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Bentonite, used as tunnel backfill material and buffer material composing engineered barrier in geological disposal of a high-level
radioactive waste, swells by contacting with groundwater, has many functions such as water stop (self-seal) function to restrict
groundwater flow, mechanical buffer function to buffer rock pressure (earth pressure), chemical buffer function to control porewater
chemistry, and radionuclide migration retardation function to control radionuclide transfer. This paper introduces the findings so far
on a thermodynamic model for analyzing swelling stress with respect to various bentonite with different montmorillonite contents,
various dry densities, silica sand contents, porewater chemistry, temperatures, etc.
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Table 1 Classification and disposal concept of radioactive waste

in Japan
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Fig. 1 Multi-barrier system in geological disposal



JRFFj3 7= FhgE

& & HIT 300 m LA OEEMIE IRy S D, 2o/
SHFENMBASLS TH B, T 7 & AYHELCHEIEAR O & &)
1T DS HLE T SILBEMEMICID R Z L2k,
OHMBHRLHME LT, #EIXY GREIL) 220 LIkEErbic
Ry b A RRRESNTELORHWLNS.

FREHCHLO R UAMICHIE SNCV 2 E2akAE1E, il
HEFESE 2 RN DT 0 B L FICREE T 2 2 L &, B
FEH IR L7 e O i 2 il 32 GRAE S
%) ZETHD. NUMFA MISESEFMEEALT
WA ERSREM BN CH Y, KBTS LT, bk A
O —/Vk, RROREEE, (LSEROREE M, BRI - B
ITIBIENE 22 EOWE 2445, IhAMEIRKOENE 24+
LHETHY, WEBEBGZIEHONCT A EELEETH
5. &I, JERMER Y R A MEEKRRED 103~10"" m/s
BELEDOTERNWT L6, & 21E, BEMTFowE
BENIIRHCEL & 72D, HE Y —EII AT AN 7 238
L7BRICAE U 2 JulRER & OFRIE 72 & & IAE L CRAZE S+
DIEBETH D, SIFRIREMEIIKR Y 2K - Pk B2 L
CTIMIGS I ZHIE L, A——r3y 7 LB E OO )%
BINT v A ERRET DRERETH 5. AL FARRE R~ b
FA MZEENDI LY A b (FiER) 14 T74 F (&
BREE) T EOFVEMSIM OTERIZ XL D, [EBR/KD pH 21k
AR e & OKE & — EOFPHICHIET 2 RECH D, 1
TR - BATBIEIEIZ T 7 AE L HIRR (&) L
BAHEEFRE OB E 2 A MaE (K5 S¥52
L CEBESHLIHIETHD. XA FOERSTHD
'Y BFA M, BA A 5HEE (CEC) 28 100~110
meq/100 g F2fE (B EV v A b 100 g 4729 D4 EE)
L, BEEOLESSAA, S L L CLTIER T TR
[3,4]Z & D, < ORURMERE, L ICHhA A4 &2 IS
THIE BT BIESELZ LN TED.

DXL, XA MIANTANY T 2R T 2 FEE
MeELTEL OENHEEE RIET S, FHLIIINET
OFFET, SF S FAFMITx LTHABICSY A b
DOEAMEIS 2T T&E BT L OREELZ BIE LT, Tl
DECEYBSA REK (FBK) &OBMRICERL, B
TR L MBUK OB S 2T — 2 IS W TV (B
FETIV) ITOWTHIRLCE 2. AfiaTlE, SE8Fh
Ny b FA FOFEE (Bx DFEVEY BT A FVERR), i
IR, EERMRAER, M TAOKE, EEe Sloxh LTl
S EENTT DT D DRI FEET MZONT, RfET—4
RHR R L EEO T, ZRNETOMRERETD.

-
—

2 RUMFAIORRAORBELVETIVICET B

TEOHME

Ny M A MIERES LI OE T R A b
(Fig.2) Z#TEMu & THRBOMETHY, ExE, &
U OV EBEZE S AL 5y O T8 2 IR D £ & 6 [2)1C
FHV7 7 L AT —ATHEEREE L7 =71 V(Y
=IxTER (WBRAAME) OBA, TOIENrOHY &
LT, Eff (AEE R ULER), RlEA, Fia, HIRA,
T, EEIENAEENTND[S). TEY vt A hofk

106

December 2020

A.

s S

— -
= 0 N A= = <
5

A
%G

HEBRUEE

f1nm

TS 4> (Na'. Ca2'7x&)
Ll + nH20

R o, .

O E% Q) kEZ @ Al Fe, Mg
O @ Si (Al

Fig. 2 Multi-barrier system in geological disposal
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Fig.7 A conceptual model of the chemical potential
balance of water in the equilibrium state between a
solution of an arbitrary salt concentration (a. phase)
and bentonite saturated with the solution (B phase)
through sintered stainless steel filter at a constant
temperature

-
—

FERERREIZ W T, MUKDBE, 20 dGE (X 0 Tho
7o, HKDOEE, P OKDOIERIL<] &5 Lh D,
ZDLEDKD AGE 1E<0 LD, D LI, MK LR
FIFHNTFHRIREE T & o T2 JE R K A3 IR EE D 28I N 5
% Gibbs @ B H =R /LX —DZEALF Y 53 721 FE RIS ~HEK
INDH T LITEDZR LR, KR E, A4 VREOEWN
TRIRE R N A RSB L7235, RIS ol &7
EDBA A R ORI L i L7256 L0 bIRT TS
ZEBMBNTNDED, TOFRED—2ILZ DHRICLD
HLOTHD., Trhbb, TAZ IR ENTZEXITT A
7 UHHELeD L RERZ B CH 5.

