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Abstract  22 

This study investigates the evolution of suffusion and mechanical behaviors of gap-23 

graded soils under anisotropic stress conditions. The interactions between granular 24 

assembly and seepage flow are modeled using the coupled computational fluid dynamic 25 

and discrete element method (CFD-DEM). A series of suffusion tests followed by 26 

drained triaxial compression and extension tests are performed to explore the influence 27 

of stress anisotropy on the initiation and development of suffusion and the shear 28 

responses of eroded specimens. The results reveal that the specimens with the major 29 

principal effective stress aligned with the primary flow direction are more erodible 30 

evidenced by more severe fines loss, volumetric contraction, and void ratio changes. 31 

Suffusion tends to reduce the peak strength, peak friction angles, and secant stiffness of 32 

specimens under both triaxial compression and extension conditions, while its impact 33 

on the critical-state shear strength is negligible. The change of contact network 34 

efficiency is tracked by various coordination number measures during the suffusion and 35 

shear stages. The evolution of stress anisotropy during suffusion and shearing is 36 

evaluated by the directional distributions of the strong and weak normal contact forces. 37 

Keywords: suffusion; fabric anisotropy; CFD-DEM; microstructure; shear behaviors  38 
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1. Introduction 40 

Internal erosion is one of the culprits for the instability and even dysfunction of 41 

earthworks, such as foundations, dams and levees [1–3]. Since the last century, 42 

approximately half of all dam failures have been caused by internal erosion in different 43 

forms, including concentrated leak erosion, backward erosion, soil contact erosion and 44 

suffusion [4]. This study focuses on suffusion, which refers to the process of fine 45 

particles being detached and transported through the soil matrix by seepage flow. It has 46 

been well recognized that the onset and evolution of suffusion are closely related to 47 

many factors, e.g., geometric conditions [5–8], stress states and history [9–11], and 48 

hydraulic conditions [12, 13]. Among the extensive suffusion investigations in recent 49 

years [14–16], the influences of stress conditions on suffusion have attracted much 50 

attention due to its complexity and ubiquity in earthen structures. Specifically, in 51 

embankment dams, both stress and hydraulic conditions vary with locations. The soils 52 

inside dams are usually in anisotropic stress states with the maximum principal 53 

effective stress being oblique and having an angle varying from 0 ~ 90° with respect to 54 

the primary flow direction [17]. 55 

Although the full suffusion process and its effect on mechanical behaviors of soils can 56 

be conveniently studied through laboratory tests [4, 18–20] and modeled through 57 

continuum-based numerical simulations, e.g., finite element method [21, 22], the 58 

underlying mechanism of suffusion is still unclear due to the lack of microscopic 59 

observations and quantifications. To examine the microscopic processes during 60 

suffusion, the discrete element method (DEM) is commonly adopted for its advantages 61 

in detecting the structural characteristics of soils under various stress conditions at any 62 

time step [23]. Muir Wood et al. [24] is possibly the first to investigate mechanical 63 

behaviors of erodible soils by removing fine particles randomly in two-dimensional 64 

(2D) DEM simulations, and found that the gradation has a first-order influence on 65 

critical states of soils. Luc Scholtès et al. [25] and Zhang et al. [26] investigated the 66 

triaxial shear behaviors of eroded soils by deleting a designated percent of inactive fine 67 

particles which carry relatively low contact forces, and found that the shear behaviors 68 
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and flow field of soils are greatly modified by particle removal. On the other hand, the 69 

migrations of fine particles during suffusion are normally accompanied by the repetitive 70 

clogging-unclogging phenomenon, i.e., some fine particles could be restrained inside 71 

the voids among soil skeleton and regain freedom by seepage forces. This could result 72 

in a transient evolution of microstructure and thus the mechanical behavior of soils, 73 

which cannot be captured by the DEM simulations using conventional particle removal 74 

schemes [27, 28]. More recently, the combination of computational fluid dynamics and 75 

discrete element method (CFD-DEM) has also been developed and demonstrated to be 76 

of high efficiency and accuracy in simulating the intricate solid-fluid interactions using 77 

multiple CFD solvers [29–32]. In the most commonly adopted unsolved CFD-DEM 78 

scheme, the fluid cells are coarsely discretized to be several times greater than the 79 

particle sizes, and the flow field is volume-averaged within a local space by solving the 80 

locally averaged Navier-Stokes equation. On this basis, it has several fundamental 81 

limitations. First, only single-phase flow through spherical particles can be considered 82 

[11, 33]. Second, the particle-fluid interactions are normally estimated using empirical 83 

methods and require extensive validations [34, 35]. Additionally, the fluid mesh is fixed 84 

and cannot be applied to moving boundary problems [36, 37]. However, in the very 85 

recent years, these limitations have been partially eliminated by incorporating irregular 86 

particle shapes, moving flow filed, and multi-phase flow [38–41]. In the authors’ 87 

previous works, an open-source CFD-DEM package was used to simulate the full 88 

suffusion process under the designated confining pressure, tracking the rearrangement 89 

of particles and the variations in contact networks of gap-graded soils with different 90 

fines content [42]. Further investigations on the mechanical responses of eroded soils 91 

under drained and undrained triaxial compression conditions revealed that suffusion 92 

causes distinct reduction of peak shear strength of soils, which is comparable to the 93 

experimental results on eroded soils [43–46]. However, in these studies, soil specimens 94 

were mainly deposited under gravity or consolidated under isotropic confining pressure. 95 

This oversimplifies the in-situ stress conditions often encountered in earthworks where 96 

stress anisotropy and non-coaxiality between flow and principal stress direction prevail.  97 
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It is well known that the stress anisotropy has a significant effect on the structure of soil 98 

matrix, and thus the mechanical behaviors of soils [47–49]. Oda et al. [50] investigated 99 

the impact of the initial anisotropic stress states on the microstructure of soils, and found 100 

that new contacts were generated along the major principal effective stress direction. 101 

