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Aim of ResearchAim of Research

Detection of the true mechanism of Detection of the true mechanism of chemical chemical 
processprocess,, water flow water flow andand deformation/fracturingdeformation/fracturing
based on based on 

molecular simulationmolecular simulation,, and micro/macroand micro/macro
multiscalemultiscale homogenization analysishomogenization analysis..
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Molecular simulations
Monte Carlo (MC)
Molecular Dynamics (MD)

Macro-continuum
Micro-continuum
(inhomogeneous)

Molecules
(discrete system)

Homogenization Analysis
(HA)

Characterization

 

beidellite

water

Viscosity: 2*10-3 Pa s

Diffusion coefficient: 10-5 cm2/s

Density: Mg/m3

Shearing

The viscosity of a stack (8x10-3 Pa s) is 
about ten times of water, which does not 
affect to a long-term deformation.

Swelling



Seepage problem

Multiscale Homogenization Analysis (HA)

Ωs: fluid phase
Ωf: solid phase
Γsf: fluid-solid interface

Microscale problem
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Microscale problem
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Microscale Equation
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Macroscale Seepage Equation

2 0 0 1 0 0( ) ( , ), ( ) ( )i iV V P Pε εε≅ ≅x x x x x
True velocity and pressure

Conventional vs HA-permeability

Peclet number: 0.14 – 1.34x10-14
Hydraulic gradient: 1

2*
ij ijK g Kε ρ=



Long-term consolidation test

Classical 
consolidation theory

Secondary 
consolidation 

Tertial consolidation
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Case A1-1:  d=1.37, Pure water, Applied Load 2.08 3.25 MPa 

bentonitebentonite 8 mm
K: homogeneous

MD/HA
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In-situ XRD Analysis Incident X-ray beam

To detector

Windows for X-ray beam

Incident X-ray beam

To detector

Windows for X-ray beam
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Stage 2
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2θ degree  (Mo/Kα)

d(001) = 1.864 nm

d(001) = 1.575 nm

Time-change of diffraction patternsDiffraction patterns at different windows



Trinidad

Mud volcano

Niikappu
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Size of unit cell
Sand: 100μm-1mm
Clay:  0.1μm-1μm

Generating               due to Generating               due to dilatancydilatancy/vd dtε

Porosity n0=0.48

Surface centered: sc Body center cubic: bcc

Porosity n1=0.32

Hexagonal closest packing: hcp Cubic closest packing: ccp

Porosity n2=0.26
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ConclusionsConclusions

Clays: Micro-inhomogeneous porous materials
Analysis of true physical & chemical behaviors in micro & 
macro domains
Coupled Molecular Dynamics (MD) simulations for 
identifying nanoscale material properties & 
Homogenization Analysis (HA) for micro/macro-analysis
Seepage, diffusion & consolidation problems
Similitude law in micro/macro-analysis
Bentonite is an extremely diffusion-dominant material 
(Pe<<10-14).
Submicron & molecular level of experimental verifications 
CLSM, SEM/TEM, XRD, NMR, ICP-AES/MS


