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1 Background 1 

Internal erosion induced failure mechanisms 

• Soils in earthen dams or colluvial slopes are usually composed of mixed coarse and fine 
particles, which are susceptible to seepage-induced internal erosion.  

• With sufficient seepage velocity, fine particles may be detached from the soil structure by the 
interstitial flow and transported with the seeping water within large pores. 

• Fine particles migration will change the local porosity and hydromechanical properties of soils, 
leads to the failure of dams or slopes. 
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Soils within colluvial slopes detachment flowage failure 
(Crosta & di Prisco, 1999) 



2 Seepage-erosion-deformation couplings 2 
2.1 Three-phase multi-species porous medium  

3 

Unsaturated erodible soil = 

Solid skeleton (coarse particles & solid fines) + Liquid (water & fluidized fines) + Gas (dry air) 

an unsaturated erodible soil as a superimposed mixture 

Fines erosion & deposition: phase transformations between Solid and Liquid 



3 MPM simulations 3 
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Erosion law (Cividini & Gioda, 2004) 

Parameters for erosion tests 

Internal erosion tests (Sterpi, 2003) 

• uGIMP 
• 4 particles per cell 
• Fix all displacements 
• With 4 different constant 
 seepage velocities 
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3 MPM simulations 3 
3.2 Infiltration induced fines migration 
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（1） without saturation gradient 

1= −L s cS a p

   𝑷𝑷𝑳𝑳=0 𝒄𝒄𝒆𝒆=𝟎𝟎 at t>0 

   𝑷𝑷𝑳𝑳= − 𝟏𝟏𝟎𝟎kPa  or -50 kPa 

undrained 

Parameters 
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SWCC 
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t=0: 

Hydraulic parameters are adopted from Yerro (2015) 

• uGIMP 
• 4 particles per cell 
• Fix all displacements 
• No gravidity force 

（2） with saturation gradient 

( ) ( )
1

1
−

 ∂  = − − ∇ ⋅ + ∇ ⋅ + ⋅∇   ∂ 
S L LL L L

L L L
c w

dp S Sn n n S nS nS
dt p K

v v v



3 MPM simulations 3 
3.2 Infiltration induced fines migration 
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Normalized suction 
Saturation 
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(Initial value 𝟏𝟏𝟏𝟏kPa) 
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（1） Results without saturation gradient 
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7 Liquidized fines concentration Erodible fines mass fraction [kg/m3] 

Liquid flux [m/s] 
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3 MPM simulations 3 
3.2 Infiltration induced fines migration 
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Saturation gradient term 
（1） Results with saturation gradient 
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Normalized suction 
(Initial value 𝟓𝟓𝟎𝟎kPa) 
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• The water pressure term should 
be further modified to take into 
account the  erosion-induced 
porosity change 

e edn : d dm ρ′ ′= −1 ε

Liquid flux [m/s] 

Liquidized fines concentration Erodible fines mass fraction [kg/m3] 
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3 MPM simulations 3 
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equivalent strain 

displacement saturation 

suction 

3.3 Rainfall-induced slope failure 

• Drucker-prager model with parameters calculated from 𝒄𝒄,𝝋𝝋, 𝒄𝒄 is suction-dependent (Yerro et al., 2015) 
• Effects of fine particle migration on hydromechanical properties are not considered for the time being 
• XPIC(2) approach (Hammerquist & Nairn, 2017) to reduce noises in the velocity field 
• Cell-based average method (Yang et al., 2018) to overcome volumetric locking 

erodible fines mass fraction 

liquidized fines concentration 

−𝟖𝟖𝟖𝟖𝟖𝟖kPa at t=0 

𝟎𝟎.𝟕𝟕𝟕𝟕 at t=0 

𝟑𝟑𝟑𝟑𝟑𝟑𝒌𝒌𝒌𝒌/𝒎𝒎𝟑𝟑 at t=0 



• Unsaturated erodible soils are conceptualized as three-phase multi-species porous media 
• A coupled seepage-erosion-deformation formulation for 3-phase 1-point GIMP has been 

developed 
• The formulation has been validated by simulating internal erosion tests in saturated soils 

and infiltration-induced fines migration process within an unsaturated soil column  
• The coupled MPM code can be used to simulate the coupled seepage-erosion-deformation 

process within 2D slope 

4 Conclusions 4 

11 

Seepage-erosion-deformation couplings 

• The hydro-mechanical coupled simulations with explicit MPM is more time-consuming 
than the ones with implicit FEM 

• Accuracy and Stability still need to be improved: mesh-dependent, numerical noises… 

Issues to be treated… 
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