (a), TP ( 0r = ) and 2.7 kN (b) and SP ( 0.5r = ) and 5.7 kN (c) 411 

3.2.2. Fabric analysis 412 

According to numerous previous studies, soil behaviors at macroscale are closely related to the 413 

fabric of particles, i.e. internal micro-structure and arrangement. Qualitative and quantitative 414 

results have been reported about the relationship between particle fabric and macroscale 415 

properties of soils such as dilation, strain localization, permeability and liquefaction (!!! 416 

INVALID CITATION !!! (Gao and Zhao, 2013; Little et al., 1992; Wang et al., 2019b; Yimsiri 417 

and Soga, 2010)). Contact-based fabric descriptors, such as contact normal distribution and 418 

contact force distribution, are widely used in static or quasi-static analysis under various 419 

loading conditions (Gu et al., 2014; Guo and Zhao, 2013). In addition, void-based descriptors 420 

are also proposed and is more preferable to liquefied soils in which almost all contacts are lost 421 

(Wang and Wei, 2016; Wei et al., 2018). Particle shape has a significant effect on soil fabric. 422 

For example, there are obvious differences in the contact force distribution in soils with 423 

different particle shapes (Antony and Kuhn, 2004), and the branch vector (contact normal) has 424 
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direct relationship with particle shape (Ng, 2009). Therefore, in order to better understand the 425 

effect of particle shape, the fabric evolution is analyzed. 426 

Based on the analysis in Section 3.2.1, particle behaviors are significantly different in different 427 

regions, which indicates strong variations of particle fabric. Therefore, for the sake of better 428 

understanding the effect of particle shape, the soil particles are divided into four groups 429 

depending on their positions. Schematic diagram of grouping method is shown in Figure 13. 430 

The triangular region on the left of the caisson, which has the LS particle group, represents the 431 

passive failure zone. While the triangle on the right is the active zone and has the RS group. 432 

Particles inside the caisson belongs to the IN group, and the rest particles are in the OUT group. 433 

The angle between the active region and horizon is assumed to be 30º which is obtained by 434 

o

_45 / 2p ave− , where the _p ave  (30º)  is the average peak friction angle of the soils with SP (435 

0r = ), TP ( 0r = ) and SP ( 0.5r = ). Similarly, 
o

_45 / 2p ave+  is used for the active region.  436 

 437 
Figure 13. Schematic diagram of soil particle groups 438 

Three commonly used contact-based fabric descriptors, i.e. particle contact orientation, normal 439 

and shear contact force, are examined. Their angular distributions are given as (Rothenburg 440 

and Bathurst, 1989) 441 

1
( ) [1 cos 2( )]
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0( ) [1 cos 2( )]n n n nf f a  = + −  .............................................................................................. (6) 443 

and 444 

0( ) sin 2( )s s s sf f a  = − − ..................................................................................................... (7) 445 

where ( )E  / ( )nf  / ( )sf   is the angular distribution of particle contact orientation/normal 446 

contact force/shear contact force; 0nf / 0sf  is the average normal/shear contact force; a / na / sa447 

is the magnitude of anisotropy for the three descriptors; and a / n / s  is the principal direction 448 

of anisotropy. Detailed derivation of Eq. (5) to Eq. (7) can be found in (Rothenburg and 449 

Bathurst, 1989). 450 

Before the rotational movement, the distributions of contact normal and normal contact force 451 

have an oval shape which is induced by the horizontal compaction during the insertion of the 452 

caisson (Wang and Yin, 2020). Similarly, the shear contact force is also mainly distributed in 453 

the horizontal direction. After the rotational movement of the caisson, the fabric is significantly 454 

changed. Figure 14 and Figure 15 show the contact orientation and contact force distributions 455 

of different particle shapes respectively in the LS and RS group, in which the black lines are 456 

data obtained from DEM simulations and the red lines represents the analytical approximations 457 

based on Eq. (5) to Eq. (7). For particles in both groups, strong anisotropy can be observed for 458 

soils with different particle shapes and the analytical approximations match well with the 459 

numerical results. The principal directions of anisotropy are mainly determined by the 460 

rotational direction of the caisson and only slightly affected by the particle shape. For example, 461 

in Figure 14 the principal directions of contact orientation for particles in LS are within 5º 462 

difference (14º, 14º and 19º for different particle shapes), and the difference of the principal 463 

directions of normal and shear contact force are 2º and 7º. In Figure 15 the difference in 464 

principal directions for particles in the RS group are 22º, 13º and 16º respectively for contact 465 
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orientation, normal and shear contact force, which are much larger than those for particles in 466 

LS group. This observation is due to the fact that in the passive region the overwhelming 467 

passive force becomes a dominating influencing factor for the principal direction of anisotropy 468 

and undermines the other ones such as particle shape. Similar observation is also found in (Yin 469 

et al., 2020).  470 

The particle shape plays an important role in the magnitude of the anisotropy. For particles in 471 

the LS group in Figure 14, the magnitude of contact orientation anisotropy for SP ( 0.5r = ) 472 

is 41% and 11% higher that of SP ( 0r = ) and TP ( 0r = ). In terms of magnitude of 473 

anisotropy of normal contact force, SP ( 0.5r = ) is also 67% and 38% higher. In Figure 14(c), 474 

