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Abstract
Suffusion is a typical type of internal erosion that is an important factor leading to the failure of dams and dikes. In this

paper, fine particles are divided into erodible particles and non-erodible particles, and the soil suffusion mechanism is

investigated by laboratory tests and CFD_DEM simulations when the content of erodible particles (Fc) and non-erodible

particles (Fz) is 15% and 5%, 10% and 10%, and 5% and 15%. The global mean permeability coefficient (kav) and local

permeability coefficient (ki–j) were calculated by monitoring the water head in the seepage path of the sample. The results

show that with increasing non-erodible particle content, the difficulty of soil suffusion increases gradually. When soil

suffusion occurs, the loss of fine particles starts from the seepage outlet area and the influent area, and the non-erodible

particles have little influence on the particle loss process in these two areas. After the occurrence of suffusion, the number

of weak contact chains is obviously reduced, while the strong contact chains are basically stable. When Fz = 5% and

Fz = 10%, the average permeability coefficient of the soil after suffusion expands to 2.21–1.60 times that of the initial

state, and the corresponding values of the CFD_DEM simulation are 2.14–1.86 times.
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1 Introduction

Internal erosion is one of the important reasons for the

failure of dams and dikes [21]. According to different

occurrence and development mechanisms, internal erosion

can be divided into suffusion, backward erosion piping,

concentrated leak erosion and contact erosion [9]. Suffu-

sion refers to the migration and loss of fine particles in the

soil through pore channels composed of coarse particles

under the action of seepage [22], which will change the

porosity and permeability of the soil and then lead to

changes in the mechanical properties of the soil, causing

hidden dangers to engineering operations [2, 18, 23]. The

occurrence and development of suffusion is a long-term

process that needs to meet both geometric and hydraulic

conditions [1, 9]. The geometric condition refers to that

fine particles can migrate through the soil pore channels,

which means that the diameter of the soil pore channels

needs to be greater than the particle size of the fine parti-

cles. The hydraulic condition refers to the need for a large

enough seepage force to drive fine particles to migrate in

the pore channels of the soil.

The occurrence and development of suffusion are rela-

ted to the fine particle content, particle size distribution and

porosity. Soils prone to suffusion are often referred to as

internally unstable soils. At present, some criteria have

been established to evaluate the internal stability of the soil

mass, such as the fine particle content method, K-L method

and nonuniform coefficient method, and the internal sta-

bility of the soil mass is determined by the physical

parameters of the soil mass [3, 14, 25]. Fine particle con-

tent is one of the important criteria for judging the internal

stability of soil, and it is generally believed that soil with a

fine particle content less than 35% is more prone to internal
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erosion [30]. However, the failure types of some soils in

practical engineering are not consistent with the theoretical

judgement results. Soil prone to suffusion generally has a

discontinuous particle size distribution, but slight changes

in the initial particle size distribution may also cause soil to

change between internal stability and internal instability

[26]. Previous studies have shown that evaluating the

migration difficulty of fine particles by comparing soil pore

diameter with fine particle size is an effective method to

determine the possibility of soil suffusion, and this method

also takes into account the effects of particle gradation and

porosity [16, 37].

The occurrence and development process of suffusion is

accompanied by fine particle migration and pore plugging

[10, 11, 20]. Fine particles in the soil mass migrate under

the drive of seepage, but generally not all of them are lost,

and some fine particles will be filtered by the soil pore

network, resulting in local pore blockage [38], resulting in

an increase in the local hydraulic gradient of the soil mass

and a decrease in the permeability coefficient [19, 28, 29].

Pore plugging is caused by the migration of fine particles of

different sizes. The stability and scale of pore plugging will

affect the development trend of suffusion. Therefore, it is

necessary to determine the influence of fine particles of

different sizes on the occurrence and development of

suffusion.

In recent decades, with the rapid development of com-

puter science, numerical simulation technology has

obtained rich research results in the field of geotechnical

engineering. The discrete element (DEM), as a discontin-

uous analysis method, can overcome the shortcomings of

finite elements and has unique advantages in analysing the

movement of a large number of particles in the process of

particle erosion. The coupling method of discrete element

(DEM) and computational fluid dynamics (CFD) has good

application prospects in the study of soil internal erosion

and provides an effective tool for the study of soil internal

erosion mechanisms [15, 32, 33].

In this paper, the mechanism of sand suffusion and the

evolution law of the permeability coefficient under differ-

ent fine particle gradation conditions were investigated by

laboratory tests and the CFD_DEM coupled numerical

simulation method. First, the test equipment and method

are introduced, and the evolution process of the global

hydraulic gradient, seepage velocity and local hydraulic

gradient of the samples with different particle gradations is

given. Then, the CFD_DEM coupling method is used to

simulate sand suffusion, and the results are compared with

laboratory test results. Finally, the evolution process of the

soil average permeability coefficient and local permeability

coefficient is analysed.

2 Laboratory test of suffusion

2.1 Test equipment

The test equipment includes a water supply system, a

model box, a water level monitoring system and a water

collection system. Figure 1 is the schematic diagram of the

test device, which is described as follows:

(1) The water supply system includes a water supply

tank, a circulating water tank and a water supply

pipe. The circulating water tank can keep the liquid

level of the water supply tank unchanged, and the

water supply pipe connects the water supply tank

with the water intake at the bottom of the model

tank. The inlet pressure is controlled by adjusting the

height of the water supply tank, and the valve is set

on the water supply pipe to control the inlet water.

