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Motivation
THEBES project

Understanding of
Thermo-Hydro-Mechanical-Chemical (THMC)  Behaviour 
of the Swelling Clay (Bentonite) Barriers under complex 
environmental conditions.

Aalto University
Developing a numerical modelling
tool for the prediction of long-
term coupled behaviour of
bentonite as a sealing material.



Brief introduction to the Thebes code
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Thermo-hydro-mechanical-chemical FE simulations

mechanical: amended BBM, models by della Vecchia et al. (2013, 2014, 2015), new 
models which take into account micro and macro structure of bentonite are in 
development

hydraulic: number of models for water retention, Philip & De Vries model for vapour
transport, extended Darcy law for liquid water transport, Henry’s law for solubility of 
water, phase changes and heat effects are taken into account. New models in 
development

thermal: heat flux in solid, water and gas 
phases, full energy balance / coupling

Taking into account well established laws of physics and thermodynamics

chemical: simple model which takes into 
account salt and salt migration in water.
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Compositional method is employed to derive the balance equations (Panday
& Corapcioglu, 1989) 

Idealization: three phases (liquid, gas, solid) and three components (water, dry air, solid particles and salt)

Governing Balance Equations
Mass balance (water, dry air, salt and solid component)

Phases and components of a geomaterial
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Compositional method is employed to derive the balance equations

𝜕𝜕 𝜙𝜙𝑖𝑖𝜌𝜌𝑖𝑖𝜔𝜔𝑘𝑘𝑖𝑖

𝜕𝜕𝑡𝑡
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

+ 𝛻𝛻 � 𝜙𝜙𝑖𝑖𝜌𝜌𝑖𝑖𝜔𝜔𝑘𝑘𝑖𝑖 𝒗𝒗𝑖𝑖

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

+ 𝛻𝛻 � 𝒋𝒋𝑘𝑘𝑖𝑖
𝑛𝑛𝑛𝑛𝑛𝑛−𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

= �𝑄𝑄𝑘𝑘𝑖𝑖
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

General mass balance equation 

𝜙𝜙𝑖𝑖: volume fraction of phase 𝑖𝑖
𝜌𝜌𝑖𝑖: density of phase 𝑖𝑖

𝒗𝒗𝑖𝑖: velocity vector of phase 𝑖𝑖 𝒋𝒋𝑘𝑘𝑖𝑖 : non-advective flux vector of component 𝑘𝑘 in phase 𝑖𝑖
𝑄𝑄𝑘𝑘𝑖𝑖 : source or sink term of component 𝑘𝑘 in phase 𝑖𝑖𝜔𝜔𝑘𝑘

𝑖𝑖 : mass fraction of component 𝑘𝑘 in phase 𝑖𝑖

Governing Balance Equations
Mass balance (water, dry air, salt and solid component)

Phases and components of a geomaterial
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Governing Balance Equations
Energy balance

�
𝜕𝜕Φℎ

𝜕𝜕𝑡𝑡
𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

+ �𝐿𝐿𝑄𝑄𝑤𝑤
𝑔𝑔

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑜𝑜𝑜𝑜 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

+ 𝛻𝛻 � 𝒒𝒒ℎ
ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑑𝑑𝑑𝑑𝑑𝑑 𝑡𝑡𝑡𝑡 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

= 0

The enthalpy balance equation is given as

Soil heat capacity

Φℎ: represents the ability of the system to store heat 

Heat flux

𝒒𝒒ℎ = conduction + convection by liquid phase + convection by gas phase

Abed AA, Sołowski WT. A study on how to couple thermo-hydro-mechanical behaviour of
unsaturated soils: Physical equations, numerical implementation and examples." Computers and
Geotechnics 92 (2017): 132-155.
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𝛻𝛻 � 𝝈𝝈𝒕𝒕𝒕𝒕𝒕𝒕 + 𝒃𝒃 = 0,

where:

Governing Balance Equations
Static mechanical balance 

Net stress 𝝈𝝈 and suction 𝑠𝑠 are employed as independent stress measures.

