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A B S T R A C T   

Internal erosion can induce significant changes in the mechanical properties of soils, posing various hazards to 
dam and dike structures. Despite its importance, our current understanding of this phenomenon remains 
incomplete. The influence of pre-shearing stress conditions on the mechanical behaviours of soils during the 
internal erosion process is particularly challenging, as existing experiments have not been able to maintain the 
constant pre-shearing stress ratios. To bridge this gap in knowledge, this paper presents a series of discrete 
element method (DEM) simulations focused on gap-graded cohesionless soil. The primary objective of these 
simulations is to investigate two specific cases of internal erosion: suffusion and suffosion processes. Soil spec
imens are subjected to different pre-shearing stress ratios in the standard triaxial tests before being submitted to 
different levels of erosion to study their constitutive responses. The results show that erosion-induced defor
mation (i.e. suffosion) only starts after a specific amount of mass loss. This mass loss and the pre-shearing stress 
ratio form a well-defined criterion for triggering suffosion, which is named “suffosion surface”. The volumetric 
strain is shown to be a better indicator to describe the suffosion process than the commonly used void ratio. The 
pre-shearing stress ratio significantly influences the suffosion response of the soil sample, with a higher pre- 
shearing stress ratio facilitating soil failure. Furthermore, soil specimens undergo both deviatoric and volu
metric responses during the suffosion process. To this end, new DEM-based statistical equations were proposed to 
describe the observed mechanisms, which are helpful for the future development of constitutive models to 
describe internal soil erosion.   

1. Introduction 

Internal erosion is the process in which fine soil particles are 
migrated in porous media under the effect of seepage flow. The occur
rence of internal erosion causes porous media to lose soil grains, 
inducing significant changes in soils properties (e.g., an increase in the 
porosity, compressibility of soil, a reduction in shear strength), which, in 
turn, may cause many catastrophic events such as dam/embankment 
failures, landslides and sinkholes (Reclamation, B.o. Teton Dam His
tory., 2016; Sawicki and Swidzinski, 2000; Mitchell and Fitzpatrick, 
1979; Fisher et al., 2016; Jiang, 2023; Ye and Liu, 2021). To understand 
key mechanisms and effects of internal erosion on soil behaviour and to 
formulate criteria to assess the susceptibility of soils subjected to in
ternal erosion, as well as to forming erosion laws, a large number of 
experimental studies were conducted using typical tests such as hy
draulic tests (Israr et al., 2016; Chang and Zhang, 2013; Lafleur et al., 

1989), triaxial tests integrated with pressurised water supply system 
(Chang and Zhang, 2011; Chang and Zhang, 2013; Ke and Takahashi, 
2014). Although these studies have provided valuable empirical criteria 
(Chang and Zhang, 2013; Sherard, 1992. 1992.; Kenney and Lau, 1985; 
Wan and Fell, 2008; Fannin, 2008) for assessing the susceptibility of 
soils and hydraulic conditions due to internal erosion, and revealed 
typical post-eroded responses of soils (e.g., increase in hydraulic con
ductivity and compressibility, decreases in shear strength), insights into 
the underlying mechanisms governing internal soil erosion are still far 
from comprehensive. Contradicting results have been reported in the 
literature. For example, there exists a disagreement on whether soil 
samples become stronger or weaker (Chang and Zhang, 2011; Ke et al., 
2012; Xiao and Shwiyhat, 2012; Ke and Takahashi, 2014) after internal 
soil erosion. This is because the mechanical behaviours of sandy soils are 
affected by multiple internal/external factors, including particle sizes, 
shapes (Zhou, 2016; Dai et al., 2016; Wei and Yang, 2014; Slangen and 
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Fannin, 2017; Cavarretta et al., 2010), grain size distributions (GSDs) 
(Xiao, 2017; Strahler et al., 2018; Prasomsri et al., 2021), confining 
pressures (Xiao, 2017) and stress paths (Xu et al., 2012). In addition, 
internal erosion results in complicated interactions between many 
different processes, including narrower GSD (Zhang, 2019), increases in 
hydraulic conductivity (Hieu et al., 2017), changes in the pore network 
(Nguyen, 2019), and soil stress states (Ke and Takahashi, 2012; Scholtes 
et al., 2010; Wood et al., 2010). Moreover, most existing experimental 
studies have overlooked the effect of pre-shearing stress ratios on the 
mechanical behaviours of soils during the internal erosion process, as it 
has been challenging to maintain constant pre-shearing stress ratios 
using existing experimental apparatuses. This limitation raises concerns 
about the applicability of existing experimental findings to real in-situ 
conditions. 

