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1. Introduction 
 

Geosynthetics have been widely used in engineering for 

filtration, separation, reinforcement, etc. (Liu et al. 2021, 

Raja and Shukla 2020, Raja and Shukla 2021a, Raja and 

Shukla 2021b) due to the advantages of convenience of use 

and installation, low environmental impact, and low cost. 

The aim of a geotextile filter is to permit the free flow of 

water from in situ soil to a drain without allowing 

substantial long-term loss of the soil particles. The pore size 

of the geotextile filter is the key parameter during the 

design of filter. The pore size of the geotextile filter must 

meet retention criterion, and the basic mechanism of the 

retention criterion is given in Eq. (1) (Liu and Xie 2017). 

The core idea of the retention criterion of filter material is 

to retain the controlling diameter of the protected soil with 

the pore size of the filter. Meanwhile, the bridge formation 

of the protected soil at the soil-geotextile interface must be 

considered (Giroud 2010). The soil particles may be 

blocked at the pores of geotextiles even if the diameter of 

the soil particle is smaller than the size of the pore, and then 

a soil bridge is formed (Khan et al. 2018, Watson and John 

1999). For simplification, the bridge coefficient in the 
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design criteria of a filter is usually taken as 1-2 (Liu and Xie 

2017). In reality, the bridge coefficient greatly varies on 

different occasions. To design a reasonable filter, it is vital 

to understand the formation of bridges at the soil-geotextile 

interface. 

0 kD d 
 

(1) 

where D0 is the average pore diameter of the filter 

material, dk is the controlling diameter of the protected soil, 

and α is the bridge coefficient. 

An increasing number of scholars have begun to focus 

on the bridge formation of granular materials (Guerrero et 

al. 2019, Lozano et al. 2015, Parretta and Grillo 2019). 

However, only limited research has considered the 

influence of the confining pressure and multiple openings 

on bridge formation. A series of tests was devised by 

Watson and John (1999) to examine the formation of soil 

particle bridges on the surface of non-compressible woven 

and non-woven geotextiles, and the relationship between 

the uniformity coefficient, particle size and pore size was 

examined. Valdes and Santamarina (2008) investigated the 

pore-scale mechanisms involved in bridge formation and 

destabilization with an experimental method and focused on 

the influence of the particle shape on the maximum throat-

to-particle size ratio. However, these studies did not cover 

the influence of the confining pressure and multiple 

openings on bridge formation. Concerning the bridge 

formation of grains, most previous experimental and 

simulation studies on the jamming of a silo have focused on 

a single outlet. However, Mondal and Sharma (2014) 

presented a simulation study on the formation of particle 

arches supported by flying buttresses through two adjacent 
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slots (rectangular outlets) and produced several new 

findings. A custom-made trapdoor test box was used to 

investigate the development of soil arching under localized 

surface static loading and cyclic loading (Xu et al. 2019b), 

but this research did not analyse the arch coefficient.  

Fluids have an important influence on the bridge 

formation of soil particles (Liu et al. 2019, Valdes and 

Santamarina 2006). To study the influence of the seepage 

flow on soil arching, a series of two-dimensional trapdoor 

tests were carried out considering different fill heights and 

water level heights (Xu et al. 2019a), and it was found that 

seepage flow increased the displacement of the particles and 

the effective vertical stress acting at the top of the trapdoor. 

Jung et al. (2018) reported an approach using microfluidic 

pore models to study the migration of fine particles and the 

bridging/clogging behaviour in a structure mimicking 

porous media. The results from the microfluidic model 

showed that fine particles accumulated along the water and 

gas, and consequently, bridging and clogging occurred in 

the pore throat. However, little attention has been paid to 

the interaction between the arch coefficient and seepage 

flow. Li and Aubertin (Li and Aubertin 2009a, Li and 

Aubertin 2009b) conducted theoretical research on the soil 

arching effect in 3D backfilled openings under hydrostatic 

conditions, but the influence of seepage flow was not 

accounted for. 