(2) The model box is made of transparent acrylic plate

with a thickness of 10 mm, including a water storage

chamber, sand loading room and top baffle, which

can clearly observe the test phenomenon. The water

storage chamber was 40 cm 9 10 cm (length 9

width 9 height) and was used to buffer the water

flow. A partition board with a round hole is arranged

between the water storage chamber and the sand

charging chamber. The diameter of the round hole is

5 mm, so that the water can evenly enter the sand

charging chamber. The gauze screen is laid on the

partition board to prevent the loss of particles. The

size of the sand loading room is 40 cm 9 10 cm 9

30 cm (length 9 width 9 height), the water outlet

is set at a 30 cm height of the sand loading room, and

a baffle with a 10 cm height is set at the top to

facilitate the collection of water.

(3) The water level monitoring system consists of 6

pressure measuring tubes, made of plexiglase with a

diameter of 10 mm, evenly distributed on the side of

the model box with a spacing of 6.0 cm. The tubes

are numbered C1–C6 from bottom to top to obtain

the water head data of different positions along the

seepage path of the soil sample.

(4) The water collection system includes a water

collection tank and an electronic scale to obtain the

amount of water seepage during the test. A gauze

screen is set above the collection tank to filter the lost

fine sand and ensure the accuracy of the flow data.

2.2 Test protocols and materials

During the occurrence and development of suffusion, the

fine particles in the soil migrate and are lost through pore

Acta Geotechnica

123



channels composed of coarse particles under the action of

seepage. Previous studies have shown that particles with

smaller particle sizes are more likely to be carried out of

soil by water flow, while particles with larger particle sizes

are less likely to be lost and may even block pore channels.

Therefore, taking the average diameter of the soil pore

channel R0 as the dividing point, the fine particles are

further divided into erodible particles and non-erodible

particles, and the suffusion mechanism and permeability

change rule of sand under different erodible particle and

non-erodible particle contents are explored. At present, a

variety of geometric models have been established to

describe the pore characteristics of porous media [18]. The

average diameter R0 of the soil pore channels can be cal-

culated by the following formula [12]:

R0 ¼ 0:63nd20 ð1Þ

where n is the soil porosity and d20 represents that particles

smaller than this size account for 20% of the total soil

weight of the soil.

The test material is artificially screened sand, including

yellow coarse sand and white fine sand, which can clearly

observe the particle migration phenomenon during the test.

The particle size of the coarse sand ranges from 5 to

10 mm, the density is 2650 kg/m3, d20 = 6 mm, and the

number is C. It was determined that the minimum porosity

of coarse sand was 0.361, and the maximum porosity was

0.417. In this experiment, the porosity of the coarse sand in

each group was controlled at 0.38, the relative density is

69%. According to Eq. (1), the average diameter of the soil

pore channel R0 = 1.44 mm. Therefore, fine sand with

particle sizes ranging from 0.1 to 0.5 mm and 1.5 to

2.0 mm were selected as erodible and non-erodible parti-

cles in this test, numbered K and Z in turn.

Current studies have shown that soil with a fine particle

content less than 35% is more prone to internal erosion

[30]. Therefore, the fine particle mass percentage (defined

as Rf) of the sample for this test is set at 20%. The test

variable is the proportion of erodible particle content (de-

fined as Fc) and non-erodible particle content (defined as

Fz). Three kinds of samples with different particle grada-

tions were configured, and the values of Fc and Fz were

15% and 5%, 10% and 10%, and 5% and 15% and were

numbered GP-1, GP-2 and GP-3, respectively. The physi-

cal parameters of the three groups of samples are shown in

Table 1, and the particle grading curve is shown in Fig. 2.

2.3 Test procedure

The test was conducted in the following steps:

(1) Soil sample preparation First, coarse particles,

erodible particles and non-erodible particles were

uniformly mixed to prepare the sample, and the

mixing ratio was determined according to the values

of Rf, Fc and Fz. The volume of coarse particles did

Fig. 1 Schematic of laboratory test system

Table 1 Parameters of soil sample

Soil sample Rf (%) Fc (%) Fz (%) q (g/cm3) n d10 (mm) d30 (mm) d60 (mm) Cu Cc

GP-1 20 15 5 2.59 0.20 0.37 5.63 7.50 2.27 11.42

GP-2 20 10 10 2.59 0.20 0.50 5.63 7.50 15.00 8.45

GP-3 20 5 15 2.59 0.21 1.67 5.63 7.50 4.49 2.53

Coarse sand (C) – – – 2.65 0.38 5.50 6.50 8.00 1.45 0.96

Fine sand (K) – – – 2.35 0.14 0.22 0.34 2.43 1.02

Fine sand (Z) – – – 2.32 1.55 1.65 1.80 1.16 0.98
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not change when erodible particles and non-erodible

particles were added to the coarse particles. This

shows that non-erodible particles and erodible par-

ticles are free particles located in pores and have

nothing to do with coarse skeleton.

(2) Sample filling The sample was filled into the model

box in layers, each layer is filled with 6 cm. The

sample was prepared by moist tamping. In the

process of filling, the weight of each layer sample is

calculated by filling volume and soil sample param-

eters to ensure the uniformity of the sample.

(3) Sample saturationAfter filling the sample, connect the

water supply pipe with the water inlet of the model

box, open the valve on the water supply pipe, slowly

raise the height of the water supply box, and saturate

the sample with water until the top of the sample is

almost submerged by water, and then the sample is

saturated for more than 24 h. During the saturation

process, the air in the sample is discharged through the

pressure tube and the surface of the sample.