Yang et al. [51] investigated the anisotropy effect on undrained behaviors of soils using 102 

DEM, and found that the mechanical behaviors and dilatancy vary dramatically for 103 

specimens with different fabric anisotropy intensity, while the critical-state shear 104 

strength is rather independent of the initial fabric. Gu et al. [52] simulated the drained 105 

triaxial shear and simple shear tests on specimens with different stress states, and found 106 

that the initial fabric and contact force anisotropy results in significant anisotropy in 107 

stiffness. Since stress anisotropy alters the force chain network which also critically 108 

impacts the stress states of fine particles, it is intuitive to assume a strong interplay 109 

between stress anisotropy and the erodibility of fines as well. On this basis, Chang et 110 

al. [17] modified a triaxial apparatus for suffusion modeling, and found the larger initial 111 

stress ratio contributes to the greater erosion rate of specimens for a given hydraulic 112 

gradient. Through similar experiments, Luo et al. [53] investigated the influence of 113 

deviatoric stress on critical hydraulic gradients of suffusion, and proposed an empirical 114 

method for estimating the critical hydraulic gradient under complex stress conditions. 115 

From the simulation aspects, Ma et al. [16] studied the effect of flow direction on the 116 

microscopic mechanism of particle detachment and migration during suffusion, and 117 

found that the anisotropic stress state is responsible for directional variations of 118 

microstructure of soils during suffusion. Qian et al. [54] and Xiong et al. [55] presented 119 

the evolution of stress anisotropy caused by suffusion considering the effect of irregular 120 

particle shapes, and concluded that the angularity intensifies suffusion resistance and 121 

shear strength of soils. 122 

In this study, the influence of stress anisotropy is investigated on suffusion and shear 123 

behaviors of gap-graded soils using CFD-DEM. This study differs from our previous 124 

works [13, 28, 42] by focusing on anisotropically stressed specimens, aiming to 125 

quantify the effect of stress anisotropy on their suffusion and shearing responses. The 126 



6 
 

methodology and simulation procedure of suffusion and triaxial shearing are presented 127 

in Section 2. The evolution of the fines loss and volumetric deformation are reproduced 128 

for the full suffusion process. The shear responses of both non-eroded and eroded 129 

specimens under different stress paths are discussed in Section 3. The microstructural 130 

changes, including the coordination numbers, the contact force chain networks, and the 131 

stress anisotropy quantified by the fabric tensor are elaborated and used to interpret the 132 

observed suffusion and shear responses in Section 4. 133 

2. Simulation procedure 134 

The adopted CFD-DEM approach is an amalgam of the DEM package LIGGGHTS 135 

and the CFD package OpenFOAM [56]. Details of this methodology and its 136 

validation/benchmarking can be found in Tsuji et al. [33] and our previous works [13, 137 

28, 42], so will be not repeated here for brevity. 138 

The simulation process consists of four consecutive steps: particle insertion, 139 

consolidation, suffusion and triaxial shearing, as illustrated in Fig. 1. First, in the 140 

particle insertion stage, a cubic specimen with 40,000 particles is first generated and 141 

enclosed by six rigid frictionless walls with a dimension of 25 mm × 25 mm× 25 mm. 142 

The sizes of fine and coarse particles range between 0.42 ~ 0.5 mm and 2.08 ~ 2.4 mm, 143 

respectively. The fines content (FC) of the non-eroded specimen is FC = 35% by mass, 144 

which is internally unstable according to the criteria of Kenney and Lau [57]. The grain 145 

size distributions (GSDs) of all non-eroded and eroded specimens subjected to different 146 

stress conditions are shown in Fig.2. Since the adopted CFD-DEM method is a locally 147 

averaged coarse-grid method, the recommended size of the fluid cell is taken 2 ~ 4 148 

times that of the average particle size, which has been demonstrated to yield the 149 

appropriate and sensible results [58–60]. The input parameters used in the simulations 150 

are listed in Table 1, which are the same as our previous work [13, 28]. Similar 151 

parameters were also used in many other CFD-DEM studies, e.g., Shan and Zhao [61], 152 

Li and Zhao [62], Mu et al. [37]. The simulations were performed using a workstation 153 

with 168G RAM and 2 × 20-core 2.5 GHz CPU. The solid and fluid regions were 154 
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equally decomposed into 8 subdomains using 8 cores (2 × 2 × 2 in x, y and z directions). 155 

The simulation of suffusion process for t = 15s takes about 72 hours computation time. 156 
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Fig. 1 Procedure of particle insertion, consolidation, suffusion and triaxial shear 158 

 159 

Fig. 2 Grain size distributions (GSDs) of tested specimens 160 
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Table 1 Input parameters used in the simulations 162 

Computation modules Parameter types values 

Solid phase (DEM) Particle number 40,000 

Fine particle diameter (mm) 0.42 ~ 0.5 

Coarse particle diameter (mm) 2.08 ~ 2.4 

Particle density (kg/m3) 2,650 

Young’s modulus (GPa) 70 

Poisson’s ratio 0.3 

Coefficient of friction 0.5 

Coefficient of restitution 0.2 

Coefficient of rolling friction 0.1 

Acceleration of gravity (m/s2) 9.8 

Fluid phase (CFD) Fluid density (kg/m3) 1,000 

Dynamic viscosity (Pa·s) 1×10-3 

Size of fluid cells (mm) 3.2 

Solid-fluid interaction (CFD-DEM) Timestep of DEM (s) 2×10-7 

Timestep of CFD (s) 2×10-5 

Coupling interval (s) 2×10-5 

Simulation duration (s) 15 

In the consolidation stage, all specimens are first isotropically confined to the same 163 

effective stress, i.e., p' = 100 kPa. The interparticle coefficient of friction is set to μf0 = 164 