(f) and (i), magnitudes of  anisotropy of shear contact force for are similar for different particle 475 

shapes which indicates that the movement of caisson does not generate large shear force at the 476 

particle scale. In other words, force is transmitted mainly in the normal direction than the shear 477 

direction. In the active region, the magnitude of anisotropy for angular particles are even higher 478 

than SP as shown in Figure 15: SP ( 0.5r = ) is 70% and 7% higher in contact orientation, and 479 

111% and 64% higher in contact normal force than those of SP ( 0r = ) and TP ( 0r = ).    480 

Anisotropy is also generated in particle groups such as IN and OUT, which is summarized in 481 

Table 3. The magnitude of anisotropy of contact orientation and normal contact force ( a  and 482 

na ) for soils in the LS and RS groups are much larger than particles in other groups, which 483 

demonstrates the large anisotropy in the active and passive region. These results are consistent 484 

with the observations in Figure 8 to Figure 12.  To sum up, the movement of caisson introduces 485 

strong anisotropy in the passive and active regions, and the particle shape has a significant 486 

influence on the magnitude of the anisotropy.  487 

 488 
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 489 
Figure 14. Contact orientation and contact force distributions of particles in the LS group 490 
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 491 
Figure 15. Contact orientation and contact force distributions of particles in the RS group 492 

Table 3. Summary of soil anisotropy induced by the foundation failure 493 

Fabric descriptor 
SP ( 0r = ) TP ( 0r = ) SP ( 0.5r = ) 

LS RS IN OUT LS RS IN OUT LS RS IN OUT 

Contact 

orientation 

a  (-) 0.22 0.17 0.10 0.02 0.28 0.27 0.16 0.07 0.31 0.29 0.16 0.02 

a  (º) 14 82 43 10 14 83 49 88 19 61 17 5 

Normal 

contact force 

na  (-) 0.52 0.38 0.24 0.01 0.63 0.55 0.35 0.15 0.87 0.80 0.41 0.06 

n  (º) 22 61 37 -9 24 59 47 90 23 48 27 12 

Shear 

contact force 

sa  (-) 1.58 1.28 1.54 1.27 1.53 1.47 1.55 1.58 1.58 1.60 1.51 1.46 

s  (º) 19 56 34 -4 26 58 50 89 24 42 22 17 

 494 
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4. Conclusions 495 

In this paper, the caisson foundation has been analyzed with DEM, in which the effect of 496 

particle shape has been discussed by using spherical particle, tetrahedral particle as well as 497 

spherical particle with rolling resistance. In order to obtain the soil properties, a series of biaxial 498 

tests have been modeled on samples with different particle shape, and typical shear behaviors 499 

have been observed in all simulations. The caisson foundation model based on DEM, which 500 

was validated in a previous study by the authors, has been used in this investigation. The effect 501 

of particle shape on the macro- and microscopic behaviors of caisson foundation has then been 502 

investigated with different loading conditions. Conclusions are made as follows: 503 

(1) At the macroscale, caisson foundation with angular particles or spherical particles with 504 

rolling resistance has an increased horizontal and rotational bearing capacities, which can be 505 

explained by the fact that soil critical friction angle increases with the soil angularity. In 506 

addition, caisson foundation with spherical particles ( 0.5r = ) exhibits slightly larger 507 

magnitudes of both rotational and translational displacements due to the increased soil dilation.  508 

(2) At the microscale, the movement of caisson generates much smaller particle rotation in 509 

soils made of angular particles and spherical particles with rolling resistance due to the strong 510 

interlocking capacity between particles. In addition, the stress concentration and magnitude of 511 

force chains for angular particles and spherical particles with rolling resistance are much larger 512 

than those of spherical particles.  513 

(3) In terms of soil fabric, the movement of caisson introduces strong anisotropy in both passive 514 

and active regions, and the particle shape has a significant influence on the magnitude of the 515 

anisotropy.  516 
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Because particle shape has a strong influence on soil properties, it is important to account for 517 

the effect of particle shape in the analysis of caisson foundation. This study has been carried 518 

out to improve the understanding of the effect of particle shape at both macro- and microscale 519 

and provide helpful guidance on the design of caisson foundation. It is also worth noting that 520 

in order to focus on the effect of particle shape, some assumptions and simplifications are made 521 

which may impose some limitations for this study. For example, particles are uncrushable in 522 

all simulations. In real engineering practices of caisson foundation, the penetration force at the 523 

caisson tip and the rotational movement are likely to induce some particle breakage, which has 524 

a strong influence on the behavior of granular soils (Coop et al., 2004; de Bono and Mcdowell, 525 

2016; Zhou et al., 2020). However, particle breakage is a complex problem which is beyond 526 

the scope of this study, and therefore is not considered. In addition, soil used in this study is 527 

dry sand which is same with the experiments (Foglia et al., 2015), so that the results from DEM 528 

simulations and experiments are comparable. In addition, the peak friction angle obtained from 529 

the biaxial tests are higher compared with experimental results (Wu et al., 2017). This 530 

limitation can be explained that 2D particles are restricted in a plane which tends to exhibit a 531 

larger dilation and therefore higher peak strength (Jing et al., 2018). 532 
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