(4) Test process After the sample is saturated, the height

of the water supply tank is raised step by step to start

the test, and the height is raised 1.0 –2.0 cm each

time. After the sample reached stability, the next

water level was applied. The criterion for the

stability of the sample is that the flow rate of the

water outlet and the water level of the pressure

measuring pipe remain stable, and there is no

obvious particle migration phenomenon. During the

test, the water level and flow data of the pressure

tube were recorded at intervals of 10 min to analyse

the change in soil permeability.

(5) Fine sand collection After the test, the lost fine

particles were collected and dried to analyse the loss

of soil particles.

3 Test results and analysis

3.1 Erosion of fine particles

Suffusion is a process in which fine soil particles migrate

and are lost under the action of seepage. Because of the

different migration difficulties of erodible particles and

non-erodible particles in soil pores, the occurrence and

development trend of suffusion may be affected. Therefore,

it is necessary to analyse the particle loss of different

samples under the action of seepage, and determine the

influence of erodible particles and non-erodible particles on

the suffusion of sandy soil.

Figure 3 is a comparison of the upper surfaces of the

three samples before and after the test, reflecting the loss of

fine particles after the test. Because the surface conditions

of the three groups of samples were similar before the test,

only the surface image of the GP-1 sample before the test

was given, as shown in Fig. 3a. The surface images of the

GP-1, GP-2 and GP-3 samples after the test are shown in

Fig. 3b–d respectively. It can be seen from the figure that

when Fz = 5% and Fz = 10%, a large number of fine par-

ticles in both groups of samples are carried out of the soil

by water flow. The image shows that many sand gushers

are distributed on the surface of the sample, and the

number of sand gushers in the GP-2 sample is relatively

large, because the fine particles lost in the GP-1 sample

after the test is stopped will cover many sand gushers. In

fact, according to the observation of the test phenomenon,

the number of sand gushers in the GP-1 sample is greater

than that in the GP-2 sample. When Fz = 15%, as shown in

Fig. 3d, a small amount of lost fine particles accumulated

on the sample surface, without a large-scale fine particle

loss phenomenon and obvious sand gusher.

The above results indicate that with increasing non-

erodible particle content, the difficulty of fine particle

migration and loss gradually increases. Both the GP-1 and

GP-2 samples have obvious suffusion, but the loss of fine

particles in the GP-2 sample is relatively small, while that

in the GP-3 sample does not have obvious suffusion. After

the end of the test, no obvious crack, uplift or settlement of

the three groups of samples appeared, indicating that the

skeleton structure composed of coarse particles of soil was

basically stable in the process of seepage.

Figure 4 shows the side image of the GP-3 sample in the

test process, which reflects the phenomenon of fine parti-

cles migrating and losing under the action of seepage and

blocking the soil pore channel. Figure 4 shows that fine

particles flow upwards out of the soil under the action of

seepage. There is obvious pore blockage on both sides of

the image. There are a large number of fine particles in the

pore channels composed of coarse particles, but they are

Fig. 2 Particle grading curves of 3 groups of samples
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not carried out by the water flow, while the fine particles in

the pores in the middle of the image are almost all lost,

forming a dominant seepage channel. When Fz = 15%,

although the non-erodible particles will not cause all the

pores to be blocked, it effectively prevents the large-scale

migration and loss of fine particles so that no obvious

suffusion occurs in the soil sample. It is worth noting that

when Fz = 5% and Fz = 10%, the pores of the soil sample

are also blocked, but the number of blocked areas is sig-

nificantly less than that of the soil sample with Fz = 15%.

3.2 Evolution of seepage velocity and global
mean hydraulic gradient

Figure 5 shows the fitting relationship between the seepage

velocity (defined as v) and the global mean hydraulic

gradient (defined as i) of the three samples. When Fz = 5%

and Fz = 10%, the test process can be divided into a sta-

bility stage and an erosion stage. The v–i relationship is

basically linear in the stable stage in the early stage of the

test, but with the increase in hydraulic gradient, the v–

i relationship shows a turning point, indicating that the soil

enters the erosion stage, and the growth rate of v is sig-

nificantly accelerated compared with the stable stage,

indicating that the loss of fine particles leads to the

enhancement of soil permeability. At the moment corre-

sponding to the turning point in the v–i relationship, some

of the initially blocked particles are detached by the water

flow. The i value of the turning point of the v–i relationship

can be considered as the critical hydraulic gradient (defined

as I) for the sample to undergo suffusion. When Fz = 5%

and Fz = 10%, I is 0.33 and 0.40, respectively, indicating

that the difficulty of the sample suffusion increases with

increasing non-erodible particle content. This is because

the migration of non-erodible particles is more difficult

than that of erodible particles, and it will have a blocking

effect on the migration and loss of other fine particles. As a

result, the fine particles need a larger inlet pressure to be

carried out of the soil, and the critical hydraulic gradient of

the sample where suffusion occurs is increased.

When Fz = 15%, the v–i relationship turns a turning point

when i reaches 0.35. However, contrary to the variation trend

of the GP-1 and GP-2 samples, the growth rate of v showed a

slightly decreasing trend compared with the early seepage

stage, indicating that the sample did not enter the erosion stage

when Fz = 15% and maintained a relatively stable seepage

state. This is because the content of non-erodible particles in

theGP-3 sample is high.Althoughfineparticlesmigrate under

the action of seepage, only a small amount of fine particles are

lost out of the soil, and the remaining fine particles accumulate

in the pores of the soil after migration, forming a stronger

blocking effect on the seepage of the soil, resulting in a

decrease in the permeability of the soil.