0.1 to generate a relatively dense specimen. After reaching equilibrium, the interparticle 165 

coefficient of friction is restored to μf = 0.5, as commonly adopted in other DEM studies 166 

[63]. The rolling resistance is also employed with the coefficient of restitution μr = 0.1 167 

to approximately account for the effect of irregular particle shapes [42]. For the 168 

preparations of the initially stress anisotropic specimen, the axial stress is progressively 169 

increased or decreased to the designated stress ratios η = q / p', depending on triaxial 170 

compression or extension shearing, where p' = (σ'a + 2σ'r) / 3 is the mean effective stress, 171 

q = σ'a – σ'r is the deviatoric stress, and σ'a and σ'r are the axial and radial effective 172 

stresses, respectively. Five specimens with different initial stress ratios η are generated 173 

as illustrated in Fig. 3, and their stress conditions and initial void ratios are summarized 174 

in Table 2. It is seen from Table 2 that, all specimens have almost the same initial void 175 
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ratio around e0 = 0.40 even under different stress states. After completing the above 176 

steps, gravity is activated and maintained until the end of the erosion process. The 177 

reason for not activating gravity in consolidation is to prevent the potential segregation 178 

and accumulation of fine particles at the bottom of specimens during sample 179 

preparation.  180 

 181 
Fig. 3 Initial stress states of the non-eroded specimens 182 

 183 

Table 2 Stress conditions of the simulation cases 184 

Specimen 

IDs 

Radial effective 

stress, σ'r 

(kPa) 

Axial effective 

stress, σ'a 

(kPa) 

Mean effective 

stress, p' 

(kPa) 

Deviatoric 

stress, q 

(kPa) 

Initial 

stress 

ratio, η0 

Initial void 

ratio, e0 

T1 100 62.5 87.5 -37.5 -0.43 0.400 

T2 100 78.6 92.9 -21.4 -0.23 0.399 

T3 100 100 100 0 0 0.398 

T4 100 125 108.3 25 0.23 0.399 

T5 100 150 116.7 50 0.43 0.397 

In the suffusion stage, the top boundary wall is changed to a permeable wall that allows 185 

for the free penetration of fine particles while restraining coarse particles inside the 186 

specimen. This could result in a slight relaxation of confining pressure, and thus a 187 

reconsolidation procedure is followed to regain the target stress state of the specimen 188 

[34, 42]. Thereafter, an upward seepage flow is introduced by imposing the pore 189 
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pressure difference between top and bottom boundaries of the fluid domain. The four 190 

horizontal boundaries are set as undrained boundaries to maintain one-dimensional flow. 191 

The detailed boundary conditions for the CFD and DEM domains during suffusion are 192 

listed in Table 3. The stress state is maintained constant during the full suffusion process. 193 

To mitigate the excessive skeleton disturbance caused by the sudden change of 194 

hydraulic conditions, the hydraulic gradient starts at zero and is gradually increased via 195 

several stages as illustrated in Fig. 4. Note that the suffusion in real earthworks is a 196 

long-term process and could hardly be reproduced by the adopted simulation scheme. 197 

Therefore, the maximum hydraulic gradient is set large (i.e., imax = 10) so that the 198 

majority of fines loss can be reproduced in a short seepage period [28] (i.e., t = 15s).  199 

 200 

Table 3 Boundary conditions during suffusion 201 

 CFD boundaries DEM boundaries 

Bottom (Inlet) 
Pore pressure: uin = u0 

Velocity gradient: ∂Uf /∂z = 0   

Effective stress: σ'zz = p' 

Impermeable to fines 

Top (Outlet) 
Pore pressure: uout = 0 

Velocity gradient: ∂Uf /∂z = 0  

Fixed: δzz = 0 

Permeable to fines 

Sidewalls 

Pore pressure gradient:  

∂u /∂x =0, or ∂u /∂y = 0  

Velocity: Uf ·n = 0 where n is the unit 

normal vector of the sidewalls 

Effective stress: σ'xx = σ'yy = p' 

Impermeable to fines 

 202 
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 203 

Fig. 4 Variation of the hydraulic gradient with elapsed time 204 

Once suffusion is completed, the permeable top boundary wall is changed to an 205 

impermeable wall, and a series of drained triaxial shear tests are performed on all 206 

specimens at a small strain rate (i.e., 𝜀ሶ = 0.025 s-1) at which the quasi-static condition 207 

is satisfied [28, 64]. The triaxial compression tests are performed on specimens with 208 

the positive stress ratio η, i.e., the major principal effective stress on the longitudinal 209 

direction, and the others are subjected to triaxial extension tests. The radial effective 210 

stress is maintained constant during the entire shearing process, i.e., σ'r = 100 kPa. For 211 

comparison, both the triaxial compression and extension tests are conducted on the non-212 

eroded specimen. Note that gravity is not considered during shearing to be consistent 213 

with the conventional DEM simulations [28, 65]. 214 

3 Simulation results 215 

3.1 Visualization of stress anisotropy of specimens 216 

The particle assemblies and force chain networks of three typical specimens with 217 

multiple stress anisotropy, i.e., T1, T3, and T5 specimens, are presented in Fig. 5. It is 218 

found that all specimens lose some fine particles at the permeable top boundary, 219 

resulting in the local concentration of distinct (thick) primary force chains before 220 

suffusion [28]. Comparison of the force chain networks between different specimens 221 

clearly shows the effect of stress anisotropy: several distinct (thick) primary force 222 
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chains are formed towards the horizontal direction for the T1 specimen with the 223 

horizontal major principal effective stress. Conversely, the primary contact force chains 224 

of the T5 specimen are mainly distributed in the longitudinal direction, coincident with 225 

the vertical major principal stress direction. The contact force chains of the isotropic T3 226 

specimen are distributed evenly inside the specimen except for those near the top 227 

boundary. 228 

 229 

Fig. 5 (a) Particle assemblies and (b) force chain networks of T1, T3 and T5 specimens before 230 