To better design a filter material that retains protected 

soil and drainage, it is vital to understand the formation of 

bridges at the soil-geotextile interface. According to the 

tests conducted by Watson and John (1999), the results of 

the bridge formation obtained from two-dimensional tests 

were equally valid for three-dimensional tests. Therefore, to 

promote high computational efficiency, the bridge 

formation of cohesionless sand was examined by the two-

dimensional Distinct-Element Method (DEM) with an 

emphasis on the arch coefficient. The influence of the 

hydraulic gradient, confining pressure, multiple openings 

and inherent cohesionless characteristics (porosity, 

gradation and friction coefficient) on bridge formation was 

examined. The results from these simulations are relevant to 

filter clogging and unclogging, water and oil extraction, 

sand production in oil wells, and food grain, aggregate and 

powder handling operations. 
 

 

2. Simulation method 
 
2.1 Discrete element method 
 

The Distinct-Element Method (DEM) was introduced by 

Cundall (1971) for the analysis of rock mechanics problems 

and then applied to soils by Cundall and Strack (1979). A 

thorough description of this method is given in the two-part 

paper by Cundall (1988) and Hart et al. (1988). DEM 

simulations were carried out using PFC2D in this paper. The 

PFC programs provide a general purpose, distinct-element 

modelling framework that includes both a computational 

engine and a graphical user interface. The PFC model 

simulates the movement and interaction of many finite-

sized particles. The particles are rigid bodies with finite 

mass that move independently of one another and can both 

translate and rotate. Particles interact at pairwise contacts 

by means of an internal force and moment. The contact 

mechanics are embodied in particle-interaction laws that 

update the internal forces and moments. The time evolution 

of this system is computed via the distinct-element method, 

which provides an explicit dynamic solution to Newton’s 

laws of motion as follows: 

= mechfu
g

t m




  
(2) 

=
M

t I



  
(3) 

where u⃗  is the particle velocity, f 
mech

 is the sum of the 

additional forces (externally applied and contact forces) 

acting on the particle, m is the particle mass, g⃗  is the 

acceleration due to gravity, ω⃗⃗  is the particle angular 

velocity, M⃗⃗⃗  is the moment acting on the particle, and I is 

the moment of inertia. 

PFC provides a particle-flow model that contain the 

following assumptions: (1) The particles are treated as rigid 

bodies. (2) The fundamental particle shape is a disk with 

unit thickness in 2D and a sphere in 3D, denoted by a ball. 

(3) Particles interact at pairwise contacts by means of an 

internal force and moment. The contact mechanics are 

embodied in particle-interaction laws that update the 

internal forces and moments. (4) The behaviour at the 

physical contacts uses a soft-contact approach where the 

rigid particles are allowed to overlap one another at the 

contact points. The contacts occur over a vanishingly small 

area (i.e., at a point), and the magnitude of the overlap 

and/or the relative displacement at the contact point are 

related to the contact force via the force-displacement law.  

In addition to balls, the PFC particle-flow model also 

includes walls. Walls allow one to apply velocity boundary 

conditions to assemblies of balls for purposes of 

compaction and confinement. The balls and walls interact 

with one another via the forces that arise at the contacts. 

The equations of motion are satisfied for each ball. 

However, the equations of motion are not satisfied for each 

wall. Instead, its motion is specified by the user and remains 

constant regardless of the contact forces acting on it. PFC 

has been successfully applied to a very broad range of 

numerical investigations. 