Fig. 3 Surface comparison of soil samples

Fig. 4 Migration and loss process of fine particles
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3.3 Evolution of local hydraulic gradients

As shown in Fig. 1, the sample was divided into 5 regions

(T1–T5) according to the distribution of pressure tubes, and

the local hydraulic gradient between Cm and Cn of the

pressure tubes was defined as im–n. For example, the local

hydraulic gradient between C1 and C2 is i1–2. Figure 6

shows the relationship between the local hydraulic gradient

of the three samples and the test time.

It can be seen from Fig. 6 that the local hydraulic gra-

dient of the soil sample continues to rise on a macro level,

which is the result of the continuous increase in inlet

pressure. When Fz = 5% and Fz = 10%, the hydraulic

gradients in different regions of the sample are similar in

the early stage of the test, and the differences gradually

expand after reaching the critical hydraulic gradient for the

occurrence of suffusion. i1–2 and i5–6 basically reach a

stable state and are at a relatively low level, while the

hydraulic gradients in the middle region of the sample

continue to rise. This suggests that particle loss may begin

in the seepage outlet region (T5) at the top of the sample

and the influent region (T1) at the bottom, resulting in

relatively low hydraulic gradients in the T1 and T5 regions.

When Fz = 15%, no obvious suffusion occurred in the

sample, but compared with Fz = 5% and Fz = 10%, the

evolution trend of i1–2 and i5–6 did not change significantly,

indicating that the non-erodible particle content had little

influence on the fine particle loss process in the T1 and T5

regions. Fig. 3d shows that when Fz = 15%, a small

amount of fine particles in the sample are lost, which may

be from the seepage outlet area (T5) at the top of the

sample.

When fine particle loss occurs in the sample, the parti-

cles in the lower part of the sample need to pass through

the upper part of the sample to be lost out of the soil.

Therefore, the upper region of the sample will face the fine

particle supplement effect in the erosion stage, which may

also be the reason why i1–2 reaches the stable state earlier

and is less affected by the non-erodible particle content,

because after the loss of fine particles in the T1 region,

there will be no new particle supplement to affect the

seepage state. i5–6 is relatively stable in the erosion stage,

indicating that the fine particles in the lower part of the

sample have a short retention time after reaching the

seepage outlet area (T5) and will quickly be lost from the

soil sample, indicating that the fine particles that have

migrated are less likely to cause pore blockage in this area.

It can be seen from Fig. 6 that the hydraulic gradient in T2

and T3 regions is significantly higher than the global mean

hydraulic gradient.This also indicates that thedegreeofparticle

loss in the T2 and T3 regions is relatively low. In addition, the

heterogeneity of the local hydraulic gradient increases with

increasing non-erodible particle content.WhenFz = 5%, i3–4 is

relatively high. When Fz = 10%, i2–3 and i3–4 are similar and

Fig. 5 Relation between seepage velocity and global mean hydraulic gradient
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higher than those in other regions. When Fz = 15%, the local

hydraulic gradients showed a trend of polarization, and i2–3, i3–4
and i4–5 were significantly higher than i1–2 and i5–6. This shows

that the higher the content of non-erodible particles is, the

smaller the erosion range of the sample in space, and the more

difficult suffusion failure occurs.

4 Numerical simulation of suffusion

4.1 Construction of the model

The CFD_DEM coupled numerical model with the same

grading characteristics as the physical samples was estab-

lished by particle flow software PFC3D; that is, the contents

of coarse particles, non-erodible particles and erodible

particles were the same. Numerical models corresponding

to soil samples GP-1, GP-2 and GP-3 are numbered SZ1,

SZ2 and SZ3 in turn, and model parameters are shown in

Table 2. Due to the limitation of computing power, the size

of the model was reduced to 40 mm 9 40 mm 9 80 mm

(length 9 width 9 height). The particle sizes of coarse

particles, non-erodible particles and erodible particles in

the numerical model are expressed by the median particle

sizes of the test materials in Groups C, Z and K, which are

7.5 mm, 1.75 mm and 0.3 mm, respectively. Figure 7

shows the initial states of the three numerical models. The

red particles are coarse particles, the white particles are

non-erodible particles, and the blue particles are erodible

particles. The particle numbers of numerical models SZ1,

SZ2 and SZ3 are 28,065, 18,896 and 12,503, respectively.

In terms of model boundary conditions, the bottom

surface of the model is the pressure inlet, the top surface of

the model is the pressure outlet, and other boundary

Table 2 Numerical model parameters

Computation

modules

Parameter types (units) Values

Solid phase (DEM) Coarse particle density (kg/m3) 2650

Non-erodible particle density (kg/

m3)

2350

Erodible particle density (kg/m3) 2320

Shear stiffness (N/m) 1 9 107

Normal stiffness (N/m) 2.5 9 106

Coefficient of inter-particle

friction

0.5

Coefficient of particle–wall

friction

0.3

Fluid phase (CFD) Fluid density (kg/m3) 1 9 103

Dynamic viscosity (pas) 1 9 10–3

Size of fluid cells (mm) 8

Computational

setup

DEM timestep (s) 5 9 10–7

CFD timestep (s) 5 9 10–5

Simulation time (s) 8

Fig. 6 Evolution of local hydraulic gradient
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conditions are set as the boundary of the impervious wall.