To address the above difficulties, the discrete element method (DEM) 
(Cundall and Strack, 1979) has been utilised and shown to be a prom
ising tool to improve our understanding of internal soil erosion (Scholtes 
et al., 2010; Wood et al., 2010; Wang and Li, 2015; Shire, 2014; Nguyen 
and Indraratna, 2020). Shire, O’Sullivan (Shire, 2014) reported that 
lower effective stress transmitting through finer particles is the main 
reason causing fine particles to be eroded. The effective stress distri
bution inside the soil specimen significantly depends on its particle-size 
distribution, particle shape, finer fraction percentage and relative den
sity. Changes in the dilatancy response (i.e. from dilatant to contractive 
behaviours) and stress states of the soil specimen caused by internal 
erosion were also highlighted in several previous studies by Muir Wood, 
Maeda (Wood et al., 2010)and Scholtes, Hicher and Sibille (Scholtes 
et al., 2010). In addition, DEM has also been coupled with computa
tional fluid dynamics (CFD) to replicate seepage flow and subsequent 
internal erosion. For example, Tao and Tao (Tao and Tao, 2017) re
ported that the evolution of piping depends heavily on the particle size 
and porosity distribution and that piping does not always initiate from 
the free surface. Zheng et al (Hu et al., 2019) investigated the progres
sive loss of fine particles subjected to upward seepage flow on suffusion 
in gap-graded and well-graded soils and indicated that the loss of the 
cumulative fine approaches the initial fines content at the end of suf
fusion for the gap-graded soils, while is negligible for well-graded soils. 
Overall, existing DEM studies have provided a better understanding of 
changes in soil fabrics and some important soil responses caused by 
internal erosion. However, very limited research (if not any) was dedi
cated to studying the suffosion process (i.e. how the soil deforms during 
internal erosion) and to investigating its consequence on the overall 
behaviour of soil samples when being further subjected to different pre- 
shearing conditions. 

In this study, the effect of internal soil erosion on suffusion and 
suffosion responses of gap-graded soil is quantitatively investigated 
using 3D DEM simulations. Different amounts of erosion, confining 
stresses and pre-shearing stress ratios are applied in these simulations to 
achieve insights into the understanding of the mechanical responses of 
gap-graded soils at different states during the internal erosion process. 
New DEM-based statistical equations are then proposed to describe key 
mechanisms underpinning the internal erosion processes. 

2. Numerical procedures 

Standard triaxial tests were numerically carried out on gap-graded 
soil samples to investigate the behaviour of these samples under 
different loading processes. The soil sample has a cubic shape with a 
dimension of (10 × 10 × 10 mm) and an initial fines content of 35 %. All 
the DEM simulations are implemented in the YADE software package 
(Kozicki and Donze, 2009). Soil samples were created using the radius 
expansion method, commonly used in the literature (Lee et al., 2012; 
Tran et al., 2021; Tran, 2020; Mu, 2023), and each soil sample has 
approximately 150,000 spherical particles. The GSD was selected so that 
the generated samples were internally unstable and vulnerable to 
seepage flow (KÉZDI, Á., Soil Physics: Selected Topics., 1979; Kenney 

and Lau, 1986; Kenney and Lau, 1985; Burenkova, 1993). A similar 
configuration was also previously considered by Shire, O’Sullivan 
(Shire, 2014) and Kenichi Kawano (Kawano, 2016). Confining pressure 
was applied to the samples by applying the servo-control to the six 
frictionless walls. Fig. 1 shows the GSD of a soil sample with an initial 
fines content of 35 % and a numerical sample after being confined at 
100 kPa. Fig. 2 shows the triaxial loading paths of non-eroded samples at 
different confining stresses and the estimated critical state line (CSL) for 
these samples generated using the initial interpaticle friction of 0.1. It 
can be observed from this figure that the initial states of these samples 
are located well below the CSL, indicating relatively dense samples. On 
the other hand, for samples generated using the initial interpaticle 
friction of 0.2, their initial void ratio is around 0.36 for a confining 
pressure ranging from 50 kPa − 200 kPa. This range of initial void ratio 
falls just above the CSL, suggesting that these samples are in the 
medium-dense state. Other basic parameters for DEM simulations in this 
study are summarised in Table 1. 