 

2.2 Model formulation 
 

To obtain reasonable simulation results, it is first 

important to build a reasonable model. The specimens in a 

laboratory can be divided into two types: the specimen 

without a confining pressure and the specimen with a 

confining pressure, and they both have good homogeneity 

in general. To reproduce the specimen in the laboratory, this 

paper tries to build these two kinds of specimens. At 

present, the common way to construct a DEM model with a 

desired porosity is called the ball distribution method 

(BDM). In this method, a set of balls are created, and their 

positions and radii are drawn from uniform distributions 

throughout the model domain by default. This process 
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ceases when a target porosity (not accounting for overlap) is 

achieved. The initial balls may overlap with other balls, and 

they bounce off each other due to their contact forces until a 

balanced state is achieved (the ratio of the average value of 

the unbalanced force over all the balls to the average value 

of the sum of the magnitudes of the contact forces, body 

forces and applied forces over all the balls is less than 1e-5). 

For the specimen without a confining pressure, the 

confining pressure is applied and maintained by the wall 

with servo control (Zhang et al. 2017). For the specimen 

without a confining pressure, the practical stress in the soil 

increases with increasing depth. To reproduce the gravity 

gradient field, the balls are calculated to a balanced state 

with gravity and a normal friction coefficient. The friction 

of the ball is set to zero to increase the homogeneity of the 

specimen during these processes.  

After many attempts, it is found that the numerical 

model built by the BDM in a single layer (SL) shows local 

heterogeneity (the porosity in the local area is too large or 

small), and it is difficult to guarantee the homogeneity of 

the specimen. A model built with a SL (Fig. 1(a)) is given as 

an example to elaborate this phenomenon. Both the friction 

coefficients of the balls and wall are set to 0.5. Twelve 

measuring circles (radius=0.5 mm) are installed to measure 

the porosity of the specimen (Fig. 3). The average porosity 

of the measuring circles of each row or column are 

calculated as a representative value and is shown in Fig. 3. 

It is clear that the porosity of the SL specimen shows a large 

discreteness. 

To obtain a more uniform numerical model whose stress 

is in accordance with the practical stress distribution law, a 

multi-layer method (ML) is proposed. The process of 

constructing the model is summarized as follows: 

(1) First, a set of non-overlapping balls were randomly 

generated in a given area, and the top wall was then moved 

down under a fixed velocity to compress the balls to a target 

porosity. After that, the top wall was fixed, and the balls 

were calculated to a balanced state. The first layer of balls 

was generated. It should be noted that during these 

processes, the gravity and the friction coefficient of the 

balls were set to zero. In addition, the balls exceeding the 

given area were deleted.  

(2) A new blank area over the first layer was generated, 

and the second layer of non-overlapping balls was randomly  

 
 

generated in this area. The top wall was then moved down 

to compress the balls to a target porosity. Last, the wall 

between these two layers of balls was deleted, and the balls 

were calculated to a balanced state. The second layer of 

balls was generated. 

(3) Step (2) was repeated until the specimen reached the 

predetermined height. Six layers of balls were generated in 

this paper. 

(4) Gravity was set to 9.8 m/s2, and the friction 

coefficient of the balls was set to the design value. The 

specimen was calculated to a balanced state, and the first 

and last layers of balls were deleted to make the specimen 

more uniform. Last, the specimen was obtained by 

calculating to a balanced state again. 

Because of the existence of compaction energy during 

the process of compaction, the porosity of the first layer of 

balls was slightly smaller than the average value, and the 

porosity of the last layer of balls was slightly larger. To 

enhance the homogeneity of the specimen, the first and last 

layers were deleted in the last step of the model formulation 

process. Therefore, two more layers of balls should be 

generated during the model formulation process. 

To compare the homogeneity of the specimen generated 

by a SL and ML, two models (Fig. 1) were built with these 

two methods. Both the friction coefficients of the balls and 

wall were set to 0.5 in the two models. Twelve measuring 

circles (radius=0.5 mm) were installed to measure the 

porosity of the specimen. The average porosity of the 

measuring circles of each row or column was calculated as 

a representative value and is shown in Fig. 3. It is clear that 

the porosity of the ML specimen showed a better 

homogeneity than that of the SL specimen. 