The size of the fluid grid unit is 8 9 8 mm, and 250 fluid

grids are divided, as shown in Fig. 8a. To monitor and

record the porosity changes in different regions of the

sample during the seepage process, five measuring balls

with a diameter of 40 mm were set along the seepage

direction, numbered I, II, III, IV and V successively from

bottom to top, as shown in Fig. 8b. The water flow direc-

tion of the model is from bottom to top, as shown in

Fig. 8c.

Table 3 shows the test schemes of the three numerical

models. The main test variables are hydraulic gradient and

non-erodible particle content. After the particles are bal-

anced, the numerical test of suffusion is carried out, and the

equilibrium standard is that the maximum unbalanced force

of the particle system is less than 10-5N.

4.2 Model validation

The results of the numerical test and laboratory test were

compared to verify the reliability of the model. Figure 9

shows the comparison between the fine particle erosion

amount (defined as D) of the three numerical models and

the results of laboratory tests under the condition of

hydraulic gradient i = 0.6. Fine particle erosion amount

D is defined as the ratio of the cumulative loss of fine

Fig. 7 Schematic diagram of numerical model

Fig. 8 Model setup: a fluid meshing, b measurement sphere distri-

bution, c direction of water flow

Table 3 Numerical simulation scheme

Simulation

identity

Soil

sample

type

Erodible

particle

content Fc

(%)

Non-erodible

particle content

Fz (%)

Hydraulic

gradient i

SZ1-02 SZ1 15s 5 0.2

SZ1-04 SZ1 15 5 0.4

SZ1-06 SZ1 15 5 0.6

SZ2-02 SZ2 10 10 0.2

SZ2-04 SZ2 10 10 0.4

SZ2-06 SZ2 10 10 0.6

SZ3-06 SZ3 5 15 0.6

Fig. 9 Comparison of simulation and test results
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particles to the initial total amount of fine particles. As

shown in Fig. 9, although the model size and hydraulic

gradient application process are different, the amount of

fine particle erosion in the numerical tests is very close to

the laboratory test results. The coupled CFD_DEM method

and the simplified particle size distribution can effectively

simulate soil suffusion. Both the laboratory test and

numerical simulation results show that the fine particle

erosion amount decreases with increasing non-erodible

particle content.

4.3 The erosion process of fine particles

Figure 10 shows the particle migration and loss process

when the non-erodible particle content Fz = 5% and the

hydraulic gradient i = 0.6. In the initial state (t = 0 s), fine

particles are uniformly distributed in the sample, and after

the application of seepage, fine particles migrate and are

lost through the pore channel between coarse particles. At

last (t = 8 s), the fine particles were not all lost, the loss

was mainly erodible particles, and the coarse particles were

in a stable state in the process of seepage.

Figure 11 shows the porosity evolution of tests SZ1-02,

SZ1-04 and SZ1-06. When the hydraulic gradient i= 0.2,

the porosity of each region of the sample increases slightly

and slowly. The porosity of measurement sphere V

increased the most, from 20.7 to 24.8%, with an increase of

4.1%. The porosity of measurement sphere II increased by

2.3% from 20.2 to 22.5%. After the simulation time t = 6 s,

the sample porosity tends to be stable. When the hydraulic

gradient is low, the particle loss of the sample is small, the

loss rate is slow, and the particle loss mainly occurs in the

seepage outlet area.

When the hydraulic gradient i = 0.4, compared with test

SZ1-02, the porosity increase in each region of the sample

is significantly increased, and the porosity growth rate is

accelerated. The porosity of measurement sphere V

increased the most, from 20.7 to 27.7%, with an increase of

7.0%. The porosity increases of measurement spheres I and

IV were similar. The porosity of measurement sphere I

increased from 20.4 to 25.0%, and the porosity of mea-

surement sphere IV increased from 20.5 to 25.6%, by 4.6%

and 5.1%, respectively. The porosity of measurement

sphere III increased from 20.5 to 23.8%, an increase of

3.3%. The porosity of measurement sphere II increased by

1.7%. After the simulation time t = 5 s, the porosity of the

sample tends to be stable. With the increase in the

hydraulic gradient, the particle loss of the sample increased

significantly, and the particle loss rate in the seepage outlet

area accelerated significantly. The main loss range expan-

ded from the seepage outlet area on the upper part of the

sample to the two ends of the sample.

When the hydraulic gradient i= 0.6, the overall devel-

opment trend of the sample porosity is similar to that of test

SZ1-04, but the growth rate of the porosity in all regions is

significantly accelerated. The porosity of measurement

sphere V increased by 7.9% from 20.7 to 28.6%. The

porosity increases of measurement spheres I, III and IV

were close to 5.0%. The increase in porosity of measure-

ment sphere II remained the smallest, with an increase of

1.7%. After the simulation time t = 4 s, the sample

porosity tends to be stable. With a further increase in the

hydraulic gradient, the particle loss rate in each region of

the sample is significantly accelerated, and the main loss

range extends further from the two ends of the sample to

the middle of the sample.

The above research results show that the porosity of

each region of the sample presents an upwards trend with

increasing hydraulic gradient, and the time required for the

porosity to reach stability shortens, indicating that the loss

of fine particles gradually increases and the particle loss

speed accelerates. When the hydraulic gradient is low, the

particle loss of the sample is less, which proves that there is

a critical hydraulic gradient in suffusion. The increase in

porosity of measurement sphere II in the 3 groups of

working conditions is always small, indicating that the

particle loss is mainly concentrated at both ends of the

sample, and mainly in the seepage outlet area.