suffusion 231 

 232 

The initial stress anisotropy of specimens T1 and T5 can be vividly seen from the 233 

distributions of contact normals and normal contact forces, as presented in rose 234 

diagrams in Fig. 6. For the T1 specimen, both the distributions of contact normals and 235 

normal contact forces prevail in the horizontal direction, in accordance with the 236 

direction of the major principal effective stress. The anisotropy intensity manifested by 237 

normal contact force distribution appears to be more distinct than that by contact normal 238 

distribution, as also observed in Yang et al. [63] and Hu et al. [28]. On the other hand, 239 

the T5 specimen exhibits the prevailing longitudinal distributions of contact normals 240 

and normal contact forces owing to its preferential vertical major effective stress. The 241 

drastic difference between specimens indicates that the anisotropic loading conditions 242 

result in significant variations of soil fabric even though both specimens have the same 243 
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void ratio. Correspondingly, the onset and development of suffusion is inevitably 244 

different, which will be elaborated in the following sections. 245 

 246 

Fig. 6 Distributions of contact normals and normal contact forces of the initially anisotropic 247 

non-eroded T1 and T5 specimens in a longitudinal plane 248 

3.2 Results from suffusion stage 249 

The evolutions of fines loss ΔFC by mass during suffusion for all specimens are 250 

illustrated in Fig. 7. It is seen that few fine particles are lost at low hydraulic gradient 251 

because the seepage force is insufficient to overcome the gravity and restrictions by 252 

neighboring particles on fine particles. With the increasing hydraulic gradient, fine 253 

particles start to get detached, migrate through the voids among coarse particles, and 254 

exit the permeable wall once the critical hydraulic gradient icr is reached. The grain size 255 

distributions (GSDs) of specimens after the t = 15s suffusion duration are plotted in Fig. 256 

2. It is observed that the specimens with the major principal effective stress parallel to 257 

the primary seepage direction are the most erodible with the smallest critical hydraulic 258 

gradient and the greatest erosion rate. For example, suffusion triggers earliest at t = 2.5s 259 
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and develops the maximum fines loss ΔFC = 10% at the end of suffusion for the T5 260 

specimen (η0 = 0.43), while the T3 specimen (η0 = 0) exhibits the strongest suffusion 261 

resistance among others and its terminal fines loss is much smaller than that of T5 262 

specimen (Fig. 7). The T1 specimen with the horizontal major principal effective stress 263 

exhibits the medium suffusion resistance. Comparison of the fines loss history between 264 

the T4 and T5 specimens as well as between the T1 and T2 specimens indicates that 265 

stress anisotropy promotes the onset and development of suffusion, regardless of the 266 

principal stress direction. This is consistent with the results of laboratory tests in Chang 267 

[66].  268 

 269 

Fig. 7 Evolution of fines loss ΔFC by mass with elapsed time for specimens under different initial 270 

stress anisotropy 271 

To further investigate the detachment, migration and clogging of fine particles under 272 

suffusion, the soil specimen is vertically divided into six sections. The distributions of 273 

fine particles for specimens with different initial stress ratios, i.e., T1, T3 and T5 274 

specimens, are illustrated in Fig. 8. Clearly, fine particles of non-eroded specimens are 275 

relatively uniformly distributed along all sections except the top section owing to the 276 

inevitable fines loss near the permeable top boundary during the reconsolidation 277 

process, as evidenced by Fig. 5. In addition, the fines loss ΔFC gradually increases from 278 
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the bottom to the top boundaries, and the top section exhibits the most severe fines loss 279 

ΔFC. This could be attributed to the formation of the repetitive clogging-unclogging 280 

effect for the longer erosion path of fine particles in lower sections. Among all 281 

specimens, the anisotropic T5 specimen exhibits the maximum fines loss at all sections, 282 

while the isotropic T3 specimen exhibits the minimum fines loss compared with the 283 

others (consistent with Fig. 7). Similar heterogeneous distributions of fine particles 284 

were also reported in laboratory tests [17, 43] and other numerical studies [38, 67]. 285 

 286 

Fig. 8 Distributions of fine particles along the longitudinal direction for the T1, T3, and T5 287 

specimens. N - before suffusion; Y - after suffusion. 288 

The evolutions of the volumetric deformation during suffusion are illustrated in Fig. 9 289 

in terms of void ratio e, volumetric strain εv, axial strain εa and horizontal strain εh. 290 

Contraction is treated as positive following the sign convention in soil mechanics. 291 

Under low hydraulic gradient, the combined effect of seepage flow disturbance and 292 

confinement of boundary walls results in a slight volumetric contraction and decrease 293 

of void ratio of all specimens (Fig. 9a and b). Once reaching the critical hydraulic 294 

gradient icr, fine particles start to be detached and eroded out of the specimen, leading 295 
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to significant microstructural change and volumetric contraction. Because of the even 296 

more rapid loss of fines and thus solid fraction in this period, the void ratio turns out to 297 

be increasing during the apparent volumetric contraction. The turning point of void ratio 298 

evolution from decrease to increase shows good agreement with the onset of suffusion 299 

in Fig. 7. At the end of suffusion, all eroded specimens exhibit increased void ratio and 300 

reduced volume compared to the non-eroded specimens, especially for the specimens 301 

with larger initial stress anisotropy, i.e., T1 and T5 (Fig. 9a and b). The specimen with 302 

the major principal effective stress aligned with the primary seepage direction (i.e., T5) 303 

exhibits the most severe void ratio and volumetric changes which can be reasonably 304 

attributed to the large fines loss (Fig. 7). 305 

To further inspect the deformation patterns of different specimens during suffusion, the 306 

evolutions of axial and horizontal strains are presented (Fig. 9c and d). It is seen that, 307 

for the T4 and T5 specimens with initial triaxial compression, the volumetric 308 

contraction in Fig. 9b is mainly caused by the positive axial strain of the soil matrix. 309 