The erosion and shearing processes are outlined in Fig. 3(a). After 
being isotropically confined and reaching their equilibrium state, soil 
specimens were moved into the pre-shearing stage to reproduce field 
conditions where different pre-shearing stress ratios were applied to the 
soil body. The macroscopic response of the samples during the pre- 
shearing state is indicated by line segments AB and AB′ in Fig. 3 (b). 
After a desired pre-shearing stress ratio η = q/p (with q being the 
deviatoric stress and p the mean stress) was achieved, the soil specimen 
was then subjected to the erosion process represented by line segments 
BC and B′C′ in Fig. 3 (b). This process was accomplished by following the 
approach reported by Scholtes, Hicher and Sibille (Scholtes et al., 2010), 
in which particles that carried the smallest stress were slowly shrunk and 
subsequently removed from the soil specimen after their size was less 
than 10 % of the initial size of the smallest particle. Each time particles 
were shrunk or deleted, the samples were run until reaching their 
equilibrium state, and then the above steps were repeated until the 
specified eroded fraction (i.e., the ratio of the eroded mass to the initial 
mass) was achieved. The stress ratio and confining stress were kept 
constant during this erosion process. Fig. 1 shows the GSD evolution of a 
sample after being eroded from 0 % to 12.5 % fines content at different 
specified eroded fractions, which is consistent with previous studies 
(Scholtes et al., 2010; Wood et al., 2010; Hicher, 2013; Hosn, 2018; 
Wang and Li, 2015). To distinguish samples tested in this study, the 
samples, hereafter, are named corresponding to the stages they experi
enced. For example, p100d5 refers to a dense (d) sample with an initial 
confining pressure (p) of 100 kPa and undergoing 5 % erosion (e). It is 
worth noting that all samples used in this paper are dense. Samples 
generated with an initial inter-particle friction of 0.1 (denoted with the 
letter d in the sample name) are denser than those created using an 
initial inter-particle friction of 0.2 (without the letter d). 

3. Influence of internal erosion on pre-shared samples 

3.1. The onset of deformation – Suffosion surface 

Gap-graded soils consist of fine particles filled up void spaces created 
by coarse particles, and thus under external loads, soil particles of 
different sizes could bear different levels of stress. When these soils are 
subjected to internal erosion with a large enough hydraulic gradient, 
stress-free fine particles (or very lightly stressed) may be eroded first. 
The mass loss of these fine particles, in many cases, does not trigger any 
soil deformation or affect the stability of the soil samples in the short 
term. This process is often named “suffusion”. As more fine particles are 
eroded, the soil samples start to deform, causing instability to the soil 
samples, and this process is commonly named “suffosion”. The transition 
limit between suffusion and suffosion or the onset of deformation is 
hereafter termed the “suffosion point”. Shire, O’Sullivan (Shire, 2014) 
reported that the suffosion point of gap-graded soils changes with the 
gap ratios and fines fractions. In our view, stress states may also affect 
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this suffosion point as under a higher stress state, more particles are 
involved in carrying external loads, and thus the sample is more likely to 
deform given the same amount of erosion. 

To quantitatively determine the suffosion point under different stress 
states, the evolution of volumetric strain caused by internal erosion was 

recorded during the first stage of eroding soil samples. It is important to 
note that in DEM simulations, the measurement of sample deformation 
due to particle removal is instantaneous. In contrast, achieving this in 
the laboratory with exisiting equipment is not a straightforward task. To 
ensure the correct determination of the suffosion point in the experi
ment, it is crucial to consider the delay in measurement between erosion 
and sample deformation. Fig. 4(a) plots this evolution for four samples 
under the same confining pressure of 100 kPa and the initial state 
parameter, which is defined as the difference between current void ratio 
and critical state void ratio (the void ratio on the critical state line under 
the same confining stress as the current void ratio), but were subjected 
to different pre-shearing stress ratios. Here, the samples with and 
without the suffix “d” attached at the end of their name have the same 
critical state parameters. In all cases, the volumetric strain starts to 
develop as soon as the erosion process commences, making it chal
lenging to identify the suffosion point. In fact, this is also the issue of 
existing literature where there is no universal approach to defining this 
suffosion point from both experimental and numerical data (Ke and 
Takahashi, 2014). We also note that the sudden jump in the volumetric 
deformation curve observed in our numerical simulations at large pre- 
shearing stress ratios was caused by the local pore collapse, which 
significantly varies among soil samples and thus is not suitable to 

Fig. 1. GSD of DEM sample at different levels of erosion.  