The mechanical balance is given in terms of total stresses 𝝈𝝈𝒕𝒕𝒕𝒕𝒕𝒕 and stresses
due to body forces 𝒃𝒃:

𝝈𝝈𝒕𝒕𝒕𝒕𝒕𝒕 = 𝝈𝝈 + 𝑃𝑃𝑔𝑔

𝑠𝑠 = 𝑃𝑃𝑔𝑔 − 𝑃𝑃𝑙𝑙

𝑃𝑃𝑔𝑔 and 𝑃𝑃𝑙𝑙 denote gas pressure and liquid pressure, respectively. 
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The elastoplastic Barcelona Basic Model (BBM) with thermal effects is
adopted for modelling the mechanical behavior

• Under constant temperature, the elastic domain and strength increases
with suction increase (drying).

• Under constant suction, the elastic domain and strength decreases with
temperature increase.

BBM yield surface under constant temperature BBM yield surface under constant suction

Governing Balance Equations
Static mechanical balance
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Finite element method is employed for spatial discretization:

𝑹𝑹𝑖𝑖+1 = 𝑴𝑴𝑖𝑖+1 𝑿𝑿
𝑖𝑖+1 − 𝑿𝑿𝑖𝑖

∆𝑡𝑡
+ 𝑲𝑲𝑖𝑖+1𝑿𝑿𝑖𝑖+1 − 𝑭𝑭𝑖𝑖+1

𝑿𝑿 = �𝒖𝒖, �𝒉𝒉𝑙𝑙, �𝒉𝒉𝑔𝑔, �𝑻𝑻, �𝒄𝒄

The framework is implementation in NUMERRIN numerical solver. 

Newton-Raphson iterative method is used in this study to determine the
primary unknowns:

�𝒖𝒖, �𝒉𝒉𝑙𝑙, �𝒉𝒉𝑔𝑔, �𝑻𝑻, �𝒄𝒄: are the nodal values of displacements, liquid pressure head, gas pressure head, temperature and concentration 
respectively.

Numerical implementation

𝑴𝑴𝑿̇𝑿 + 𝑲𝑲𝑲𝑲 = 𝑭𝑭

Finite difference is used for temporal discretization yielding a set of algebraic
equations that can be solved iteratively after building the residual:
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Verification: 1D uncoupled infiltration
Verification against analytical solution for 1D uncoupled infiltration by Srivastava & Yeh (1991) 

Suction head variation over time: Numerical results versus analytical solution

FEM model
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Verification: 1D uncoupled heat flow
Verification against analytical solution for 1D heat flow by Wijk & De Vries (1963) 

Temperature variation over time: Numerical results versus analytical solution

FEM model
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Validation against experimental data: isothermal and non-isothermal infiltration 
tests by M. Villar & R. Gómez-Espina (2009).

Validation: 1D infiltration

Infiltration cells after Villar & Gómez-Espina (2009)



15

Isothermal infiltration results
Validation: 1D isothermal infiltration

Relative humidity over time: Numerical results versus measurements

FEM model – hydraulic and mechanical 
boundary conditions
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Non-isothermal infiltration results
Validation: 1D non-isothermal infiltration

Relative humidity over time: Numerical results versus measurements

FEM model – hydraulic and thermal 
boundary conditions
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Non-isothermal infiltration results
Validation: 1D non-isothermal infiltration

Temperature over time: Numerical results versus measurements

FEM model – hydraulic and thermal 
boundary conditions
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Infiltration test results (Marcial et al. 2008) 
Validation: 1D isothermal infiltration (MX-80 bentonite)

Relative humidity over time: Numerical results versus measurements

FEM model and hydraulic boundary 
conditions
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Infiltration results (Marcial et al. 2008) 

Validation: 1D isothermal infiltration 
(MX-80 bentonite)

Swelling over time: Numerical results versus measurements

FEM model and hydraulic boundary 
conditions
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Validation: CIEMAT Mock-Up test
Full experimental details and results are given in Martin et al. (2006)

Modelled part

Simulation of the first 2500 days
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Validation: CIEMAT Mock-Up test 
Finite Element Model

w = 14%
s = 120MPa
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Validation: CIEMAT Mock-Up test 
FEBEX bentonite properties as employed in the analysis