Cohesionless sand was modelled in this paper, and the 

parameters of the model are given in Table 1 based on the 

literature (Li et al. 2017). 

 

2.3 Simulation process 
 

To study the formation of a soil bridge at the 

cohesionless sand-geotextile interface, one or multiple 

identical openings are made at the middle of the bottom 

wall (Fig. 4). Similarly, as a three-dimensional pore can be 

idealized as a circle or as a rectangle, in two dimensions, it 

can be represented by a straight-line opening. For the 

 

Fig. 1 Model obtained by different methods (length=4 mm, height=4 mm, and radius of the ball=0.05 mm) 
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Fig. 3 Distribution of the porosity in specimens obtained 

by the single layer method and multi-layer method 

 

Table 1 Parameters of the model 

Parameters Values 

Normal stiffness of a ball 106 N/m 

Tangential stiffness of a ball 106 N/m 

Friction of a ball 0.5-1 

Density of a ball 2650 kg/m3 

Normal stiffness of the wall 106 N/m 

Tangential stiffness of the wall 106 N/m 

Friction of the wall 0.5 

 

 

convenience of making openings, rectangular walls with 

ignored heights are used. Then, the balls are driven by 

gravity to estimate whether a stable soil bridge is formed. 

The opening on the bottom wall is constantly widened until 

a stable bridge cannot form. To increase the reliability of the 

results, every case is calculated three times with three 

specimens that are generated under the same conditions 

except for a different random number. The largest opening 

when a stable bridge can form for the three samples is used 

to calculate the bridge coefficient (α) according to the 

following equation: 

85

=
W

D


 
(4) 

where W is the width of the opening and D85 is the 

characteristic diameter of the soil. When the uniformity 

coefficient is 1, D85 equals the largest diameter of the 

particles. 

 

Fig. 2 The procedure of the multi-layer method for generating specimens (a: generating randomly non-overlapping balls in 

a given area, b: moving down the top wall to a target porosity, c: generating randomly non-overlapping balls in the second 

given area, d: moving the top wall down to a target porosity to form the second layer of balls, e: six layers of balls, f: 

calculating to a balanced state under gravity, g: deleting the first and last layers of balls, and h: calculating to a balanced 

state under gravity) 
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For a higher computational efficiency, it is considered 

that the bridge does not form if the loss rate of the balls (k) 

is greater than 50%. k is calculated by the following 

equation: 

_ _
=

_

num total num now
k

num total



 
(5) 

where num_total represents the total number of balls, 

and num_now represents the present number of balls. 

 

 

3. Simulation results and discussion 
 
3.1 Influence of hydraulic gradient on bridge 

formation 
 

In many cases, cohesionless sand is below the 

groundwater level. If there is a need for filter materials to 

retain cohesionless sand and drainage, bridge formation will 

be an important factor that needs to be considered when 

designing filter materials. To more realistically reflect the 

bridge formation of cohesionless sand that is below the 

groundwater level, the influence of water should be 

considered.  

To study the influence of different hydraulic gradients 

on bridge formation, fluid–solid interactions need to be 

considered. When fluid flows through particle aggregation, 

as for a single particle, the forces from the fluid (Huang et 

al. 2014, Zou et al. 2013) are composed of a drag force (the 

first term on the right of Eq. (5)), fluid gradient force (the 

second term on the right of Eq. (5)) and buoyancy force (the 

third term on the right of Eq. (5)). For the sake of 

simplification, the drag force is not considered in this paper 

(Wang and Ni 2013), and it is relatively small compared 

with the other forces when the fluid velocity is slow in the 

seepage field. Only the seepage force and buoyancy force 

are employed to study the fluid–solid interaction. In 

addition, an average hydraulic gradient is applied to the 

whole specimen, and it remains the same during the 

simulation process; therefore, a weak form of coupling 

between the fluid and particles is considered.  