Fig. 2. Triaxial loading paths and an approximated critical state line for non-eroded samples at different confining stresses (µi = 0.1).  

Table 1 
Input parameter for DEM simulations.  

Parameter Symbol Value Unit 

Particle density ρ 2670 kg/ 
m3 

Initial inter-particle friction* μ i 0.1 0.2  
Initial void ratio (after 

confining) 
e 0.339–0.342 0.359–0.360  

Final inter-particle friction μ f 0.3  
Particle Young’s modulus E 5.00 × 108 Pa 
Poisson’s ratio υ 0.3  
Confining stress p 50 to 700 kPa 
Erosion percentage fer 0 to 12.5 % 
Maximum wall Velocity vwall_max 0.05 to 1 m/s 

* The initial inter-particle friction of 0.1 is used to create dense samples (denoted 
with the letter d in the sample name), while that of 0.2 is used for other samples. 
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represent the suffosion point. A regression approach is adopted in this 
work to provide a more consistent definition of the suffosion points for a 
range of erosion tests at different pre-shearing stress ratios. For each 
DEM result, a corresponding regression line is generated, as shown by 
the dashed lines in Fig. 4 (a). The intersection between this regression 
line and the horizontal axis is then considered as the suffosion point. 
Suffosion points identified by the regression approach are marked with 
red dots in Fig. 4 (a). The position of suffosion points of all samples 
subjected to different pre-shearing stress ratios is summarised in Fig. 4 
(b). As can be seen from this figure, the pre-shearing stress ratio 
significantly alters the location of the suffosion point or the eroded 
fraction at the transition between suffusion and suffosion. The higher the 
pre-shearing stress ratio, the less eroded fraction required to initiate 
deformation. When the pre-shearing stress ratio is greater than 
approximately 0.71, a small erosion would immediately trigger volu
metric deformation (the eroded fraction threshold for suffosion at this 
time is close to 0.001 %). Our numerical tests suggest that the second- 
order polynomial regression provides a best-fit approximation of the 
DEM results with the least-square regression above 99 %. Fig. 4b also 

indicates that the confining pressure does not clearly influence the suf
fosion point, though some variations could still be observed. This can be 
attributed to the way soil samples were created in our numerical sim
ulations. Here, all soil samples were generated in such a way that they 
shared the same initial state parameter regardless of their initial 
confining stress conditions. As a result, the initial density state and the 
number of free particles in the soil samples are also similar, alleviating 
the role of confining stress on the suffosion point. Nevertheless, a 
complete description of the suffosion point for a specific soil sample 
would require considering multiple factors, including GSD, fines con
tent, confining stress, void ratio, critical void ratio, particle shape, and 
mobilised stress state. These considerations are beyond the topic of this 
paper. Within the scope of this paper, the suffosion surface is defined for 
relatively dense soils, considering a wide range of samples with different 
initial states (e.g., confining pressure and initial inter-particle friction). 

The DEM numerical data presented in Fig. 4 (b) enables the defini
tion of a “suffosion surface”, which is the relationship between the 
eroded fraction and pre-shearing stress ratio at the suffosion point. This 
surface can be described by the following equation: 

Fig. 3. Internal erosion simulation procedure: a) Internal erosion and shearing processes in DEM simulations; b) Typical volumetric and shear behaviours of a soil 
specimen without (blue line) and with internal erosion (red line). 
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(1)  

where Mc is the slope of the critical state line in the (p, q) shear stress 
plane; fso is the eroded fraction at which suffosion occurs; fη=0

so is the 
eroded fraction at which suffosion occurs for non-preshearing soil 
samples. Equation (1) is illustrated in Fig. 4 (b) by the red line with Mc =

0.71 and fη=0
so = 0.02 and fits well to the numerical data generated by 

DEM simulations in this study. Simpler forms of mathematical expres
sions for the suffosion surface can also be used, for example, dual linear 
lines or parabolic lines, providing that those lines can best fit the ex
periments or numerical results. Equation (1) represents a significant 
finding for the constitutive modelling of eroded soils because it provides 

a criterion for deciding when the deformation (i.e., suffosion) would 
occur in the constitutive description of eroded soils. This equation can be 
fully determined from the standard erosion tests by measuring fη=0

so , 
which is feasible as demonstrated in the prior work of Ke and Takahashi 
(Ke and Takahashi, 2014). The incorporation of this finding for consti
tutive modelling of eroded soils is beyond the scope of this work and will 
be presented in our future work. 