𝜈𝜈 𝜅𝜅𝑜𝑜 𝜅𝜅𝑠𝑠𝑠𝑠 𝑛𝑛 𝛼𝛼𝑜𝑜 1/𝐾𝐾 𝛾𝛾𝑇𝑇 𝛼𝛼2 𝛼𝛼𝑘𝑘 𝛼𝛼𝑘𝑘𝑘𝑘𝑘 𝛼𝛼𝑘𝑘𝑘𝑘𝑘
0.4 0.05 0.3 0.35 1.5E-4 0.25 0.0 -3.0E-6 -0.147 0.0

𝑔𝑔𝛼𝛼𝛼𝛼 1/m 𝑔𝑔𝑛𝑛𝑛𝑛 𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑙𝑙 𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑙𝑙 𝜉𝜉𝑛𝑛𝑇𝑇 1/K 𝜉𝜉𝑤𝑤𝑇𝑇 1/K 𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠𝑙𝑙 m/s
3.5E-04 1.22 0.0 1.0 -1.0E-4 -1.5E-3 1.9E-14

𝜆𝜆𝑠𝑠𝑠𝑠𝑠𝑠 W/m/K 𝜆𝜆𝑑𝑑𝑑𝑑𝑑𝑑 W/m/K 𝜏𝜏 𝑓𝑓𝑇𝑇𝑇𝑇
1.15 0.47 0.87 1.0

Hydraulic properties

Thermal properties

Mechanical properties
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Validation: CIEMAT Mock-Up test 
Measurements versus numerical results

Relative humidity
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Validation: CIEMAT Mock-Up test 
Measurements versus numerical results

Temperature
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Validation: CIEMAT Mock-Up test 
Measurements versus numerical results

Swelling pressure
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Validation: CIEMAT Mock-Up test 
Measurements versus numerical results

Water intake



29

𝜕𝜕 1 − 𝑛𝑛 𝜌𝜌𝑠𝑠𝐶𝐶𝑠𝑠
𝜕𝜕𝑡𝑡

+
𝜕𝜕 𝑛𝑛𝑆𝑆𝑙𝑙𝐶𝐶

𝜕𝜕𝑡𝑡
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

+ 𝑛𝑛𝑆𝑆𝑙𝑙𝐶𝐶 + 1 − 𝑛𝑛 𝜌𝜌𝑠𝑠𝐶𝐶𝑠𝑠
𝜕𝜕𝜀𝜀𝑣𝑣
𝜕𝜕𝜕𝜕

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑑𝑑𝑑𝑑𝑑𝑑 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

+ 𝛻𝛻 � 𝑞𝑞𝑙𝑙𝐶𝐶
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

− 𝛻𝛻 � 𝑛𝑛𝑆𝑆𝑙𝑙𝐷𝐷ℎ𝛻𝛻𝛻𝛻
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑎𝑎𝑎𝑎𝑎𝑎 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= 0