4.4 Effect of non-erodible particle content
on suffusion

Figure 12 shows the porosity evolution of tests SZ2-02,

SZ2-04, SZ2-06 and SZ3-06. For the sample with non-

erodible particle content Fz = 10%, when the hydraulic

gradient i = 0.2, the porosity growth rate of each region of

the sample is slow and small. The porosity of measurement

spheres I, IV and V increased by approximately 2.0%. The

porosity of measurement spheres II and III increased

slightly less, approximately 1.0%. When the hydraulic

gradient i = 0.4, the porosity of the measurement spheres I,

IV and V increases by approximately 3.5%.The porosity

growth rate of measurement sphere V showed an acceler-

ated trend, indicating that the particle loss rate in this area

was accelerated. There was no significant change in the

porosity development of measurement spheres II and III.

When the hydraulic gradient i = 0.6, the development trend

of the sample porosity changed obviously. The porosity of

measurement spheres I, IV and V all increased by about

7.5%, and the growth rate was accelerated. The porosity of

the measurement spheres II and III increased by approxi-

mately 4%, but the growth rate did not change signifi-

cantly. For the sample with non-erodible particle content

Fz = 15%, when the hydraulic gradient i = 0.6, the
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Fig. 10 Migration and loss process of fine particles: a t = 0 s; b t = 1 s; c t = 2 s; d t = 8 s
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porosity of each region increases slightly, and then grad-

ually becomes stable.

The above results show that the non-erodible particle

content is an important factor affecting the occurrence and

development of soil suffusion. Under the same fine particle

content, with the increase in non-erodible particle content,

the difficulty of soil suffusion gradually increases, which is

consistent with the analysis results of laboratory tests. In

addition, the time for the SZ2 sample to reach the

stable state under different hydraulic gradients is similar,

and it does not shorten significantly with increasing inlet

pressure. This may be because it is difficult for non-

erodible particles to move in the skeleton pores, resulting

in the fine particles not being lost out of the soil in a short

period of time, and the local migration movement is driven

by seepage until a relatively stable blocking structure is

formed, thus prolonging the time for the particle system to

reach stability.

4.5 Evolution of force chains

Figure 13 shows the evolution of the force chain in the

process of seepage of test SZ1-06. The contact force

between the particles is represented by the connecting tube,

the diameter of the connecting tube is proportional to the

size of the contact force, and the color changes accord-

ingly. As can be seen from Fig. 13, the contact force is

mainly transmitted through the coarse particles and forms

some strong chains. Due to the contact between particles,

weak force chains are formed between fine particles. The

development process of the local hydraulic gradient and

porosity of the sample shows that the fine particles at both

ends of the sample are first lost under the action of seepage,

and then gradually expand to the middle of the soil sample.

The force chain network of the particle system also reflects

the same law of particle migration and loss. In the early

stage of seepage, the particle system forms a large number

of force chains (t = 1 s). With the development of suffu-

sion, the number of weak force chains at both ends of the

soil sample began to decrease (t = 2 s), indicating that the

fine particles at both ends of the soil sample began to

migrate and be lost. When the simulation time is t = 4 s,

the weak force chains at both ends of the sample are further

reduced, and the remaining weak force chains are mainly

concentrated in the middle of the soil sample. When the

simulation time is t = 8 s, the continuous seepage leads to

the loss of fine particles, and the number of weak force

chains is significantly reduced, but there are still some

Fig. 11 Evolution of porosity
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weak force chains in the middle of the soil sample, indi-

cating that the fine particles are not completely lost. During

the seepage process, the strong force chain of the soil

sample did not change significantly.

Fig. 12 Evolution of porosity

Fig. 13 Evolution process of force chain: a t = 1 s; b t = 2 s; c t = 4 s; d t = 8 s
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Figure 14 shows the evolution process of the total

number of force chains with time under different working

conditions. For the samples with suffusion (SZ1-04, SZ1-

06 and SZ2-06), the evolution process of the total number

of force chains can be divided into an increasing stage and

a decreasing stage. In the early stage of seepage, particles

migrate under the action of seepage and produce a large

number of contact forces, and the number of force chains

increases significantly. Then, a large number of fine par-

ticles are lost under the action of continuous seepage,

resulting in a significant reduction in the number of force

chains. For the samples without suffusion (SZ1-02 and

SZ3-06), the total number of force chains increased sig-

nificantly in the early stage of seepage. However, due to the

low loss of fine particles, the total number of force chains

did not decrease significantly in the later period.

The hydraulic gradient and the content of non-erodible

particles have obvious influence on the evolution of the

total number of force chains. As shown in Fig. 14a, under

the condition that the content of non-erodible particles is

the same, the decreasing rate of the total number of force

chains in the decreasing stage accelerates with the increase

of hydraulic gradient. This means that the loss rate of fine

particles increases with the increase of hydraulic gradient.

In addition, with the increase of hydraulic gradient, the

maximum value of the total number of force chains

increases. This may be because the larger the hydraulic

gradient, the more particles migrate and the more force

chains the particles form during migration. As shown in

Fig. 14b, under the condition of the same hydraulic gra-

dient, the decreasing rate of the total number of force

chains in the decreasing stage slows down with the increase

of the content of non-erodible particles. This indicates that

non-erodible particles effectively inhibit the loss of fine

particles. In addition, with the increase of non-erodible

particle content, the maximum value of the total number of

force chains showed a decreasing trend. This is mainly

because the initial particle number of the model decreases

with the increase of non-erodible particle content.

4.6 Analysis of pore and constriction size
distribution of soil skeleton

Constriction is defined as the narrowest part of the channel

between the larger pores in the pore network of granular

materials and is the main obstacle to be overcome when

fine particles migrate through the pores [34, 35]. Therefore,

constriction size distribution (CSD) is an important index

to evaluate the particle transport capacity of pore channels.

