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ABSTRACT

Bentonite is widely recognized and utilized as a buffer material in high-level radioactive waste
repositories, mainly due to its favorable characteristics such as swelling capability and low
permeability. Bentonite buffers play an important role in ensuring the safe disposal of
radioactive waste by providing a low permeability barrier and effectively preventing the
migration of radionuclides into the surrounding rock. However, the long-term performance of
bentonite buffers still remains a subject of ongoing research, and one of the main concerns is
the erosion of the buffer induced by swelling and groundwater flow. The erosion of the
bentonite buffer can significantly impact repository safety by compromising the integrity of
buffer and leading to the formation of colloids that may facilitate the transport of radio-
nuclides through groundwater, consequently elevating the risk of radionuclide migration.
Therefore, it is very important to numerically quantify the erosion of bentonite buffer to
evaluate the long-term performance of bentonite buffer, which is crucial for the safety
assessment of high-level radioactive waste disposal. In this technical note, Two-region model
is introduced, a proposed model to simulate the erosion behavior of bentonite based on a
dynamic bentonite diffusion model, and quantitative evaluation is conducted for the
bentonite buffer erosion with this model.

Keywords: High-level radioactive waste repository, Performance assessment, Bentonite buffer
erosion, Two-region model
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HEWo|E 25 FA] wiAUSS A FebA At E214 4 02 S5t 4= Qltk(Hong et al., 2022). 2o}
oz Qs IEWolE eEEAfjollA] & A/do] 2] H(gel) FHl= 2is 9 wtE= HFol= 4,
ELo|E Ao] MY Fhrt yobx Z20|= iR E(sol) 2 HSleto] Z|ol=E wbs] EAlkel= @S L5 ojufeict
(Neretnieks et al., 2009). =22 412 2o} f-5l 2Jgh A2 (drag force)l| 2ol HE dAP I 2802 ol WWi=d
& ©u[Rteh(Liu and Neretnieks, 2006). 1ot Bl E2]4] 4] o= Z[olr0] {5, 2[ok Ul ol29] sk, Ao Az
e, 7831 FE o] 7] 5 TRt aflof| ol A Fh=tll(Sane et al., 2013), QP87 SN 7141 HEU | E 54
o) s 2 Z2o|t F4 FE Frlstolof shg A ARS 4] sflA A o & Adsloh= o] T asit:

HIE Lo E 54l ZA1S HALSE | 99t 2] el 52 HiE Lo | E 2F4F ) dynamic bentonite diffusion model) 2! 3%
A & "(expansive clay model), 12|11 4=8]-s} Hdlg2 F7| A 7150 2 S5 4= Itk Hong et al., 2022). A 52

2

ﬂ o
1
E rlo
)
ot
I

2]
™

Q1 &4t o35 Y (diffuse double layer force)t Q12 0 2 2-851=van der Waals 12| 3ol 7|9teF o]tk Neretnieks et

al., 2009). WA HE 232 Barcelona Basic Model(BBM, Alonso et al., 1990)¥} Barcelona Expansive Model(BExM,

RIS [e |
HYPE TAIE 7502 g1 (suction) F UZ}] H-a{(swelling)= 112]3F Eo]tH Alonso et al., 1999). TF|[EFo 2 4=2]-
strREe o] st ehil- 79 3 Afole] upae], §3 495} o] WEo| 20 21884 9l B50] B S o
89] MmLol=0] 8 252 BAtek T B9 BU(Borgesson ot l, 20187 FA AFE HELol= B2 FH 44

Bingham A2 7Pgolo] 52 RARE E)(Lee et al., 2020a)= 2||3THHong et al., 2022).
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Two-region HE-2 HIELIo|E 2152) 4] T A 35 7191 BELBaR Z2AE O] =8 Al T Zr|¢lom o= 7|&9]
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o ER AR Rdlofo} £ Tl B ofXe= RIEUIE 5A10] 7] JAe RAfste] I A Adsrd + e
Two-region ZE-& A76talA} 5hH, 325 =] ASAH0] Al 7] FA1E areiRt oA Wrtello] 21.8-& 5ol 47141

e RS Adetstal ARV 7 BrekaAt qi.