 

 

3 3 34 4 4
=

3 1 3 3

b
ffluid

f
f r r p r g

n
      

  
(5) 

where r is the radius of the particle, f 
b
 is the body force 

per unit volume, p is the fluid pressure, g⃗  is the 

acceleration of gravity and ρf is the density of fluid. As the 

balls used in this paper are two dimensional with a unit 

thickness, the volume of the ball is calculated by πr2. 

Four hydraulic gradients (0, 5, 10, 20) were selected in 

this paper. The specimen is generated with a targeted 

porosity of 0.15, and the diameters of the particles are the 

same (0.1 mm). The width and height of the specimen are 

both set to 4 mm, and they are 40 times that of the diameter 

of the particles. The influence of the walls can be ignored 

when the walls are more than 15 times that of the diameter 

of the particles away from the opening (Mondal and Sharma 

2014). The friction coefficient of the particles is set to 0.5, 

and the remaining parameters of the specimen are given in 

Table 1. To increase the reliability of the results, every case 

is simulated three times with three specimens that are 

generated under the same conditions except for a different 

random number. The final porosity of every specimen is 

slightly different from its design value due to randomness. 

During the calculation, only one opening is made at the 

bottom wall. The simulated results are presented in Table 2, 

and the accuracy of the bridge coefficient is within 0.01. 

When the hydraulic gradient was zero, the bridge 

coefficient was 4.47, and it remained the same when the 

hydraulic gradient increased to 5. As the hydraulic gradient 

continued to increase, the bridge coefficient dropped to 4.34 

(i=20). This shows that the hydraulic gradient decreased the 

bridge coefficient, and the effect was more substantial when 

the value of the hydraulic gradient was large. This is 

because the force applied to the particles by water drove the 

particles to move downward, which was unfavourable to the 

formation of a soil bridge. It is inferred that the opposite 

effect would be observed if the water flowed upward. In 

conclusion, the hydraulic gradient had an important effect 

on the bridging behaviour, and it should receive sufficient 

attention in the design of filter materials for cohesionless 

sand.  

 

Fig. 4 Simulation process of a soil bridge 
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Table 2 Bridge coefficient of the specimens under different 

hydraulic gradients 

Specimen Porosity 
Diameter of a ball 

(mm) 

Hydraulic 

gradient 

Bridge 

coefficient α 

S1 0.153 0.1 

0 4.47 S2 0.150 0.1 

S3 0.148 0.1 

S1 0.153 0.1 

5 4.47 S2 0.150 0.1 

S3 0.148 0.1 

S1 0.153 0.1 

10 4.45 S2 0.150 0.1 

S3 0.148 0.1 

S1 0.153 0.1 

20 4.34 S2 0.150 0.1 

S3 0.148 0.1 

 

 

3.2 Influence of the confining pressure on bridge 
formation 

 

Cohesionless sand is buried at different depths in the 

ground; therefore, it is subjected to different confining 

pressures according to its depth. This section presents the 

simulated results of the influence of the confining pressure 

on the bridge formation of cohesionless sand. 

As a specimen generated by the ML method is not 

guaranteed to have a smooth surface, it is inconvenient to 

apply a confining pressure later. Hence, the specimen is first 

created by the BDM in a single layer with a diameter of 

balls of 0.1 mm (the target porosity is 0.20), and the 

external force is then applied and maintained by four walls 

with servo control (Zhang et al. 2017). The width and 

height of the specimen are both set to 4 mm, and the friction 

coefficient of the ball is 0.5. The remaining parameters of 

the specimen are given in Table 1. During these processes, 

gravity is not applied to the specimen to enhance its 

homogeneity until the simulation of the formation of a soil 

bridge. This is reasonable because the value of gravity is 

much less than the value of the confining pressure. Three 

confining pressures (10 kPa, 20 kPa, and 40 kPa) are 

considered. It should be noted that the final porosity of the 

specimen is different from the initial value (0.2), as the 

confining pressure makes the specimen denser. Three 

specimens are generated for every confining pressure, and 

their final average porosities are 0.17, 0.15 and 0.11 when 

the confining pressures are 10 kPa, 20 kPa and 40 kPa, 

respectively. 

