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Today talk briefly

1. Background, or why we bothered ☺

2. Granular flows – physical phenomena

3. Introduction to Material Point Method (MPM)

4. Granular Material Point Method

5. Simulations 

6. Outlook for the future and conclusions

Wojciech Sołowski, Department of Civil Engineering
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• Can simulate granular avalanche spread 

with Generalized Interpolation Material 

Point Method 

• Replicate the shape of the slope after 

failure well

• Replicate outreach, by adjusting physically 

meaningful parameters, not using 

techniques like numerical damping

• Uintah software

• Large strains, large displacement, etc…

Wojciech Sołowski, Department of Civil Engineering

© Tran & Sołowski 2019, St. Monique landslide, sensitive clay

© Sołowski & Sloan 2015, sand pile collapse

Around 2015:

Aim: modelling of granular avalanches impact forces 

and  outreach
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• Can simulate granular avalanche 

spread with Generalized 

Interpolation Material Point Method 

• Replicate the shape of the slope 

after failure well

• Replicate outreach, by adjusting 

physically meaningful parameters, 

not using techniques like numerical 

damping

Wojciech Sołowski, Department of Civil Engineering

Around 2015:

© Sołowski & Sloan 2015

Aim: modelling of granular avalanches impact forces 

and  outreach

We seem to have some slight problem with 

volume here, if we check carefully, there 

are areas with too high void ratio
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Wojciech Sołowski, Department of Civil Engineering

Around 2015 – snow avalanche 

simulation, forces on the pole, 

bad quantitative agreement

© Sołowski et al. (2015)

© Jessica Hagy

Aim: modelling of granular avalanches 

impact forces and  outreach

https://www.forbes.com/sites/jessicahagy/people/jessicahagy/
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• Mohr-Coulomb with small strain 

capability and rate dependency

• Simulation aim is to replicate 

forces resulting from sand flow

• Same material parameters, 

different angles (45-60 degrees)

Wojciech Sołowski, Department of Civil Engineering

Around 2017:

© Seyedan & Sołowski (2017)

Aim: modelling of granular avalanches impact forces 

and  outreach

If we check carefully, there are areas with void ratio 

above critical both during the flow and after impact



Granular flows
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Wojciech Sołowski, Department of Civil Engineering

Quasi-static state – up to 

maximum void ratio 

achievable.

Granular flows: quasi-static state

Grains are in contact with 

many others, friction is 

dominating

This is what we model in 

geotechnical engineering ☺

© iStockphoto/Thinkstock
Classification after: Kamrin (2010) , Dunatunga & Kamrin (2015)
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Moderate flow – beyond 

maximum void ratio statically 

achievable. Density close to the 

critical density. Flows in 

avalanches, silos, pile 

collapses… 

Granular flows: moderate flow

Grains are in contact with 

many others, friction and 

collisions are present.

No bounce back, no 

significant volume change

May evolve to collisional flow, 

where there is no friction and the 

flow is very quick, with much 

increase in volume. Uncommon 

in practice, observable in 

laboratories, we neglect it... 

© Peter Rohde, https://youtu.be/S-Dih2w-_fI

Classification after: Kamrin (2010) , Dunatunga & Kamrin (2015)
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Disconnected state – typically 

when flow changes suddenly, 

e.g. when the grains move out of 

the silo or on a step fall in an 

avalanche

Granular flows: disconnected state

No frictional contact.

Not enough collision to create 

collisional flow

Very small / no intergranular 

stress

Classification after: Kamrin (2010) , Dunatunga & Kamrin (2015)

© ASMR blaugrau https://youtu.be/L9LRTWk9Kxc

https://www.youtube.com/channel/UC6y33iZAFk_9Rn_2PB_ObOw
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Wojciech Sołowski, Department of Civil Engineering

Tests in shearbox – quasi static state 

Apparent cohesion much higher, maybe 

around 10 kPa for sands (e.g. Likos et al. 

2010)

Tests in tension – apparent cohesion 

much lower, maybe around 1kPa for sands 

(e.g. Lu et al. 2009)

Granular flows: partially saturated soils

© https://www.visitlappeenranta.fi/en/Experience/Sandcastle

Assumption: in quasi-static state, we 

have higher apparent cohesion, 

decreasing linearly to that in tension 

when we are increasing volume to reach 

the moderate flow.