At present, the methods for obtaining CSD include exper-

imental, numerical and analytical methods [34]. The pore

and constriction size distribution of the sample were

obtained based on the Delaunay method [24, 25]. Figure 15

shows the skeleton pore size distribution (PSD) and con-

striction size distribution (CSD).

As can be seen from Fig. 15, the particle size of erodible

particles is significantly smaller than the constriction size

of skeleton pores, while the particle size of non-erodible

particles is larger than most of the constriction size (76%).

This means that the migration of erodible particles in the

skeleton pores is less difficult, and it is easy to lose. Non-

erodible particles may move within local pores, but it is

difficult to migrate between pores. This is the fundamental

reason why clogging will gradually dominate as the content

of non-erodible particles increases.

Foster et al. [6] suggest classifying the results of filtra-

tion tests as ‘‘no erosion’’, ‘‘some erosion’’ and ‘‘continuing

erosion’’. Under the research conditions of this paper,

combined with the research results, it can be concluded

that: (1) when the content of non-erodible particles is

5–10%, the sample is in the ‘‘some erodible’’ state; (2)

When the content of non-erodible particles reaches 15%,

the sample is in the ‘‘non-erodible’’ state. In addition, the

local hydraulic gradient and the evolution law of porosity

show that the closed constriction is mainly located in the

Fig. 14 Evolution of the total number of force chains over time: a Fz = 5%; b i = 0.6
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middle region of the specimen. It should be noted that the

pore system of granular materials is very complex, and the

quantification process of pore space will be subjective [31].

The migration of fine particles in pores is affected by many

factors [36]. Therefore, the analysis of erosion process

based on constriction size distribution and fine particle size

distribution is not comprehensive. Pore network model can

also deepen the understanding of erosion process [13, 31].

Overall, the effect of the interaction between shrinkage and

non-erodible particles on erosion needs further study.

5 The change in the average permeability
coefficient

5.1 Evolution of global mean permeability
coefficient

The permeability coefficient of sand is calculated accord-

ing to Darcy’s law, and its expression is as follows:

k ¼ v=i ð2Þ
v ¼ Q=S ð3Þ
i ¼ h=l ð4Þ

where: k is the permeability coefficient; v is the average

seepage velocity; i is the hydraulic gradient; Q is the

seepage rate; S is the area of the seepage cross section; h is

the difference in the water head of the pressure measuring

pipe; and l is the length of the seepage path.

Figure 16 shows the evolution process of the global

mean permeability coefficient (defined as kav) of the three

samples in the laboratory test over the test time. When the

non-erodible particle content Fz = 5% and Fz = 10%, kav
showed a macroscopic increasing trend, indicating that the

permeability of the soil increased after suffusion. Because

the migration of fine particles may clog the soil pores,

resulting in a decrease in the connectivity of the soil pore

channels, kav appears to decrease in stages in the early

stage of seepage. When Fz = 5%, kav decreased from 1.02

to 0.88 cm/s before 90 min, with a decrease of 13.7%.

When Fz = 10%, kav decreased from 1.26 to 1.05 cm/s

before 100 min, with a decrease of 16.7%. Then, with

increasing inlet pressure, continuous seepage causes fine

particles to migrate and be lost, and the connectivity of the

soil pore channels is strengthened again, resulting in a

gradual increase in kav. At the end of the test, the ratio of

the final value of kav to the initial value is defined as Nk.

When Fz = 5%, kav increases to 2.25 cm/s and Nk = 2.21.

When Fz = 10%, kav increases to 2.01 cm/s and Nk = 1.60.

Compared with Fz = 10%, when Fz = 5%, the increase in

kav is larger and faster, which means that the loss degree of

fine particles is higher and the loss speed is faster. In

addition, when Fz = 10%, kav exhibited a fluctuation phe-

nomenon in the late growth stage, indicating that fine

particles may temporarily block the soil pores in the sub-

duction stage, but eventually migrate and be lost under

continuous seepage. When the non-erodible particle con-

tent Fz = 15%, kav showed a continuous decreasing trend

from 2.24 to 1.59 cm/s, with a decrease of 29.0%. This is

because sample GP-3 did not undergo suffusion, most fine

particles were not lost out of the soil after migration, and

the pores remained in a state of continuous blockage,

resulting in reduced permeability of the soil.

It is worth noting that the higher the content of non-

erodible particles is, the stronger the permeability of the

soil before the occurrence of suffusion. When Fz = 15%,

Fig. 15 Pore and constriction size distribution: a PSD; b CSD

Fig. 16 Evolution of global mean permeability coefficient
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the initial kav value is 2.24 cm/s, which is 2.20 times and

1.78 times the initial kav value when Fz = 5% and Fz-

= 10%, respectively. When Fz = 15%, the minimum kav is

1.59 cm/s, which is 1.81 times and 1.51 times the mini-

mum kav when Fz = 5% and Fz = 10%, respectively.

Moreover, when Fz = 15%, the minimum kav value is still

higher than the initial kav value when Fz = 5% and Fz-

= 10%. This indicates that when the content of non-

erodible particles reaches a certain critical value, the soil

has strong permeability and is not easily damaged by

suffusion.