Conversely, for the T1 and T2 specimens with initial triaxial extension, the positive 310 

horizontal strain is responsible for the volumetric contraction. The T3 isotropic 311 

specimen exhibits the smallest axial, horizontal and volumetric strains compared with 312 

the other scenarios. It is noted that the magnitudes of axial strain for all specimens are 313 

approximately 2 ~ 3 times of those of horizontal strain, implying that suffusion results 314 

in greater deformation along the direction of seepage flow, which is in agreement with 315 

the previous laboratory suffusion tests [17, 43] and simulation results [42, 67]. The 316 

different deformation features of specimens also indicated that the volumetric 317 

deformation and microstructural changes under suffusion could be closely related to the 318 

initial stress states of specimens, and thus results in different mechanical responses 319 

under triaxial shearing, which will be discussed in the following section.  320 
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 321 

Fig. 9 Evolutions of (a) void ratio e, (b) volumetric strain εv, (c) axial strain εa and (d) horizontal 322 

strain εh with the elapsed time of all specimens 323 

3.3 Results from triaxial shear stage 324 

Fig. 10 shows stress-strain curves of eroded and non-eroded specimens under drained 325 

triaxial conditions. Triaxial compression tests are performed on T4 and T5 specimens, 326 

and extension tests are performed on the T1 and T2 specimens. The isotropic T3 327 

specimen is sheared under both triaxial compression and extension conditions. All 328 

simulation cases for triaxial shearing marked with designated specimen IDs are listed 329 

in Table 4. The results of the triaxial extension tests in Fig. 10a indicate that, the peak 330 

deviatoric stress q of the eroded specimens is smaller than that of the non-eroded 331 

specimens, while the variations of the deviatoric stress sheared to large strain levels 332 

(approaching critical state) are negligible. The eroded soil specimens exhibit less 333 

volumetric dilatancy compared to the non-eroded specimens (Fig. 10b). Similar trend 334 
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is also observed for the specimens under triaxial compression conditions in Fig. 10c 335 

and d. Our observations agree well with the results of previous experimental studies 336 

[17, 43, 68, 69]. Noticing that suffusion is still developing at the end of the simulation 337 

at t = 15s (Fig. 9) and there still exists a large portion of fine particles inside the 338 

specimens (Fig. 8), we expect that the reduction of peak shear strength and dilatancy 339 

will be more prominent given extended suffusion duration [13]. 340 

Table 4 Simulation cases for triaxial compression and extension tests 341 

Specimen 

ID 

Suffusion 

condition 

Shear 

condition 

Initial stress 

ratio, η0 

Peak 

deviatoric 

stress, qmax 

(kPa) 

Secant 

modulus, 

E50 (kPa) 

Peak 

friction 

angle, φp 

(°) 

Residual 

friction 

angle, φr 

(°) 

T1-E-N No TE -0.43 74.7 88.8 36.4  16.4  

T1-E-Y Yes TE -0.43 71.8 59.0 34.1  15.5  

T2-E-N No TE -0.23 72.8 120.7 34.8  15.8  

T2-E-Y Yes TE -0.23 69.4 79.2 32.2  15.5  

T3-E-N No TE 0 73.1 147.5 35.0  16.6  

T3-E-Y Yes TE 0 69.5 106.6 32.2  16.5  

T3-C-N No TC 0 239.3 284.6 32.9  13.1  

T3-C-Y Yes TC 0 211.1 256.8 30.8  14.3  

T4-C-N No TC 0.23 239.9 278.9 32.9  13.2  

T4-C-Y Yes TC 0.23 215.4 237.6 31.1  16.5  

T5-C-N No TC 0.43 245.1 274.2 33.3  14.1  

T5-C-Y Yes TC 0.43 222.0 211.9 31.5  16.8  

Yes = eroded; No = non-eroded; TE = triaxial extension shear; TC = triaxial compression shear. 342 
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 343 

Fig. 10 Evolutions of deviatoric stress q and volumetric strain εv versus axial strain εa before and 344 

after suffusion under (a-b) triaxial extension tests (T1 ~ T3 specimens) and (c-d) triaxial 345 

compression tests (T1 ~ T3 specimens) 346 

The shear stiffness of soils at small strain is also an important feature and is extensively 347 

concerned in engineering practice. Herein, a secant modulus corresponding to half of 348 

the peak shear stress, i.e., E50, is introduced in Fig. 11 to evaluate the evolution of shear 349 

stiffness of soils under suffusion [70]. It is observed that the secant modulus E50 under 350 

triaxial compression conditions is much greater than that under triaxial extension; for 351 

example, the E50 in the T3-C is approximately twofold of that in the T3-E for both non-352 

eroded and eroded specimens. Specimens with stronger initial stress anisotropy exhibit 353 

lower E50 for triaxial extension specimens, but the trend is not obvious for triaxial 354 

compression specimens. Finally, erosion consistently reduces the E50 of all specimens 355 

regardless of their initial stress state. This weakening effect can have important 356 

implications on the performance of water dams, e.g., promoting settlement and creep 357 

of the structure under sustained seepage.  358 
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 359 

Fig. 11 The secant modulus E50 for all non-eroded and eroded specimens under triaxial shear 360 

4. Microscopic inspections 361 

4.1. Microscopic features during suffusion 362 

The interparticle connectivity is one of the key features representing the microstructures 363 

of granular soils. Fig. 12 illustrates the evolutions of the coordination numbers of all 364 

specimens during suffusion, where the coordination number Z denotes the average 365 

number of contacts per particle, and the mechanical coordination number Zm refers to 366 

the average number of contacts per active particle with two or more contacts [71, 72], 367 

calculated by: 368 
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where C is the total contact number; N is the total particle number; N0 and N1 are the 371 

numbers of particles with null and only one contact (also called “rattlers”), respectively. 372 