3.2. Volumetric behaviour of granular soils due to internal erosion 

Traditionally, the volumetric behaviour of soil samples subjected to 
internal erosion is often characterised by the volumetric strain, which is 
calculated based on changes in the void ratio and the amount of eroded 
mass (Scholtes et al., 2010; Wood et al., 2010; Hicher, 2013). The use of 
void ratio has advantages in generating constitutive formulas because it 

Fig. 4. Changes of suffosion points: a) Volumetric strain of samples under initial confining stress of 100 kPa and initial state parameter of − 0.02; b) Suffosion point at 
different stress ratios. 
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is readily incorporated in the current critical state soil constitutive 
framework that makes use of void ratio or specific volume. However, it 
also poses several challenges in describing the influence of internal 
erosion on the volumetric behaviour of soils. This is because internal 
erosion causes changes to both volumetric deformation and void ratio, 
both of which are linked to mass loss and soil compaction or particle 
rearrangements. In many cases, internal erosion does not induce any 
change to the volumetric deformation (i.e., suffusion), but still causes 
changes to the void ratio. In such cases, it is invalid to establish a single 
equation that links the change of void ratio to internal erosion, and 
subsequently to make use of this equation to predict the volumetric 
deformation of eroded soil samples. Therefore, it would be useful to 
establish an alternative way to directly link internal erosion to soil 
deformation. 

Fig. 5 describes the changes in both void ratio (blue dashed line) and 
volumetric strain (continuous orange line) with respect to the evolution 
of internal erosion under the constant external stress condition. For the 
non-presheared sample (η = 0), the void ratio increases linearly with an 
increase in the eroded fraction up to approximately 4 % and then lightly 
decreases and increases again. Similarly, the void ratio increases linearly 
with an increase in the eroded fraction up to approximately 2 % for the 
presheared sample (η = 0.55). Thereafter, the void ratio significantly 
fluctuates until the internal erosion process completes. The DEM pre
diction of void ratio reveals that there is less possibility of establishing a 
general law to characterise the evolution of void ratio for a wide range of 
eroded fractions and pre-shearing stress ratios. Nevertheless, most pre
vious studies usually capped the amount of erosion at around 5 % 
(Scholtes et al., 2010; Wood et al., 2010; Hicher, 2013; Hosn, 2018; 
Wang and Li, 2015). Within this erosion range, there was a good indi
cation that the change in void ratio can be approximated using a linear 
function of eroded fraction, as shown in Fig. 5 for the non-presheared 
sample (η = 0). This consistent result for a small range of erosion 
might be attributed to why the void ratio was chosen as the primary 
parameter to describe the deformation of soil during internal erosion. 

In contrast, after the suffosion point at approximately 2 % eroded 
fraction for non-presheared samples, as shown in Fig. 4(a) and Fig. 5(a), 
the volumetric strain increases almost linearly with an increase in the 
eroded fraction. This result suggests that it would be more beneficial to 
use the volumetric strain as a direct link to account for the influence of 
internal erosion on the volumetric behaviour of eroded soil samples. 
This can be achieved by establishing a unique relationship between the 
rate of change of internal erosion to that of volumetric strain. In 
particular, the slope of the volumetric strain and eroded fraction curve 
(dεν/dfer) can be obtained from the DEM data in Fig. 4(a) for a range of 

samples. This data can then be plotted against the pre-shearing stress 
ratio, as shown in Fig. 6. The ratio (dεν/dfer) remains approximately 
constant when the stress ratio increases from 0 to close to 0.6. Within 
this range of the pre-shearing stress ratio, the confining stress appears to 
have less influence on the volumetric deformation of eroding sample. 
Beyond the pre-shearing stress ratio of approximately 0.6, a further in
crease in the pre-shearing stress ratio hinders the volumetric deforma
tion, evidenced by the reduction of dεν/dfer. As the pre-shearing stress 
ratio surpasses its critical value of approximately 0.85, it is interesting to 
notice that dεν/dfer changes its sign from positive to negative, suggesting 
that internal erosion at a high pre-shearing stress ratio in this type of 
DEM simulation would cause the soil sample to undergo dilation (i.e. 
dεν < 0). 