Introduction to Material Point Method
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Method constructed within the framework of 

continuum mechanics

• The same framework as Finite 

Element Method

• The constitutive models 

implemented in FEM can be 

easily implemented in MPM

• Many algorithms developed for 

FEM can be adjusted and used in 

MPM

• No mesh entangling, ability to 

simulate processes with very 

large displacements and strains

Wojciech Sołowski, Department of Civil Engineering

© Sanpaz, Nicoguaro, Wikimedia common
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Essential assumptions

• Geometry discretised into material 

points, the material points carry 

all the material related data

• Calculations done on a 

computational grid

• This presentation concentrates on 

explicit MPM, where the simulated 

process is happening in time

• In each time step, data from the 

material points needs to be 

transferred to the grid nodes, the 

calculations are done, and data is 

moved back to the material points

Wojciech Sołowski, Department of Civil Engineering

© CB-Geo  UC Berkeley, https://www.cb-geo.com/research/mpm/#material-point-method
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Essential assumptions: material points

• Points in space (original formulation, 

Sulsky et al. 1994)

• Points with a domain (Generalized 

interpolation MPM, GIMP, 2004)  

• Points with a domain which can 

shear (Convected particle domain 

interpolation MPM – CPDI, 2012)

• Many other formulations (DDMP, 

CPDI 2, CPLS, …)

Wojciech Sołowski, Department of Civil Engineering

original 

GIMP 

CPDI

Sulsky et al. (1994)

Bardenhagen & Kober (2004)

Sadeghirad et al. (2011)
Computational grid typically constant 

and not moving with the points.
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Essential assumptions: continuity

• Original MPM – only at time of 

discretisation 

• GIMP – typically when no 

significant shear (and when we 

trace domain size with volume 

change)

• CPDI – as long as no very large 

deformations

• Further formulations, e.g. CPDI2 

– further improvement over 

CPDI, but complexity hindered 

adoption so far

Wojciech Sołowski, Department of Civil Engineering

original 

GIMP 

CPDI

Sulsky et al. (1994)

Bardenhagen & Kober (2004)

Sadeghirad et al. (2011)

Hole in the 

continuous 

material

Unlike FEM, no guarantee

uGIMP – domains 

remain square, 

cpGIMP – domains 

can be rectangles
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Wojciech Sołowski, Department of Civil Engineering

interaction 

thanks to 

the grid 

nodes

contact

contact

GIMP – contact

separation

Contact
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Wojciech Sołowski, Department of Civil Engineering

Original MPM CPDI

Contact



Silo filling
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Original MPM CPDI

Density of material 

determined by grid and 

contact

The simulations fail to 

reproduce reality

Wojciech Sołowski, Department of Civil Engineering



Granular Material Point Method
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Replicate the behaviour of material at all stages of 

granular flow

• The material volume at rest should be 

realistic

• The material at higher volume than the 

critical one, should behave differently than 

material in quasi-static state

• The material should be able to move 

through all the stages of flow in a simulation

Improve the simulations of avalanches, forces on 

obstacles and other simulations with granular flow

• The simulations related to flows in silos and 

channels should also be possible

Granular MPM

Wojciech Sołowski, Department of Civil Engineering
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Each material point, apart of physical domain has domain of interaction

• Domain of interaction is linked to the critical volume (critical void 

ratio), at which the point switches behaviour from quasi-static 

state to moderate flow or disconnected state

• Physical domain of the material point can be smaller than domain 

of interaction, but cannot be larger

Domain of interaction 

(critical volume) 

Domain of the 

material point 

Wojciech Sołowski, Department of Civil Engineering
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Material points are connected and 

interact with each other – when their 

domains of interaction are at least 

touching.

• We are using parallel grids, 

interacting material points are 

moved to the same grid

• Moving points to different grids 

is essential, otherwise even in 

stress free formulation of 

Dunatunga and Kamrin the points 

interact

• In the example, 4,5,9 on one grid 

and 1,2,3,6,7,8 on another grid

Domain of interaction 

grid
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Quasi static state:
• Material points with volume below the volume of their domain 

of interaction

• ‘normal’ constitutive law (in examples – Mohr-Coulomb)

• 1D points 1, 5 &6 are in quasi static state. Point 1 and points 

5&6 are on separate parallel grids and don’t interact

• 2D points 2, 7 & 8 are in quasi static state. 2D point 2 and 

points 7&8 are on separate parallel grids and don’t interact

Domain of interaction 

(critical volume) 

Domain of the 

material point 

© iStockphoto/Thinkstock

Wojciech Sołowski, Department of Civil Engineering
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Moderate flow state:

• Material points with volumes equal to the 

volume of their domain of interaction & 

neighbours

• Many possible constitutive laws, we are 

using Mohr-Coulomb with Bagnold scaling

Domain of interaction 

(critical volume) 

Domain of the 

material point 

F = σ1 − σ3 − σ1 + σ3 sinφ − 2 η ሶγ2 cosφ = 0
© Peter Rohde, https://youtu.be/S-Dih2w-_fI

Wojciech Sołowski, Department of Civil Engineering
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Disconnected state:

• Material points with volumes equal to 

the volume of their domain of 

interaction & no neighbours

• Stress free state

• 1D point 3 and 2D point 4 are in the 

disconnected state

Domain of interaction 

(critical volume)

Domain of the 

material point 

© ASMR blaugrau https://youtu.be/L9LRTWk9Kxc

Wojciech Sołowski, Department of Civil Engineering

https://www.youtube.com/channel/UC6y33iZAFk_9Rn_2PB_ObOw
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Unsaturated material:

• Quasi static state material points have 

apparent cohesion from static tests 

(e.g. shear box)

• Moderate flow state material points 

have apparent cohesion from tests 

where soil was in tension

• Disconnected state material points are 

stress free

• Apparent cohesion linearly scaled 

between initial volume and critical 

volume at which points move to 

moderate flow

© https://www.visitlappeenranta.fi/en/Experience/Sandcastle

Wojciech Sołowski, Department of Civil Engineering
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Simulation  

Grid spacing (mm) dt (s) ttotal  (s) Inclination  (°) 

100 1.0e-5 3.0 15 

Granular material  

E (GPa) ν φ(°) ψ(°) η ρinitial  (
kg

m3
) ρcritical  (

kg

m3
) 

1.0 0.3 30 0 0.15 2250 2235 

 1 

Wojciech Sołowski, Department of Civil Engineering
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Granular avalanche

Original MPM

Granular original 

MPM

Wojciech Sołowski, Department of Civil Engineering
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Granular avalanche

CPDI

Granular CPDI

Wojciech Sołowski, Department of Civil Engineering



Granular avalanche
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Volume does not drop 

below set critical volume

Qualitatively results 

better, there are some 

differences in force on 

the wall

Wojciech Sołowski, Department of Civil Engineering



Silo filling

4.11.2020

34

Original MPM 

formulation does not 

allow for replicating 

correct density of 

the granular 

material, while 

Granular MPM allows 

for proper filling of 

the silo.

Original MPM Original 

Granular MPM

Wojciech Sołowski, Department of Civil Engineering
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Original CPDI 

formulation does not 

allow for replicating 

correct density of 

the granular 

material, while 

Granular CPDI 

allows for proper 

filling of the silo.

Wojciech Sołowski, Department of Civil Engineering
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Original GIMP 

formulation does not 

allow for replicating 

correct density of the 

granular material after 

emptying, while 

Granular GIMP allows 

for that.

The flow patterns and 

flow speed in the silo 

are also different

Wojciech Sołowski, Department of Civil Engineering
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Silo emptying

Dry sand, 

Granular uGIMP

Partially saturated 

sand, Granular uGIMP

Not that much 

difference between 

dry and partially 

saturated sand.

If we choose a 

material with higher 

apparent cohesion 

(e.g. silt), the 

difference will be 

much greater, and 

we can show that the 

silo can clog.

Wojciech Sołowski, Department of Civil Engineering



Outlook for the future and 
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• Can model three stages of granular 

flow, quasi static, moderate flow and 

disconnected flow

• Granular enhancement can be applied 

to any MPM algorithm, demonstrated 

for Original MPM, GIMP and CPDI

• Continuum mechanics approach in 

modelling granular flows is still potent

• Qualitative improvements in 

replicating granular material behaviour

are clear, 

• Quantitative improvements are also 

visible

Original MPM Granular 

Original MPM

Wojciech Sołowski, Department of Civil Engineering
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• Further improvements in simulations of 

landslides and avalanches, including e.g. 

partial saturation, thermal coupling etc.

• Work on better quantitative replication of 

impact forces, landslides outreach 

• Potential for simulation of granular flows 

in silos, pipes etc.

• Silo emptying, pipes clogging are 

important problems, now can be 

tackled with continuum approach

• Other simulations, e.g. dynamic soil 

improvement and dynamic soil 

replacement.

Wojciech Sołowski, Department of Civil Engineering

Dry sand, 

Granular uGIMP
Partially saturated sand, 

Granular uGIMP
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Thank you!

Questions?

The presentation will be uploaded to solowski.info