When a granular system does not contain rattlers, one can see Eq. (2) becomes identical 373 
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to Eq. (1). Thus the difference between the values of Z and Zm indirectly indicates the 374 

number of inactive fine particles floating inside the soil matrix. Since the large number 375 

of fine particles and their relatively inactive roles in force transmission inside the tested 376 

gap-graded soils, both the values of Z and Zm are relatively low. This is consistent with 377 

the other DEM studies on gap-graded soils, e.g., Langroudi et al. [73] and Ahmadi et 378 

al. [74]. The isotropic T3 specimen has the maximum Z and Zm during the full suffusion 379 

process, while the specimens with stronger initial stress anisotropy exhibit the lower Zm 380 

values. This indicates that the initial stress anisotropy weakens the connectivity among 381 

particles. In addition, it is seen from Fig. 12a that the variations of coordination number 382 

Z are insignificant but exhibit severe fluctuation during suffusion, which could be 383 

attributed to intermittent clogging and unclogging during the migration of fine particles. 384 

On the contrary, Fig. 12b shows that the mechanical coordination number of all 385 

specimens Zm first increases smoothly due to the increased seepage force before the 386 

onset of suffusion (Fig. 9b), and then turns to decrease with the progressive detachment 387 

and migration of fine particles. The decreasing trend of Zm indicates that some active 388 

particles formerly participating in sustaining external forces are eroded under suffusion. 389 

It is also interesting to note that, although all specimens have distinct initial stress states, 390 

the mechanical coordination number Zm tends to reach the same value for the specimens 391 

with the same absolute values of stress ratio at the end of suffusion regardless of the 392 

incipient major principal stress direction (Fig. 12b). The decreasing Zm values of all 393 

specimens explain why the secant modulus E50 and the peak shear strength are 394 

weakened at the end of suffusion (Figs. 10 and 11).  395 
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 396 

 397 

Fig. 12 Evolutions of (a) coordination numbers Z and (b) mechanical coordination numbers Zm 398 

with the elapsed time of all specimens 399 

It is well understood that the roles of coarse and fine particles in force transmission are 400 

different for gap-graded specimens. Herein, the coordination numbers of different 401 

contact types are further examined, including the contacts between two coarse particles 402 

(C-C contact), those between a coarse and fine particle (C-F contact), and those 403 

between two fine particles (F-F contact). Correspondingly, three coordination numbers 404 

are defined as the average numbers of C-C contacts per coarse particle ZC-C, C-F 405 

contacts per coarse particle ZC-F and F-F contacts per fine particle ZF-F, respectively. 406 
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The evolutions of the three coordination numbers during suffusion are presented in Fig. 407 

13. It is observed that, ZC-C gradually increases yet ZC-F decreases with elapsed time for 408 

all specimens. This indicates that the detachments of fine particles mainly cause the 409 

breakup of C-F contacts, and in turn enhance the connectivity of C-C contacts. The 410 

distribution of fine particles inside the voids among coarse particles maintains stable, 411 

as evidenced by the overall constant ZF-F values for all cases throughout suffusion. 412 

Given that the loss of fine particles during suffusion would inevitably reduce the 413 

coordination number between fine particles, the overall constant ZF-F implies that the 414 

decrease of contacts is somehow compensated by the local concentration of fine 415 

particles and F-F contacts under the restrictions of the soil skeleton, which could be 416 

seen as evidence of the clogging phenomenon during suffusion. Comparison of 417 

different specimens indicates that the changes of ZC-C and ZC-F are more severe for the 418 

specimens with higher initial stress anisotropy, especially for the specimens under 419 

initial triaxial compression (T4 and T5). Conversely, the isotropic T3 specimen has 420 

much smaller variations of ZC-C and ZC-F and is less disturbed by suffusion, which is in 421 

accordance with the least fines loss and the smallest volumetric deformation during 422 

suffusion (Figs. 7 and 9).  423 

 424 
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 425 

 426 

Fig. 13 Evolutions of coordination numbers of all specimens during suffusion in terms of: (a) ZC-C; 427 

(b) ZC-F and (c) ZF-F 428 

To further analyze the evolution of contact force chains of specimens during suffusion, 429 

the interparticle contacts are divided into strong and weak contacts, where the contact 430 

forces greater than the average contact force 𝑓௡ഥ  form the strong contact force chain, 431 

and the others form the weak contact force chain [72, 75]. Fig. 14 exhibits the evolution 432 

of the proportion of weak contact forces during suffusion for all specimens, calculated 433 

by the sum of the absolute value of the weak contact forces w
nf  divided by that of the 434 

normal contact forces fn. It is observed that all cases exhibit the similar evolution trend 435 

with a temporary increase followed by a rapid decrease period. The first increase period 436 
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indicates that, particles gain more contacts with each other and sustain weak contact 437 

forces at the initial stage. However, these weak contacts are relatively fragile and are 438 

easily disrupted under seepage effect, resulting in the following rapid decrease of the 439 

proportion of weak contact forces. Note that the T5 specimen exhibits the greatest 440 

w
n nf f  at the initial state, while it evolves to the lowest value at the end of suffusion. 441 

This indicates that a large number of particles of the T5 specimen are initially inactive 442 

or in weak contacts with the neighbors, and thus suffusion can be more easily triggered, 443 

as evidenced by the severe decrease of weak contact forces with suffusion (Fig. 14). 444 

The greater initial stress anisotropy exhibits the more severe falls of w
n nf f at the end 445 

of suffusion, especially for the specimens under initial triaxial compression (T5). The 446 

isotropic T3 specimen is found to be the most stable with the smallest fall of w
n nf f . 447 

 448 

Fig. 14 Evolutions of the proportion of weak contacts during suffusion for all specimens 449 