The above observation of the rate of change of volumetric strain 
caused by internal erosion suggests that, at a small pre-shearing stress 
ratio, internal erosion would only cause the soil sample to purely un
dergo volumetric deformation. However, our simulations show that with 
higher pre-shearing stress ratios, internal erosion would cause the 
sample to undergo both volumetric and shear deformations, which will 
be discussed in the next section. The data presented in Fig. 6 can be best 
fit by the following equation: 

Fig. 5. Evolutions of volumetric strain and void ratio due to internal erosion of samples under confining stress of 100 kPa and pre-shearing stress ratio of η = 0 (a) 
and η = 0.55 (b). 

Fig. 6. Rate of change of volumetric strain with erosion at different 
stress ratios. 
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dεν

dfer
= A

[

1 −
(

η
Mc

)ξ
]

(2)  

where A and ξ are fitting parameters and Mc is the critical state stress 
ratio. For A = 0.85, ξ = 8 and Mc = 0.86, Equation (2) can best fit the 
DEM simulation data, as illustrated by the continuous red line in Fig. 6. 

From the constitutive modelling point of view, Equation (2) provides 
a direct connection between the internal erosion rate (dfer) and the 
induced volumetric deformation caused by internal erosion. When 
η < Mc, the sample will undergo volumetric compaction under the ac
tion of internal erosion. In contrast, the sample will undergo dilation and 
possibly reach its ultimate critical stage under the action of internal 
erosion when η ≥ Mc. As a result, Equation (2) enables the description of 
constitutive responses of soil specimens subjected to the combined loads 
(i.e. erosion and shearing). To this end, it is recommended to consider 
the volumetric strain as the primary indicator to account for the influ
ence of internal erosion on the volumetric behaviour of eroded soil 
samples. The void ratio can then becomes a secondary parameter, which 
can be computed so long as the eroded fraction fer and volumetric strain 
εν are known. For example, the change in the void ratio of a soil sample 
caused by internal erosion can be calculated as follows: 

e =
e0 + fer

1 − fer
− εν

e0 + 1
1 − fer

(3)  

where e0 is the initial void ratio of the specimen, εν is the sample 
volumetric deformation and fer is the eroded fraction. 

3.3. Shearing behaviour of granular soils due to internal erosion 

There has been a significant lack of investigations on the internal 
erosion-induced shearing behaviour of eroded soils. This is mainly 
because of the lack of standardised experimental apparatus capable of 
maintaining the shearing (or deviatoric) stress while causing internal 
erosion inside the soil specimen (Ke and Takahashi, 2012; Xiao and 
Shwiyhat, 2012; Li et al., 2020; Yang, 2019). However, it will be shown 
later in this study that soil samples are highly susceptible to shear failure 
when being eroded under high pre-shearing stress ratios. For instance, 
Fig. 7 illustrates the stress–strain (Fig. 7a) and volumetric (Fig. 7b) 
relationship of two p100d samples throughout the entire process out
lined in Fig. 2, encompassing pre-shearing, erosion of up to 10 %, and 
post-erosion shearing behaviours. As observed in Fig. 7, the internal 
erosion process causes soil samples to undergo not only volumetric 
deformation but also shear deformation, with a higher pre-shearing 
stress ratio resulting in increased shear deformation, emphasizing the 
impracticality of neglecting the shearing-like behaviour caused by in
ternal erosion. (Chang and Zhang, 2011). Therefore, in this study, the 
deviatoric strain of soil samples caused by internal erosion is recorded 
for different pre-shearing stress ratios and plotted against the volumetric 
strain, as shown in Fig. 8. In this figure, the slope of plotted lines rep
resents the dilatancy behaviour of the soil samples caused by internal 
erosion. Since all deformations caused by internal erosion are unre
coverable, the dilatancy discussed in this paper can be represented by 
irrecoverable (plastic) deformation. Furthermore, to provide a reference 
view, the drained triaxial shearing behaviour of a non-eroded soil 
sample is also included in this figure, as illustrated by the yellow dash- 
line in Fig. 8. For each pre-shearing stress ratio, the blue dot marked on 
each plotted line represents the stage at which the internal erosion 
started to occur (also see points B and B’ in Fig. 3(b)) and their location 
varies for different pre-shearing stress ratios. The drained triaxial 
shearing behaviour of the non-eroded soil sample exhibits an initial 
compaction response (δεv > 0), followed by dilation (δεv < 0) before 
reaching its critical state (i.e., refer to the yellow dash-line in Fig. 8). On 
the other hand, the shearing behaviour of the soil sample caused by 
internal erosion (i.e., pre-shearing stress was kept unchanged during the 
test) could be markedly different, depending on the initial pre-shearing 