During the calculation, only one opening was made at 

the bottom wall, and all the simulations were executed with 

a hydraulic gradient of 10. The common largest hydraulic 

gradient in the lab was 10 (Giroud 2010). The simulated 

results are presented in Fig. 5, and the accuracy of the 

bridge coefficient was within 0.1. When the confining 

pressure was greater than zero, the bridge coefficient was 

larger than that when the confining pressure was zero. This 

indicates that a proper confining pressure was favourable to  
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Fig. 5 Bridge coefficient of the specimens under different 

confining pressures 

 

 

Fig. 6 Schematic diagram of multiple openings 
 

 

increase the bridge coefficient. As the confining pressure 

increased from 10 kPa to 40 kPa, the bridge coefficient 

decreased from 5.1 to 4.8, and the decrease slowed. This 

shows that with the continual increase in the confining 

pressure, the confining pressure began to have an 

unfavourable effect on the formation of a soil bridge. The 

confining pressure had two effects on the soil bridge. On 

the one hand, the compactness effect of the confining 

pressure increased the internal locking of the soil particles. 

As a result, it was easier to form a soil bridge. On the other 

hand, with the continual increase in the confining pressure, 

it would lead to the sliding of the soil particles, which was 

unfavourable to the formation of a soil bridge. 

 

3.3 Influence of multiple openings on the bridge 
formation 

 
In projects, there are more than one opening during the 

formation of a soil bridge. Therefore, the influence of 

multiple openings on the bridge formation of cohesionless 

sand is studied in this section. The ratio of the width of the 

opening (W) and the distance between two openings (Wd) is 

an important parameter that needs to be determined. 

Because geotextiles are widely used as filter materials for 

cohesionless sand, the ratio is determined based on the 
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Table 3 Bridge coefficient of the specimens under different 

numbers of openings 

Specimen Porosity 
Diameter of a 

ball (mm) 

Hydraulic 

gradient 

Number 

of 
openings 

W/Wd 
bridge 

coefficient α 

S1 0.153 0.1 

10 single / 4.45 S2 0.150 0.1 

S3 0.148 0.1 

S4 0.148 0.1 

10 Multiple 1.5 2.84 S5 0.150 0.1 

S6 0.152 0.1 

S4 0.148 0.1 

10 Multiple 1.2 2.86 S5 0.150 0.1 

S6 0.152 0.1 

 

 

characteristics of geotextiles. Two ratios (1.5 and 1.2) are 

selected according to (Yan et al. 2020), and five openings 

are made at the bottom wall (Fig. 6). 

The specimen was generated with a targeted porosity of 

0.15, and the diameters of the particles were the same (0.1 

mm). To ensure that the lateral walls were more than 15 

times that of the diameter of the particles away from the 

openings, the width and height of the specimen were set to 

6 mm and 4 mm, respectively. The friction coefficient of the 

particles was set to 0.5, and the remaining parameters of the 

specimen are given in Table 1. Three specimens were 

generated under the same conditions except for a different 

random number, and all the simulations were executed with 

a hydraulic gradient of 10.  

The simulated results are given in Table 3. It is clear that 

the bridge coefficient substantially decreased when there 

was more than one opening. This shows that the number of 

openings had a substantial influence on the formation of the 

soil bridge. In addition, as the ratio of the width of the 

opening and the distance between two openings increased 

from 1.2 to 1.5, the bridge coefficient dropped from 2.86 to 

2.84. The wall at the bottom played an important role in the 

formation of the soil bridge, which could offer support for 

the bridge foot. The narrower walls decreased this effect of 

the support; as a result, it was more difficult for the bridge 

to form. It is recommended that the actual opening 

condition should be adopted to study bridge formation in 

future research. 