4.2. Microscopic characteristics during shearing 450 

The evolutions of coordination numbers during triaxial compression and extension tests 451 

are presented in Fig. 15. It is seen that the particles inside the original non-eroded 452 

specimens are in good contact with each other, as evidenced by approximately the same 453 

Z and Zm values at the initial state (εa = 0). With the development of shearing, both Z 454 
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and Zm continuously decrease, and the difference between Z and Zm becomes larger for 455 

both triaxial extension (Fig. 15a-b) and compression (Fig. 15c-d) conditions. This 456 

indicates that some particles formerly actively participating in force transmission 457 

gradually evolve to inactive particles with null or one contact during shearing. 458 

Furthermore, comparison between the coordination numbers of non-eroded and eroded 459 

specimens under triaxial extension conditions indicates that, the coordination numbers 460 

Z of eroded specimens are generally smaller than those of non-eroded specimens (Fig. 461 

15a), while their difference in the mechanical coordination numbers Zm is negligible 462 

(Fig. 15b). This implies that there exists a greater and increasing portion of inactive fine 463 

particles in eroded specimens during shearing. The detached yet remaining fine 464 

particles under suffusion are mostly inactive in force transmission. The same 465 

observation is also found in triaxial compression conditions (Fig. 15c-d). This helps 466 

explain the insignificant variation of shear strength of soil specimens at large strain 467 

levels. It is also interesting to note that at the end of shearing, both Z and Zm tend to 468 

approach their corresponding steady-state values, depending only on the GSDs of 469 

specimens and the shear conditions, which is in agreement with Jiang et al. [71] and Hu 470 

et al. [28].  471 
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 472 

Fig. 15 Evolutions of (mechanical) coordination numbers: (a) Z and (b) Zm during triaxial 473 

extension tests, and (c) Z and (d) Zm during triaxial compression tests 474 

The evolutions of coordination numbers of different contact types, i.e., ZC-C, ZC-F, and 475 

ZF-F, during shearing are illustrated in Fig. 16. It is seen that, although the Z and Zm of 476 

eroded specimens converge to the same values under the same shear conditions (Fig. 477 

15), their coordination numbers with respect to different contact types are diverse. For 478 

the triaxial extension conditions, it is found that the ZC-C values of the eroded specimens 479 

are relatively higher, yet their ZC-F and ZF-F values are much lower than those of the 480 

non-eroded specimens (Fig. 16a-c). This indicates that suffusion results in the more 481 

active participation of coarse particles in force transmission during shearing, while the 482 

connectivity of fine particles with the neighbors is weakened, as manifested by the 483 

reduced ZC-F and ZF-F values. The same observation is also found in the triaxial 484 

compression conditions (Fig. 16d-e). The coordination number evolutions for triaxial 485 

compression specimens are more distinct from each other. For example, the T5 486 
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specimen with the greatest initial stress anisotropy exhibits the highest ZC-C value but 487 

the lowest ZC-F and ZF-F values throughout the shearing process. The lower Z value of 488 

eroded T5 specimen during shearing in Fig. 15c is mainly caused by the poor 489 

connectivity of fine particles with the neighbors, i.e., the lower ZC-F and ZF-F values 490 

(Fig. 16e-f), which is likely responsible for the reduced secant modulus and shear 491 

strength of the eroded T5 specimen. 492 

 493 

Fig. 16 Evolutions of coordination numbers: (a) ZC-C , (b) ZC-F , and (c) ZF-F under triaxial 494 

extension, and (d) ZC-C , (e) ZC-F , and (f) ZF-F under triaxial compression conditions 495 

4.3. Evolutions of fabric anisotropy during suffusion and shearing 496 

It is widely recognized that fabric anisotropy could significantly affect the mechanical 497 

responses of granular soils [76, 77]. Two sources of fabric anisotropy are normally 498 

adopted, i.e., the geometrical and the mechanical anisotropy. The geometrical 499 

anisotropy stems from the distribution of contact normals and particle orientations, and 500 

the mechanical anisotropy is mainly caused by the distribution of normal contact forces 501 

[13, 78]. Given the significant stress anisotropy of the specimens in this study, the 502 

mechanical anisotropy [48, 79] is adopted for evaluating the fabric structure of the 503 

specimens: 504 
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where f n is the absolute value of normal contact force; ni is the unit vector along the 506 

contact normal direction; ac 
ij  is deviatoric and symmetric and characterizes the fabric 507 

anisotropy, calculated as: 508 
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where ϕij is the contact normal fabric tensor and ϕ'ij is the deviatoric part of ϕij. Herein, 511 

the normal-contact-force anisotropy tensor an is defined as: 512 
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where n
ij'  is the deviatoric part of

n
ij  , 0 n

iif    is the average normal force. The 514 

deviatoric invariant of an is adopted to quantify the degree of mechanical anisotropy 515 

caused by normal contact forces: 516 
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Fig. 17 presents the evolution of normal-contact-force anisotropy an of specimens 518 

during suffusion and shearing. It is observed that suffusion has almost no contribution 519 

to the fabric anisotropy of specimens, except for the T5 specimen with the strongest 520 

initial stress anisotropy and the most severe fines loss, which exhibits a slight increase 521 

of an with elapsed time (Fig. 17a). The difference of initial an values between different 522 

specimens is mainly caused by the initial stress anisotropy before suffusion. Comparing 523 

the suffusion-induced fabric anisotropy, the triaxial shearing results in the more distinct 524 

fabric anisotropy in terms of normal contact forces (Fig. 18b and c). The fabric 525 

anisotropy an peaks and reaches the corresponding stable states at the same strain level 526 

as the deviatoric stress q (Fig. 10), which is coincident with the other DEM researches, 527 

e.g., Guo and Zhao [48] and Zhao and Kruyt [80]. Note that the difference of an between 528 
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the eroded and noneroded specimens is relatively small, which also implies the 529 

suffusion-induced fines loss in gap-graded soils may not result in significant variation 530 

of force chain networks. 531 

 532 

 533 

Fig. 17 Evolutions of normal-contact-force anisotropy an during (a) suffusion, (b) triaxial 534 

compression, and (c) triaxial extension tests 535 

To further investigate the contribution of different contact types to stress anisotropy, 536 

