
Introduction

A Thermodynamic Model of Swelling Stress of Bentonite

Buffer material (compacted bentonite) composing engineered barrier in the geological disposal of a high-level radioactive waste (HLW) develops swelling stress by
penetration of groundwater from the surrounding rock mass.

In previous studies, we measured the thermodynamic data of water (the activity of water & the relative partial molar Gibbs free energy of water) in Na-
montmorillonite which is the major component of Na-bentonite by vapor pressure method, and proposed a thermodynamic model to analyze the swelling stress
(pressure) of bentonite based on thermodynamic theory [e.g., Sato 2007, 2008a, 2008b].

However the thermodynamic data of water in bentonite are limited. In this study, we measured the thermodynamic data of water in Na-montmorillonite and Na-
bentonite by measuring relative humidity (RH). We also analyzed the swelling stress of bentonite based on the thermodynamic model developed so far & the
thermodynamic data of water, and compared with measured data.
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We measured the thermodynamic data of water (aH2O & dGH2O) in Na-montmorillonite & Na-
bentonite vs. water content, and calculated the swelling stress of bentonite based on the
thermodynamic data & model.

The calculated results of the swelling stress of bentonite were in good agreement with
measured data. Therefore, thermodynamic model is useful for analysis of swelling stress.

When the a & the b phases are in
equilibrium state by penetration of the
solution to the bentonite, the chemical
potentials (m0) of the waters between
both phases are equivalent.

𝛍𝐨 𝐖,𝛂 = 𝛍𝐨 𝐖,𝛃 ∙∙∙∙∙∙∙∙∙∙∙∙ (𝟏)

In this system, the difference of the
Gibbs free energies (dG) of the waters
between both phases in equilibrium state
acts as swelling energy of the bentonite.

The dG can be calculated as below
assuming that the relative partial molar
Gibbs free energy of water in the a
phase is dGS & that that in the b phases
is dGH2O.

𝐝𝐆 = 𝐝𝐆𝐒 − 𝐝𝐆𝐇𝟐𝐎 ∙∙∙∙∙∙∙∙∙∙∙∙∙ (𝟐)

𝐝𝐏𝐞𝐱𝐭: swelling stress (Pa)
𝐕𝐰: specific volume of water at 25℃ 

(18.0686cm3/mol)
𝐏𝐇𝟐𝐎
𝛂 : vapor pressure in the a phase at 25℃ 

(Pa)

𝐏𝐇𝟐𝐎
𝛃

: vapor pressure in the b phase at 25℃ 

(Pa)
𝐏𝐇𝟐𝐎
𝟎 : vapor pressure of pure water at 25℃ 

(3.168kPa)
𝐑 : gas constant (8.314J/mol/K)
𝐓 : absolute temperature (K)

Chemical potentials (m0) of waters in
both phases (a & b) when both phases
are in equilibrium by penetration of
solution to bentonite (25℃)

Chemical potentials (m0) of waters in 
both phases are equivalent

Relation of swelling stress (dPext) with
the Gibbs free energy changes (𝐝𝐆 =
𝐝𝐆𝐒 −𝐝𝐆𝐇𝟐𝐎) of waters in both phases
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Measurements of Thermodynamic Data of Water in Montmorillonite & Bentonite

Activity of water

Relative partial molar Gibbs free energy

𝒂𝐇𝟐𝐎： activity of water

𝐝𝐆𝐇𝟐𝐎： relative partial molar Gibbs free energy

𝐏𝐇𝟐𝐎
𝛃

： vapor pressure of water in the b phase at 

25℃
𝐏𝐇𝟐𝐎
𝐨 ： saturated vapor pressure of water at 25℃ 

(3.168kPa)
𝐑𝐇： relative humidity at 25℃ (％)

𝐑： gas constant (8.314J/mol/K)

𝐓： absolute temperature (K)
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= 𝐑𝐓𝐥𝐧 𝒂𝐇𝟐𝐎 ∙∙∙∙∙∙∙∙∙∙∙∙ 𝟖

Relation of activity of water with RH
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Relation of relative partial molar Gibbs 
free energy with RH

① Dry Na-bentonite powder (Kunigel-V1 & 
Kunipia-F (Kunimine Industries Co. Ltd.),
105-110℃, 24h～, 3.00g/sample, n=3))

② Adsorb vapor to bentonite (RH=100％,

lower than -99kPa, ～9 months,

periodically measure the weight of water)

③ Measure RH & temperature (-101.3kPa,

25℃, measure every ca. 24h)

④ Take out sample (bentonite powder) & 
measure the weight of water

⑤ Draw a vacuum to lower water content

⑥ Repeat procedures ③～⑤ vs. water 
content (～100％)
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(Polycarbonate) RH/
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Heater
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Results & Discussion

Although both of the activity of water (aH2O)
and the relative partial molar Gibbs free
energy (dGH2O) are lower in Kunipia-F &
Kunipia-P than in Kunigel-V1 in the
correlation with WC of bentonite, the plots of
both bentonites (Kunipia-F & Kunigel-V1)
overlap vs. WC of montmorillonite, and
montmorillonite content is concerned with
water retention

The same trend is obtained also in the past
studies [Torikai et al. 1996, Sato 2007,

2008a, 2008b]

𝐖𝐜 (％) =
𝐌𝐨𝐢𝐬𝐭𝐮𝐫𝐞 𝐰𝐞𝐢𝐠𝐡𝐭

𝐁𝐞𝐧𝐭𝐨𝐧𝐢𝐭𝐞 𝐰𝐞𝐢𝐠𝐡𝐭
× 𝟏𝟎𝟎

Kunigel-V1： 51％ [NUMO 2022]

Kunipia-F： 99％
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