 

3.4 Influence of the inherent characteristics of 
cohesionless sand on bridge formation 

 

Inherent characteristics of cohesionless sand, such as the 

porosity, gradation and friction coefficient, also have an 

important influence on bridge formation. This section 

describes the simulated results of cohesionless sand with 

different porosities, gradations and friction coefficients. 

 

3.4.1 Porosity  
According to Wang et al. (2014), the common porosity 

of the 2-D model varied from 0.15 to 0.20. Hence, three 

porosities (0.150, 0.175 and 0.194) were selected to study  

Table 4 Bridge coefficient of the specimens under different 

porosities 

Specimen Porosity 
Diameter of a 

ball (mm) 

Average 

porosity 

Hydraulic 

gradient 

Bridge 

coefficient α 

S1 0.153 0.1 

0.150 10 4.45 S2 0.150 0.1 

S3 0.148 0.1 

S7 0.172 0.1 

0.175 10 4.28 S8 0.175 0.1 

S9 0.178 0.1 

S10 0.193 0.1 

0.194 10 4.27 S11 0.194 0.1 

S12 0.195 0.1 

 

Table 5 Particle gradation of the cohesionless sand 

Cu (d60/d10) Dmin /mm D10 /mm D15 /mm D60 /mm Dmax /mm 

1.65 0.10 0.115 0.12 0.19 0.25 

2.50 0.095 0.10 0.12 0.25 0.30 

 

 

the influence of compactness on the bridge formation of 

cohesionless sand. The specimen was generated with a 

friction coefficient of 0.5, and the diameters of the particles 

were the same (0.1 mm). The width and height of the 

specimen were both set to 4 mm, and the remaining 

parameters of the specimen are given in Table 1. Three 

specimens were generated under the same conditions except 

for a different random number, and all the simulations were 

executed with a hydraulic gradient of 10. During the 

calculation, only one opening was made at the bottom wall, 

and the simulated results are given in Table 4. It is clear that 

with increasing porosity, the bridge coefficient experienced 

a slight decline. When the porosity changed from 0.175 to 

0.194, the bridge coefficient only declined by 0.01. When 

the porosity gradually increased, the cohesionless sand 

became looser. This decreased the internal locking of the 

soil particles. As a result, it was more difficult to form soil 

bridges. As a whole, the influence of the porosity on the 

bridge coefficient was small.  
 

3.4.2 Gradation 
The uniformity coefficient (Cu= d60/d10) is an important 

parameter for describing different gradations of 

cohesionless sand. Two Cu values of 1.65 and 2.5 are 

considered in this paper, and the specific gradation is given 

in Table 5. When the particles have the same diameter, Cu is 

1, and this case is chosen as the control case. 

The specimen was generated with a targeted porosity of 

0.15, and the diameters of the particles were the same (0.1 

mm). The width and height of the specimen were both set to 

4 mm, and the friction coefficient of the particles was set to 

0.5. The remaining parameters of the specimen are given in 

Table 1. Three specimens were generated under the same 

conditions except for a different random number, and all the 

simulations were executed with a hydraulic gradient of 10. 

Only one opening was made at the bottom wall, and the 

simulated results are given in Table 6. 

When Cu increased from 1.0 to 1.65, the bridge 

coefficient experienced a remarkable decline from 4.45 to 

3.25. The bridge coefficient was 3.0 when Cu was 2.5. 

Therefore, the gradation of the cohesionless sand had a 
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Table 6 Bridge coefficient of the specimens under different 

gradations 

Specimen Porosity 
Diameter of a 

ball (mm) 
Cu 

Hydraulic 

gradient 

Bridge 

coefficient α 

S1 0.153 0.1 

1.00 10 4.45 S2 0.150 0.1 

S3 0.148 0.1 

S12 0.150 0.1 

1.65 10 3.25 S14 0.152 0.1 

S15 0.152 0.1 

S16 0.148 0.1 

2.50 10 3.00 S17 0.150 0.1 

S18 0.150 0.1 

 
 

substantial influence on the formation of the soil bridge. 