Fig. 18 presents the distributions of strong normal contact forces 𝑓௡௦ and weak normal 537 

contact forces 𝑓௡௪ in a longitudinal plane before suffusion by means of rose diagrams. 538 

It shows that the preferential direction of the strong normal contact force distribution is 539 

generally consistent with the major principal stress direction, and the stress anisotropy 540 

enlarges with the initial stress ratio. However, the stress anisotropy with respect to weak 541 

contact forces is rather insignificant. This indicates that external forces are mainly 542 

sustained by the strong contact force chain, and thus the variation of stress ratio merely 543 

results in the anisotropic distribution of strong normal contact forces. Conversely, the 544 

weak contact force chain is insensitive to stress variation, and thus exhibits only a small 545 
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degree of anisotropy compared with the strong contact force chain. Note that in severely 546 

gap-graded soils, the majority of strong normal contact forces are commonly sustained 547 

by coarse particles in C-C contacts [28], while these contacts only occupy a small 548 

portion of interparticle contacts of the soil matrix, as evidenced by the much greater ZC-549 

F values than ZC-C values (Fig. 13b). The small degree of anisotropy of weak contact 550 

forces is responsible for the insignificant global fabric anisotropy an in Fig. 17a. 551 

To be more specific, Fig. 19 presents the normal contact force distributions in a 552 

longitudinal plane at different shear stages for the eroded T5 specimen with the 553 

strongest initial stress anisotropy. Again, the distribution of strong contacts shows 554 

distinct anisotropy manifested by the elliptical or peanut-shaped rose diagrams, while 555 

the distribution of weak contacts maintains overall isotropic and evolves only slight 556 

anisotropy at the peak shear state εa = 2%. Furthermore, by dividing the interparticle 557 

contacts into three types, i.e., C-C, C-F and F-F contacts, the distributions of normal 558 

contact forces of different contact types are also presented. It is found that all these 559 

contact types have a certain degree of initial normal-contact-force anisotropy which is 560 

consistent with the initial stress state, and evolve more distinctly with the triaxial 561 

shearing, especially at the peak shear state εa = 2%. Among all contact types, the 562 

normal-contact-force anisotropy of C-C and C-F contacts is significantly greater than 563 

that of F-F contacts. This indicates that, coarse particles play the dominant role in strong 564 

force transmission by C-C and C-F contacts, and only very few fine particles are 565 

involved in forming strong force chain by F-F contact with the smaller an. 566 
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 567 

Fig. 18 Distributions of strong and weak normal contact forces before suffusion 568 
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 569 

Fig. 19 Distributions of normal contact forces of the eroded T5 specimen with the strongest initial 570 

stress anisotropy (ID: T5-C-Y) during triaxial compression test 571 

5. Conclusions 572 

This study presents a systematic CFD-DEM investigation on the influence of initial 573 

stress anisotropy on suffusion and shear behaviors of gap-graded soils. Several gap-574 

graded specimens with different initial stress ratios are generated and then subjected to 575 
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suffusion and triaxial shearing. The contact statistics of both non-eroded and eroded 576 

specimens are monitored and analyzed to understand the micro-mechanisms of initial 577 

stress anisotropy on the suffusion and shear behaviors of soils. The main conclusions 578 

are summarized below: 579 

1. Gap-graded specimens with the higher initial stress anisotropy and with the major 580 

principal stress aligned with the primary seepage direction are more prone to 581 

suffusion. Fines loss is positively correlated with the increase of volumetric 582 

contraction and void ratio.  583 

2. The eroded specimens exhibit reduced peak deviatoric stress and volumetric 584 

dilation but have similar strain-softening behaviors compared to noneroded 585 

specimens under triaxial shearing. All specimens tend to evolve towards the same 586 

deviatoric stress when sheared to large strain levels regardless of experienced 587 

suffusion history. Suffusion also reduces the secant stiffness and peak friction angle 588 

of soils. 589 

3. The initial stress anisotropy weakens the connectivity among particles, resulting in 590 

less force-transmitting contacts (reflected through the mechanical coordination 591 

number Zm) during suffusion. Inactive fines loss under suffusion can cause reduced 592 

coarse-to-fine contacts and increased coarse-to-coarse contacts. The clogging-593 

unclogging of fine particles is likely to cause severe fluctuation of the coordination 594 

number for fine-to-fine contacts ZF-F during suffusion.  595 

4. The average and mechanical coordination numbers at the end of triaxial shearing 596 

appear to only depend on the soil GSD and the stress path and are independent of 597 

the initial stress anisotropy. During shearing, eroded specimens exhibit more active 598 

participation of coarse particles in force transmission through coarse-to-coarse 599 

contacts and less connectivity of fine particles with the neighbors.  600 

5. The normal-contact-force anisotropy an is found to enlarge with the initial stress 601 

ratio. The applied anisotropic stress is mainly carried by strong contacts governed 602 

by coarse-to-coarse contacts during suffusion and shearing. The abundant weak 603 

contacts in soil matrix are uniformly distributed with insignificant anisotropy. This 604 

is responsible for the overall constant an during suffusion. 605 
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This study highlights that the initial stress anisotropy of the soil matrix has a profound 606 

effect on the onset and development of suffusion, and thus can subsequently alter the 607 

mechanical behaviors of eroded specimens. Future extensions of the present work 608 

include examining the inherent fabric anisotropy caused by different particle shapes 609 

and arrangements in natural soils and the effect of dynamic hydraulic conditions on 610 

suffusion. The latter is highly relevant for the engineering of marine foundations and is 611 

not well understood at the current moment. 612 
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