𝐶𝐶𝑠𝑠 = 𝐾𝐾𝑑𝑑𝐶𝐶; 𝐷𝐷ℎ = 𝜏𝜏𝐷𝐷𝑜𝑜 + 𝛼𝛼
𝑞𝑞𝑙𝑙

𝑛𝑛𝑆𝑆𝑙𝑙

Simple chemical coupling
Governing mass balance

𝜕𝜕 𝜙𝜙𝑖𝑖𝜌𝜌𝑖𝑖𝜔𝜔𝑘𝑘𝑖𝑖

𝜕𝜕𝑡𝑡
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

+ 𝛻𝛻 � 𝜙𝜙𝑖𝑖𝜌𝜌𝑖𝑖𝜔𝜔𝑘𝑘𝑖𝑖 𝒗𝒗𝑖𝑖

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

+ 𝛻𝛻 � 𝒋𝒋𝑘𝑘𝑖𝑖
𝑛𝑛𝑛𝑛𝑛𝑛−𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

= �𝑄𝑄𝑘𝑘𝑖𝑖
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡



30

𝐶𝐶 𝑦𝑦, 𝑡𝑡 =
𝐶𝐶𝑜𝑜
2 erfc

𝑅𝑅𝑑𝑑𝑦𝑦 − 𝑢𝑢𝑢𝑢
4𝑅𝑅𝑑𝑑𝐷𝐷ℎ𝑡𝑡

+ 𝑒𝑒
𝑢𝑢𝑦𝑦
𝐷𝐷ℎ erfc

𝑅𝑅𝑑𝑑𝑦𝑦 + 𝑢𝑢𝑢𝑢
4𝑅𝑅𝑑𝑑𝐷𝐷ℎ𝑡𝑡

𝑢𝑢 =
𝑞𝑞
𝑛𝑛𝑆𝑆𝑙𝑙 ; 𝑅𝑅𝑑𝑑 = 1 +

1 − 𝑛𝑛 𝜌𝜌𝑠𝑠 𝐾𝐾𝑑𝑑
𝑛𝑛𝑆𝑆𝑙𝑙

Simple chemical coupling
Verification against analytical solution for 1D solute transport 
(Lapidus&Amundson 1952)

Analytical solution

Aalto Code

t = 1.0 s

t = 3.0 s

t = 7.0 s

n = 0.5
Dh = 0.1 m2/s
kw = 1.0 m/s
Kd = 0.0

• Gravity influence is 
neglected

• Simulation time: 10 
seconds
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Simple chemical coupling
Validation against experimental results salt transport 
(Warrick et al. 1971)

n = 0.38
Do = 6.94e-10 m2/s
αL = 0.01 m
αT = 0.0 m
kw = 4.4558e-06 m/s
Kd = 0.0

• The test starts by water
infiltration and salt injection
at the top boundary with
concentration of 209 meq/l.

• At t = 168.0 min, the salt
concentration dropped to
zero.

• Simulation time: 10 hours.
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Simple chemical coupling
Validation against experimental results salt transport 
(Warrick et al. 1971)
n = 0.38
Do = 6.94e-10 m2/s
αL = 0.01 m
αT = 0.0 m
kw = 4.4558e-06 m/s
Kd = 0.0

• The test starts by water
infiltration and salt injection
at the top boundary with
concentration of 209 meq/l.

• At t = 168.0 min, the salt
concentration dropped to
zero.

• Simulation time: 10 hours.
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𝜌𝜌𝑤𝑤𝑙𝑙 = 𝜌𝜌𝑤𝑤𝑤𝑤𝑙𝑙 1 + 𝑎𝑎
𝐶𝐶

𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚
; 𝑎𝑎 = 0.2Water density is effected by salt concentration:

Elder, J. W. (1967). Transient convection in a porous medium. Journal of Fluid Mechanics, 27(3), 609-623.

Verification: Density dependent solute transport (Elder 1967) 
Finite Element Model

Finite element model (2x2000 elements)



35

1-Johannsen K (2003) On the validity of the Boussinesq approximation for the Elder problem. Computational Geosciences 7(3): 169–182.
2-Papaspyros, J. N. E., Moutsopoulos, K. N., & Tzavellas, E. (2016). Solutions of the Elder problem for a wide range of the Rayleigh number.
3- Voss, C. I., & Souza, W. R. (1987). Variable density flow and solute transport simulation of regional aquifers containing a narrow freshwater‐saltwater transition 
zone. Water Resources Research, 23(10), 1851-1866.

Salt concentration after 10 years considering the effect of density change
Salt concentration at steady state considering the effect of density changeSalt concentration at steady state neglecting the effect of density change

Verification: Density dependent solute transport (Elder 1967) 
Numerical results versus reference solutions
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Verification: Density dependent solute transport (Elder 1967) 
Calculated salt concentration at different time steps



Block –pellet homogenization
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Developments
Block–pellet Homogenization
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BLOCK–PELLET 
HOMOGENIZATION
Experimental results
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BLOCK–PELLET HOMOGENIZATION
Axisymmetric model: mass conservation

For one sector of torus:

2 2V 2 R r
360
α

= π

The number and position of sectors are 
controlled in a way they contains similar 
mass of bentonite in the pellets zone to 
that measured by the average initial dry 
density (𝜌𝜌𝑑𝑑,𝑖𝑖𝑖𝑖𝑖𝑖 ≈ 922𝑘𝑘𝑘𝑘/𝑚𝑚3).



