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Concentrated suspensions near jamming

Standard fresh concrete Self-compacting concrete

Liquid (flows under its own weight)Solid (can be shaped) at rest



NonBrownian particles

Colloidal suspension 
(yield stress fluid ?)Cement paste

cm

mm

µm

nm

+ water (+polymer…)

Concentrated suspensions vs. model materials



Source: 
nucleus.iaea.org

Static particle packings

Particle fraction
𝜙

Slow deposition Small vibrations Periodic shearing



Source: 
nucleus.iaea.org

Sheared particle packings

Particle fraction
𝜙

Contractant Dilatant (jammed)
Critical state

Iverson et al. (1997)



Macroscopic behavior of viscous nonBrownian suspensions

volume fraction 𝜙

Suspension 
Newtonian fluid

0 =

Etcheverry (2022)

Often shear thinning… Sometimes « ideal » = linear

𝝓 ↑

shear stress: )( ,  



volume fraction 𝜙

Suspension : linear material
 

Newtonian fluid

0 =

0shear stress: ( )s    =

𝜙𝑗: jamming fraction

≡ critical state Etcheverry (2022)

Macroscopic behavior of viscous nonBrownian suspensions
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Interparticle friction (𝝁𝒑 ≃ 𝟎. 𝟓) necessary for agreement with exp.

Simulations: Gallier et al. (2014)

For frictional grains, contact contribution dominant for 𝝓 ≥ 𝟒𝟎%

Suspensions viscosity: hydrodynamics + contacts

Increasing particle 
friction



Mari et al, JOR (2014)

Increasing 
friction

Peters et al., JFM (2016)

Role of interparticle friction

𝜂𝑠 𝜙 ∝ 𝜂𝑠 0 1 −
𝜙

𝜙𝑗

−2

𝝓𝒋 decreases with interparticle friction

𝝓𝒋 = critical state vol. fraction 

of granular materials



Impact of particle shape

Hafid et al., Cem Conc Res (2016)

Suspended in a concentrated emulsion



Singh et al. (2020)

𝝓𝒋 decreases 

with rolling friction

Impact of particle shape



Computations for hardened concrete based on random close packing 𝜙𝑟𝑐𝑝 

→ what about 𝜙𝑗 ?

Impact of polydispersity



Bidisperse suspensions

Vu et al., JOR(2010)

Increasing 
size ratio

Use packing model for rcp  → same equation for 𝝓𝒋

𝝓𝒋



Use model of bidisperse suspension to compute jamming fraction 𝜙𝑗

then  𝜂𝑠 𝜙 ∝ 𝜂𝑠 0 1 −
𝜙

𝜙𝑗

−2

Polydisperse suspensions

Pednekar, Chun, Morris, J. Rheol (2018):
Polydisperse suspension ≡ « statistically equivalent » suspension



Reminder: 𝛟𝐣 𝛍𝐩 decreases when interparticle friction 𝛍𝐩 increases 

Need to kill friction

Add polymer

Creates a repulsive barrier

e.g., cement
Toussaint et al., Rheol Acta 2009

decrease 𝛍𝐩
prevent from contact formation
Play with flow configuration

Increasing the jamming fraction



Source: 
Takemoto

Side effect : shear-thickening
→ something happens at the contact scale 

« Frictionless » suspensions

Stabilized Silica particles 
Lootens et al. (2005) 

𝝓 ↑

Cement paste with 
increasing amount of 
superplasticizer

Lootens et al., Oil & Gas Sci. Tech. (2004)



Shear-thickening: frictionless / frictional transition

C
S
T

lShort range repulsive colloidal force 
introduces rate dependence
l→ no friction / friction transition

http://blairlab.georgetown.edu

Comtet et al., Nature communication 2017
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S
T

http://blairlab.georgetown.edu

Comtet et al., Nature communication 2017

Mari et al, JOR 2014

when 
friction is 
activated

lShort range repulsive colloidal force 
introduces rate dependence
l→ no friction / friction transition

Shear-thickening: frictionless / frictional transition



Shear-jamming: fluid / solid transition

when 
friction is 
activated:
jamming

𝝓𝒓𝒄𝒑

𝟎 𝝓

𝝓𝒋

Shear jamming

Hodgson et al., JOR (2022) 

∞

Mari et al, JOR 2014



homogeneous
extrusion

inhomogeneous
extrusion

Shear-induced inhomogeneities at shear thickening

O’Neill et al. (2019) ; (2024?)

Vol. fraction maps
from X-ray imaging

Gholami et al (2018)



Shear-induced migration in brief

Leighton & Acrivos 1987, Nott & Brady 1994…

 diphasic description; migration driven by 𝛁𝝈𝒑

Crucial role of interparticle contacts

 enhanced @ shear thickening

Inhomogeneous shear

Particles move towards 
zones of low shear



Reminder: 𝛟𝐣 𝛍𝐩 decreases when interparticle friction 𝛍𝐩 increases 

Need to kill friction

Add polymer

Creates a repulsive barrier

decrease 𝛍𝐩
prevent from contact formation
Play with flow configuration

Increasing the jamming fraction
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Blanc et al., J. Rheol. 2011 ; Peters et al., J. Rheol. 2016

Response to shear reversal
V
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Strain

Contacts 
(in compression)

are broken
(in traction) 

before being reformed

≃hydrodynamic stress

≃contact

stress

Macrocopic behavior, contacts and microstructure



Reminder: 𝛟𝐣 𝛍𝐩 decreases when interparticle friction 𝛍𝐩 increases 

Need to kill friction

Add polymer

Creates a repulsive barrier

decrease 𝛍𝐩
prevent from contact formation
Play with flow configuration

Increasing the jamming fraction

Hanotin et al. , PRL 2015
Shear-thickening suppression

Fluidization of a granular sediment

Lin et al., PNAS 2016

Vibrations orthogonal flow superimposed



Silica suspension (Solvay),  𝜙𝑤𝑡 = 0.29

Rheology of vibrated suspensions : phenomenology



Homogeneous, fluid Inhomogeneous,
granules

stirred vibrated
Inhomogeneous,

granules
Homogeneous, 

fluid

Vibrations and formulation

Silica suspension (Solvay)

𝝓

𝝓𝒓𝒄𝒑 (frictionless)𝝓𝒋 (frictional)



Conclusion

Rich nonlinear behavior
Crucial role of interparticle contacts
Beware inhomogeneities
Various levers: physico-chemistry and process
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