stress ratio or the behaviour of the sample before being subjected to the 
internal erosion process. Samples that carry a relatively small pre- 
shearing stress ratio (e.g., less than 0.66) and have already undergone 
initial compaction continue to undergo the compaction behaviour when 
subjected to the internal erosion process. The deviatoric strain contin
uously increases until the internal erosion stops. In contrast, in samples 
that carry a relatively large pre-shearing stress ratio (e.g., larger than 0.8 
for both confining stresses in Fig. 8(a) and Fig. 8(b)) and have already 
undergone contraction and dilation, the internal erosion causes the 
sample to continue to dilate with increasing deviatoric strain. These 
observations suggest that a pre-shearing soil sample tends to maintain its 
pre-shearing behaviour when subjected to further internal erosion. 
However, in samples that have already undergone dilation, depending 
on the pre-shearing stress ratio, the internal erosion process would 
modify their behaviour from dilation to compaction, as in the case of η =

0.87 in Fig. 8a or η = 0.8 in Fig. 8b for different confining stresses. In 
some cases, when the pre-shearing stress ratio is high, the soil sample 
becomes extremely susceptible to internal erosion. For example, at the 
high pre-shearing stress ratio of η = 0.93 in Fig. 8(a) or η = 0.91 in Fig. 8 
(b), a small eroded fraction (0.9 % for η = 0.93 and 1.38 % for η = 0.91) 
causes the soil sample to dilate and reach its critical state continuously. 

The above observation on the behaviour of a soil sample subjected to 
a high pre-shearing stress ratio and subsequent internal erosion can be 
explained in a similar way to that caused by an external loading process 
(or drained triaxial shearing without erosion). For instance, under the 
action of continuous external loads, the number of soil particles remains 
unchanged in the soil sample. As a result, the increase in applied 
external load causes changes to stresses acting on soil particles through 
the force chain network within the granular system, facilitating the 

Fig. 7. Stress–strain (a) and volumetric (b) behaviours of DEM sample p100d 
underwent 10% erosion at two different pre-shearing stress ratios. 
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shearing deformation. On the other hand, in internal erosion, the 
applied external loads usually remain constant, whilst the number of 
particles in the system continuously reduces, leading to the redistribu
tion of stresses acting on soil particles remaining in the granular system. 
The redistribution of stresses in the granular system caused by internal 
erosion usually leads to an increase in the average stress of the major 
force chain, which replicates the action of the continuous externally 
applied loads on the soil sample. This explains why the shearing 
behaviour of samples under a high pre-shearing stress ratio caused by 
internal erosion follows the same behaviour of non-eroded samples 
undergoing continuous shearing. On the other hand, at lower pre- 
shearing stresses (e.g., smaller than 0.9), internal erosion modifies the 
shearing behaviour of soil samples. It is commonly accepted that inter
nal erosion causes the soil sample to undergo volumetric compaction, 
and this is true for the case of no or low pre-shearing stress ratios. 
However, under a relatively high pre-shearing stress, where the soil 
sample has started undergoing dilation, internal erosion causes 
competition between compaction (due to the fixed external applied load 
and mass loss) and dilation (due to pre-shearing dilation) shearing be
haviours of the soil sample. The dominant response of the soil sample 
caused by internal erosion depends on the amount of dilation the soil 
sample experiences before the internal erosion starts. Specifically, for a 
soil sample undergoing dilation shearing before being subjected to in
ternal erosion, losing grains would cause the sample to become looser, 
preventing particles from sliding over each other (i.e., dilation). At the 
same time, losing grains would cause an increase in the stress carried by 
soil particles, encouraging the dilative response of the soil specimen in a 
similar way to that caused by applying mechanical loads. 

Fig. 9 shows the evolution of dilatancy (dεp
ν/dεp

s ) caused by internal 
erosion for different pre-shearing stress ratios. For each pre-shearing 

stress ratio, the dilatancy response of the soil sample caused by inter
nal erosion is represented by a single dot point in Fig. 9. This is because 
the dilatancy caused by internal erosion remains more and less un
changed, as shown in Fig. 8, where the volumetric strain exhibits an 
almost linear development with increasing shear strain until the sample 
can no longer maintain a constant pre-shearing stress ratio (i.e., 
collapse). Consequently, the dilatancy caused by internal erosion for 
each simulation can be approximated as the slope of a linear trendline 
representing the relatively linear section of the volumetric strain and 
shear strain curve. 