42

BLOCK–PELLET HOMOGENIZATION
Axisymmetric model: friction
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BLOCK–PELLET HOMOGENIZATION
Axisymmetric model: averaging 

av ,i

n

v v i
i 1

F dA
=

= σ∑

( )2 2
2 1 2 1dA A A x x= − = π ⋅ −

( )X1 X 2

av,i

v v
v 2

σ + σ
σ = v

v
F
A

σ =

Based on the numerical results that can be 
approximated to :

( ) ( )
r 2

v v v
0 0

F x, dA x, d dr
π

= σ θ = σ θ θ∫ ∫ ∫
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BLOCK–PELLET HOMOGENIZATION
Configuration 1: results
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BLOCK–PELLET HOMOGENIZATION
Configuration 2: results
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BLOCK–PELLET HOMOGENIZATION
Configuration 3: resultsConfiguration 3
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BLOCK–PELLET HOMOGENIZATION
Comparison between different configurations with similar bentonite mass
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Some graphical output
Thebes code numerical results

Horizontal stress Vertical stress Total water flux

Dry densityDegree of saturationTotal displacements x 5



Water retention model based on mineralogy and 
microstructure of bentonite
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Water retention curve including microstructure effect:
Considered structural levels
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Water retention curve including microstructure effect:
Estimation of interlayer water content

𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖 = �
𝑖𝑖=1

𝐽𝐽

0.5 × 𝑁𝑁𝑁𝑁 × 𝐴𝐴𝑙𝑙𝑙𝑙 × 2𝑛𝑛 + 𝐿𝐿 − 1 𝑚𝑚 × 𝛿𝛿𝑤𝑤
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑏𝑏𝑏𝑏 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

× 𝜌𝜌𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖 × 𝑅𝑅𝑖𝑖
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Water retention curve including microstructure effect:
Interlayer distance versus suction
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Water retention curve including microstructure effect
Interparticle water content from MIP test

𝑆𝑆𝑙𝑙 =
𝑒𝑒𝑚𝑚
𝑒𝑒 𝑆𝑆𝑚𝑚𝑙𝑙 +

𝑒𝑒𝑀𝑀
𝑒𝑒 𝑆𝑆𝑀𝑀𝑙𝑙 =

𝑒𝑒𝑚𝑚
𝑒𝑒 1 + 𝑔𝑔𝑚𝑚𝛼𝛼 𝜓𝜓 𝑔𝑔𝑚𝑚𝑛𝑛

𝑔𝑔𝑚𝑚𝑚𝑚

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

+
𝑒𝑒𝑀𝑀
𝑒𝑒 1 + 𝑔𝑔𝑀𝑀𝛼𝛼 𝜓𝜓 𝑔𝑔𝑀𝑀

𝑛𝑛 𝑔𝑔𝑀𝑀
𝑚𝑚

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

Double-porosity effect on the global water retention curve (Della Vecchia et al. 2015)
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Water retention curve including microstructure effect:
Scaling of interparticle water content to account for freeze-drying effect
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Water retention curve including microstructure effect:
The total degree of saturation is the sum of interlayer and interparticle water
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Water retention curve including microstructure effect:
Advanced procedure to fit the MIP results
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Water retention curve including microstructure effect:
Evolution of micro-void ratio with saturation
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Water retention curve including microstructure effect:
Evolution of micro-void ratio with saturation
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• Dry density influence: 

compress WP4C samples closer to the 

required dry density

• Use fitting model for water retention 

curves which takes into account salinity

• Microstructure: 

plastic cubes: 2.5 mm diameter, 10 mm high 

• Results for water simulants: 

OL-SO, pH=7.28, osmotic suction =6.88 MPa

OL-BNO, pH=7.11, osmotic suction =1.57 MPa
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