5.2 Comparison between laboratory test
and simulation

In the numerical simulation, the soil permeability coeffi-

cient [5, 27] is calculated according to the Kozeny–Carman

equation, and its expression is as follows:

k ¼ d250
kc

n3

ð1� nÞ2
qg
l

ð5Þ

where kc is the Kozeny–Carman coefficient, generally 150

[5], and d50 is the equivalent particle size. l is the motion

viscosity coefficient; n is the porosity.

The Nk of the numerical simulation under the hydraulic

gradient i = 0.6 is calculated. Figure 17 shows the com-

parison between the laboratory test and numerical simula-

tion of Nk. By comparison, it can be found that when

Fz = 5% and Fz = 10%, the experimental and simulated Nk

are very close. When Fz = 5%, the Nk values of the labo-

ratory test and numerical simulation were 2.21 and 2.14,

respectively. When Fz = 10%, the Nk of laboratory test and

numerical simulation were 1.60 and 1.86, respectively.

When Fz = 15%, there is no suffusion in the soil sample,

and a large number of fine particles migrate and

accumulate in the pores, resulting in a decrease in the

macroscopic permeability of the soil. Therefore, the test

value of Nk is less than 1. In the numerical simulation, the

loss of a small number of fine particles leads to a slight

increase in the porosity of the sample, so the kav calculated

by Kozeny–Carman equation will show a slight increase

trend. Therefore, the simulated value of Nk is slightly

greater than 1. On a macro level, the growth of the global

mean soil permeability coefficient kav of the numerical

simulation is close to the results of the laboratory tests,

which verifies the reliability of the CFD_DEM coupling

model.

5.3 Evolution of the local permeability
coefficient

The local permeability coefficient of the sample between

the pressure measuring tube Cm–Cn is defined as km–n. For

example, the local permeability coefficient of the sample

between C1–C2 of the pressure measuring tube is k1–2.

Figure 18 shows the evolution process of the local per-

meability coefficients of the three samples in the laboratory

test with the test time.

When Fz = 5% and Fz = 10%, the evolution process of

the local permeability coefficient can be divided into a

stability stage and a growth stage. When Fz = 5%, (1)

before the test time reaches 90 min, the local permeability

coefficient basically maintains a stable state, and k1–2 and

k5–6 show a slight decreasing trend before 40 min. (2) After

the test time reaches 90 min, the local permeability coef-

ficient enters the increasing stage, and the increase ampli-

tude of k1–2 and k5–6 is large because the fine particles at

both ends of the sample are lost to a high degree, resulting

in strong local permeability. When Fz = 10%, (1) before

the test time reaches 100 min, the local permeability

coefficient basically maintains a stable state, and k1–2 and

k5–6 show a slight decreasing trend before 30 min; the

decrease is lower than that when Fz = 5%. (2) After the test

time reaches 100 min, the local permeability coefficient

enters the increasing stage, and there is a fluctuation phe-

nomenon, which may be because the soil pores are briefly

blocked. Among them, the fluctuation amplitudes of k1–2
and k5–6 are larger.

When Fz = 15%, the local permeability coefficient

shows a decreasing trend on the macro level. The decrease

in k1–2 and k5–6 was small, and the fluctuation increased in

the late stage of the test, which indicated that the fine

particles at the two ends of the sample migrated and were

lost, resulting in enhanced local permeability. Interestingly,

the evolution process of the global mean permeability

coefficient kav is similar to that of the permeability coef-

ficient in the middle region of the sample under different

non-erodible particle contents.Fig. 17 Comparison between experiment and simulation of Nk
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6 Conclusion

Through laboratory tests and CFD_DEM coupled numeri-

cal simulation of sand suffusion under vertical seepage

conditions, this paper explores the mechanism of sand

suffusion and the evolution law of permeability, and

mainly draws the following conclusions:

(1) The occurrence and development process of sand

suffusion can be divided into stability stage and an

erosion stage. Under the condition of the same fine

particle content, the difficulty of soil suffusion

increases with increasing non-erodible particle con-

tent. The soil changes from suffusion to relative

stability under continuous seepage. Therefore, on the

basis of considering the fine particle content of soil,

it is necessary to classify the fine particles by

comparing the pore diameter and the fine particle

size to further distinguish the permeability stability

of soil.

(2) Under the effect of vertical seepage, fine particle

migration and loss start from the seepage outlet area

and the influent area, and the non-erodible particle

content has little influence on the particle loss

process in these two areas.

(3) The numerical simulation results based on

CFD_DEM coupling show that a large hydraulic

gradient will accelerate the loss rate of fine particles.

After the loss of fine particles, the weak contact

chain in the corresponding region is obviously

reduced, while the strong contact chain is basically

stable.

(4) The average permeability coefficient of the soil

samples with suffusion decreased first and then

increased; the average permeability of the soil

samples without suffusion decreased continuously.

Before suffusion, the higher the non-erodible particle

content of the sample is, the greater the average

permeability coefficient. After the occurrence of

suffusion, the higher the content of non-erodible

particles is, the lower the average permeability

coefficient.

(5) The local soil permeability coefficient calculated by

Darcy’s law will be affected by other clogged areas.

Therefore, a single local permeability coefficient

cannot accurately reflect the particle migration and

Fig. 18 Evolution of local permeability coefficient
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pore plugging in the corresponding area. In addition,

the effect of local plugging on the macroscopic

permeability of soil must be considered.

In this paper, the influence of the content of non-

erodible particles on the mechanism of suffusion and the

evolution law of permeability is discussed, and the inhi-

bition of non-erodible particles on erosion is clarified. Our

next work is to quantitatively study the effect of the

interaction between non-erodible particles and shrinkage

on suffusion from the perspective of micromechanics.
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