With the increase in the uniformity coefficient, the structure 

of the cohesionless sand became more unstable. In addition, 

it was more different for the soil bridge to form. 
 

3.4.3 Friction coefficient and diameter 
All the simulations described above used a friction 

coefficient of sand of 0.5. The friction coefficient of sand in 

S1 to S3 was changed to 1.0, and these specimens were 

used to execute a simulation with one opening and a 

hydraulic gradient of 10. The bridge coefficient was 4.47, 

which was slightly larger than that (4.45) when the friction 

coefficient was 0.5; therefore, a larger friction coefficient of 

cohesionless sand was conducive to the formation of a soil 

bridge. 

Except for specimens S12 to S18, the diameter of the 

cohesionless sand was set as 0.5 mm for the remaining 

specimens (Cu=1). To determine whether the conclusions 

obtained by these specimens were applicable to other 

diameters of cohesionless sand (Cu=1), three specimens 

were generated with a particle diameter of 1 mm. The 

targeted porosity of the specimen was 0.15, and the friction 

coefficient of the particles was 0.5. The width and height of 

the specimen were both set to 4 mm, and the remaining 

parameters of the specimen are given in Table 1. Only one 

opening was made at the bottom wall, and the average 

hydraulic gradient was 10. The bridge coefficient (4.45) 

was identical to that of the specimen with a particle 

diameter of 0.5 mm. This shows that when Cu=1, the 

conclusions obtained by one particle diameter were 

applicable to specimens with different particle diameters. 
 

 

4. Conclusions 
 

To understand bridge formation at the cohesionless 

sand-geotextile interface under different conditions, a series 

of numerical simulations with the two-dimensional DEM 

were conducted and found: The number of openings of the 

filter had a substantial influence on the formation of the soil 

bridge, and the bridge coefficient substantially decreased 

when there was more than one opening. Because the 

narrower walls decreased the support of the bridge foot, it 

was more difficult for the bridge to form. It is 

recommended that the actual opening condition should be 

adopted to study the formation of bridges in future research. 

When the uniformity coefficient increased from 1.0 to 

1.65, the bridge coefficient experienced a remarkable 

decline from 4.45 to 3.25. The gradation of the cohesionless 

sand had a substantial influence on the formation of the soil 

bridge. With the increase in the uniformity coefficient, the 

structure of the cohesionless sand became more unstable, 

and it was more different for the formation of the soil 

bridge.  

When the confining pressure was greater than zero, the 

bridge coefficient was larger than that when there was no 

confining pressure. With the continual increase in the 

confining pressure, the confining pressure began to have an 

unfavourable effect on the formation of a soil bridge. 

The hydraulic gradient slightly decreased the bridge 

coefficient when the uniformity coefficient was 1, and the 

effect was more substantial when the value of the hydraulic 

gradient was large. As a whole, the influence of the porosity 

and the friction coefficient of sand on the bridge coefficient 

was small when the degradation of the cohesionless sand 

was uniform. A smaller porosity and larger friction 

coefficient were conducive to the formation of soil bridges. 

 

 

Acknowledgements 
 

This paper was supported by “the National Natural 

Science Foundation of China” (Grant No. 51609069) and 

“the National Key Research and Development Program of 

China” (Grant No. 2017YFC1502603). 

 

 

Notations 
 

Cu coefficient of uniformity (dimensionless) 

dX soil particle size corresponding to X% passing 

(mm) 

D0 the average pore diameter of the filter material 

(mm) 

dk the controlling diameter of the protected soil 

(mm) 

α bridge coefficient (dimensionless) 

W width of the opening (mm) 

Wd the distance between two openings (mm) 

k the loss rate of balls (dimensionless) 

num_total the total number of balls 

num_now the number of balls at present in the model 

i hydraulic gradient (dimensionless) 
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