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Unsaturated granular cohesion
as a function of saturation

Wang, JP., Li, X. & Yu, HS. A micro–macro investigation of the 

capillary strengthening effect in wet granular materials. Acta 
Geotech. 13, 513–533 (2018). https://doi.org/10.1007/s11440-

017-0619-0

Example



Terzaghi’s stress / effective stress concept
One Fluid Contact Forces ?

Control stability: sliding, rupture by exceeding cohesion. 
Common description: Mohr-Coulomb criterion
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Terzaghi’s stress / effective stress concept
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Positive tension Positive compression
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Effective stress
Terzaghi: 

Biot 
coefficient

a=1



Generalizing
Terzaghi’s stress / effective stress concept

Two Immiscible Fluids, 1&2 Contact Forces ?

S

Effective stress ? (suction stress)
R. I. Borja and A. Koliji, On the effective stress in unsaturated porous continua
with double porosity, Journal of the Mechanics and Physics of Solids 57, 1182 (2009).
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Generalizing
Terzaghi’s stress / effective stress concept

Two Immiscible Fluids, 1&2 Contact Forces ?

S

Effective stress ? Missing term: surface tension
Potentially anisotropic fluid stress contribution, fabric tensor of interfaces…
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This direct effect term depends on the location of the capillary bridges. The volume average of this term
defining the effective stress is anisotropic:
More cohesion along directions through more capillary bridges 



In the absence of more detailed description, possible approximation:
. No cohesion (interfaces) at full or zero saturation, presence of interface 
proportional to saturation product
. Characteristic length given by permeability

. With better description, anisotropic tensor, function of interface density



Numerical study: 
impact on the stability of slope during rainfall



Conclusions
• Taking into account surface tension in effective stress amounts to add

a term representing the stress supported by the interfaces
• This contribution is not negligible
• It is potentially anisotropic. It depends on the geometry of the 

interfaces
• These interfaces result from the history of the flow
• Some crude approximations can be used to estimate this term, or 

deeper models producing the micromechanics are needed



• Particular expression, capillary bridges 
between spherical grains



• Particular expression, capillary bridges 
between spherical grains