HIRE DR WS TORMIE I, 6)RizBIT Hafih
DKOALFART % Ve LT dGE #RAT 52 LT,
QXD LIA dGE &7V, R ITHIAR T ORAMIR
NEFET 2D OBHRATHH5EDRICSNT, d6b,,
ORHVIZ dGE BB LTI-B2)RERATHZ LITLY

TN HEET LN TES.
dGg —dGP
dPeyy = 120 (33)
Vh20

¥, XU NTA R T AR EKE S EMRE
RO E, ALEOREDOEE T OKROIE & & A5 €
JV Gibbs ® HH =R /L¥— (25C) 1%, LA TFOBHR[18]0°5
HETDLZENTED.

myW

= exp (~To50) = e ) e
as = exP (= 7500 ) = P\~ To00aa, ¢
dGY = RT, Inag (35)
ag : MBI OKOTEE

111

BBV IR O BT VIR

Imol DEME LV AL B A A DIbF R4
B (L TOEEL TEL 4 4 %0
;KOS TR (H20=18.01528)

IZBARER

BRI ORIEE NVIRE
TEAERREIC 1T DIAIR O

o FEUEIRREICIIT A/KDLE (=0.997044)

2 e = ~ B

o o

[=]
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Table 2 Examples of osmotic coefficients of water and the
calculated results of activity of water and relative
partial molar Gibbs free energy for representative
electrolyte solutions (NaCl and NaNQ3)

conntation  Ocmotic  Activity G000 ee

(m:mol/ke) coefficient  of water (kd/mol)
0.207m-NaCl 0.929 0.9931 -0.01718
0.5m-NaCl 0.921 0.9935 -0.04113
0.64m-NaCl 0.925 0.9789 -0.05287
0.8m-NaCl 0.930 0.9735 -0.06645
1.7m-NaCl 0.936 0.9424 -0.14713
3.4m-NaCl 1.076 0.8765 -0.32674
0.1m-NaNOs 0.921 0.9967 -0.00823
0.5m-NaNOs 0.873 0.9844 -0.03899
1.0m-NaNO; 0.851 0.9698 -0.07601
2.0m-NaNO; 0.826 0.9422 -0.1475
3.0m-NaNO; 0.812 0.9160 -0.2176
4.0m-NaNOs 0.797 0.8915 -0.2847
5.0m-NaNO3 0.793 0.8669 -0.3541
6.0m-NaNO; 0.788 0.8434 -0.4223
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Fig. 8 Examples of the measured results of In(Pyz0/Pg20)
of water at Na-montmorillonite surface against 1/T
(water contents 78.6% and 73.4%)
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Fig. 9 Examples of the measured results of activity (above
Fig.) and relative partial molar Gibbs free energy
(below Fig.) of water at Na-montmorillonite surface as
a function of water content
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Fig. 10 An example of comparison of the calculated and
measured results of swelling stress in the pure water
system as a function of montmorillonite partial
density with respect to different montmorillonite
contents and silica sand contents of bentonites. The
calculated values were based on both of activity data
of water on Kunipia-P and Kunipia-F

dGpz0(We)
2 (2]

yE /L Gibbs @ HH = R /L ¥ —

—lnl[OS{erf<

dGyao(W,) = 8 %F35 55

[J/mol]
W, @ Bk [%]
m; : 2.3786
m, : 21.081
mj : 52.857
m, : 8.1004

T nt A hOEKELAFURIEICNT ST T
UatA MEISEE~OBREIE, KR TRDDHZ
NTXD.

100pgd,

Pam = “Wepg + 100d, |, _, (38)

P : EVEV A NOBEEE (RTHE) (2.7 Mgmd)
4.3 BKFRTOREENDOENEL EiilfE

Fig. 11 [ZEE Y v A NEFROERRLFE 2 D~ b
FA PBLUOEMRAERIZOWNWT, &FIF KBRS
o' EY vl A MBI 2B O

113

BIFDHANLANY T & LTOREEM OM & B

- BHI—ETP RBKRHHEIE

A J—ETF: ZBEKRETEIE (Torikai et al.1996D) T —3ZE D<)
o FEHH=ETP: IREH T 7K F (NaCl]=0.207M) FHH{E
1E+05 < © #&EY=EFP:[NaCll-05MFREHE1E

X 5845 —E7P:[NaCll-08MR T E{E
X #5815 = E7P:[NaCll=1. IMZA S EfE
# 158 —E7P:[NaCl=3 4MF 5+ fl )
1E+04 H ® FHHI=ETP: ATiEKR (NaC=0.64M) &t EfiE
0 H=H LN/ —ETF/MX80: KB K TR ERIE/$5AK51992
0 =5 )LV1: B BKRERE/ JAEAR R4 T—2 X —22006
B =4 )LV1:[NaCl]=05-34MZ = BIfiE
1E+03 H © 7=7 )LV IREM T KR EAIE/JAEAR R AR T —4A"-22006
= Y= )LV ATHEKRERE/JAEAR RIFET —4A'-22006
i, 1E+02 : Rl |
2 iy e
M {E+Q1 s |
B i
1
1E+00 : g
1
1 POSIVA(D15K)
O qg DEAENE
1 £
T S
1
1 1
1E-02 il 1
00 05 10 15 20 25

EVEYOFA MBS BEMg/m?)

Fig. 11 An example of comparison of the calculated and
measured results of swelling stress in the saline water
system as a function of montmorillonite partial
density with respect to different montmorillonite
contents and silica sand contents of bentonites
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