To describe the dependence of dilatancy on pre-shearing stress ratio 
caused by internal erosion under different pre-shearing stress ratios, a 
statistical equation can be drawn from this DEM data. This equation 
takes the following parabolic form: 

D =
dεp

ν
dεp

s
=

M2
c − η2

βη (4)  

where Mc is a constant parameter and can be taken as the critical state 
friction coefficient or critical state stress ratio; η is the pre-shearing stress 
ratio; and β is a fitting parameter. For the DEM data presented in Fig. 9, 
the best-fit result (i.e. orange dash-line) suggested β = 1.5. It is noted 
that Equation (4) shares a similar form to the original dilatancy model of 
the modified Cam-clay constitutive model, for which β = 2. This un
doubtedly supports earlier explanation that mass extraction due to in
ternal erosion results in similar dilatancy behaviour found in the 
volumetric hardening framework. It is also worth noting that Equation 
(4) reflects well the volumetric behaviour of soil samples subjected to 
internal erosion at zero stress ratio η = 0, as shown in Fig. 8(a). This is 
not possible for several existing dilatancy models, including the popular 
one of the deviatoric hardening framework, which takes the following 
form: D = Ad(Md − η) (Dafalias and Manzari, 2004), where Ad is a 
constant related to the material fabric and Md is the stress ratio at zero 
dilatancy. This suggests that if one would like to adopt the deviatoric 
constitutive modelling framework to describe the behaviour of granular 
materials undergoing internal erosion, two different dilatancy models 
would be required, one for external loading and the other for internal 
erosion. 

4. Conclusions 

The effect of internal erosion on the mechanical behaviour of gap- 
graded cohesionless soils was investigated in this study by carrying 
out a series of DEM simulations. Particular attention was placed on the 
influence of the pre-shearing stress ratios on the mechanical responses of 
samples undergoing internal erosion, a factor that existing experimental 

Reduction of  (<0.87)

  = 0.91

Sample collapses with 
1.38% erosion

  = 0.93

Sample collapses with 0.9% erosion

Fig. 8. Volumetric behaviour while erosion: a. p75d samples and b. 
p100d samples. 

Fig. 9. Evolution of dilatancy caused by internal erosion for different pre- 
shearing stress ratios. 
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setups are unable to replicate. Based on the simulation results, the 
following conclusions can be made:  

a. When a soil sample is subjected to internal erosion, deformation only 
occurs after a certain amount of erosion, called the suffosion point. 
This point represents the amount of loosely/non-loaded particles in 
the soil specimen, which varies depending on the mobilised shear 
strength of the soil sample represented by a pre-shearing stress ratio. 
The higher the pre-shearing stress ratio, the lower the suffosion 
point. A new concept of suffosion surface was proposed to provide a 
criterion for deciding when the deformation (i.e., suffosion) would 
occur in the constitutive description of eroded soils.  

b. After the suffosion point, the soil sample undergoes both volumetric 
and shearing responses. Granular assemblies tend to remain in their 
state prior to erosion. If they are under compaction, they will 
continue to be compacted. In contrast, if they are dilating, they will 
continue to dilate.  

c. The volumetric strain is found to be a better primary indicator to 
indicate the deformation caused by internal erosion compared to the 
commonly used void ratio, which has a limited capacity to describe 
internal erosion after a certain amount of mass loss. A new statistical 
equation was proposed to provide a link between the rate change of 
volumetric strain and that of internal erosion.  

d. The dilatancy behaviour of granular assemblies caused by internal 
erosions appears to differ from that caused by shearing loads. This 
suggests that if one wants to adopt a deviatoric hardening constitu
tive modelling framework to describe the behaviour of eroded soils, 
an additional dilatancy rule is required to describe the volumetric 
behaviour of the materials due to internal erosion. 

Finally, it is also worth mentioning that this study has several limi
tations that can be further improved in future works. The coarse and fine 
particles in this study are all spherical and have the same properties. In 
reality, a mixing of different types of soil grains would more likely be the 
case. Thus, it is suggested to use different friction and rolling friction 
angles in future studies. 
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