2. Two-region 2&!°o| 74

v E 38 J9(expanded clay region)} El|F2]
=|(rim region) 22 1253 (Fig. 1). = ”34% gJolo HiEUo |EZ} Alo] Fe|a ZAshs Al usko 2 Az} HiEUo]E Q]
17} 7 Bk oh e} ole] S50 kg W] eh Sl SfslAlet Mg U] S5} ol efoln), Hiwe] dele
HIE Lo EV} £0] ez EAe1H &4t idto] ofg} x[sl2] 5-50f ufet HIE Lo EV} o]%55]= g <o thNeretnieks et al.,
2017).
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Fig. 1. Schematic view of Two-region model (Neretnieks et al., 2017)
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Two-region &4 Al 2l 28 ZAsl= HIELO|E A5t = Hul-8(volume fraction) 2] 7HE-S o]-8-5]] ATt Hul-golgh
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v V=V,
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471A p= HIEHO|EC] Rulg, V=Tl Fu, V=99 7] Yol A= e | E YAe] £, V= T9] Fa] Yol &
Aol =] Fu, 18l e = 3= SrlRith
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Two-region HEoA = BIF2] G| HALE Eﬂ FERelsl] flsh 21410] Fele EAsIICH(Fig. 2). HiFE 492 HE
= G ol vlsf w2k g o

N
=)
LS
;
_{
E
_IR
1o
f‘a
i)
%
m
o,
Wt
E
i
L =
e
>
%0,
AN
i)
an
)
of
12
Tlo

ofl ok
12 o o

o)

olt
o

=< X
O 1y, 0] PolS 2y FHFO R 4710]27»47}@@4%3 7391 202 A4 gl o]} o] e

o %% 2 AR EEo R BRSO, HE Be Gejo] A9t o] 9EY ABAL Ifz olskick

— r _ y
— — Rim
Groundwater Groundwater Iy
e . s Expanded » i _ . Expanded
clay clay

Deposition hole \ p—= \
R

Fig. 2. Rim region represented by a straight line
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Fig. 3. Diffusivity for the gel/sol as function of the volume fraction ¢ for different concentrations of monovalent ions. The curves
from left to right are for 0.01, 0.1, 1, 10, 50 and 100 mM ion (Neretnieks et al., 2009)
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et Hofelith WEYol|E Rulgo] ARo| met o] Fwrt S7kste] A= Bingham 7419 As -fARHAR=H,
Bingham 347} 3 27| QJalA= -GA42] Ak (shear force) V2] Fo] W5t =, 2|510] 550]| HIE L] E o] 7|5H=
o] B 7oz HIE U] E o] g2lo]o] AAsHA| E=d], olmjo] 2/ w5 2h= Fulao] HE W& A HiFe] 9 7
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ol Al H/d X (relative viscosity) = T2 ATHLiu, 2011).
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M, = —L=1+1.022¢,,, + 1.3586%,, @)

A7 n, 2 A, e IEHOE A Bl 20 A%, 1, = =2 A5, 123 ¢, = 3-8 Fule onleith

Relative viscosity
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Fig. 4. Relative viscosity for the gel/sol as function of the volume fraction for different concentrations of monovalent ions
(Neretnieks et al., 2017)

Fig. 4= IEUO]E 97 27171200 nm < wle] 5ujg 9l o] @ dstro] mp2 At 44 Jefimolr, o}
gol tte} ) AL FAs Z71eo], HlELolE o) 2l 2 291 o 10v] ) 28 TR 4 oIt

4, ME S HAO|A{C] HIELIO|E 2k=2| # < ZIE(Neretnieks et al., 2017)

AEF Sl Y1x]ote HH wE-S ol HIELC|E =7 iAgeitia 7PgsithH, +E W EAfoh= HIEUo|E Aeke o
St o] Yehd 4= Qlct:

dM B

e Ny = 2N, 3)
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71 M2 wE W EAIShE HIEY|ES] AR, N, 2 AEsol T B2 TSk HIEWC|ES] Ao f55(mass flow rate),
AL N, 2 HIFE] Gl w7k fEUolE A7 f5oltt. i, 2] - Fig. 2014 H Wi tiidez <t ghol]
wzofl, A BlF2] GGellA wiAur s ey E daka Altshr] f1sf 281 sl 731

Fig. 13} 2o r, o] iP5 2h= #2800l ¢, 0] Fulea 2he 5 HIEUe | BV EAjIeh, Ful&o] ¢ .71 faehe Aol A
E A& FHY] AP AL ofmfie] HEgo] r o2t i, - W Ak HIEU|E ARk thaath o] HERd 4= Qlrk

TUNNEL & UNDERGROUND SPACE Vol. 33, No. 4, 2023



234 - Jaewon Lee and Jung-Woo Kim

M= ps5f7’7r¢mean<r% - rzZ) (4)
A71A] p,= MEHOIE AR} B E=(grain density), §,,> B2 {F=(aperture), 12111 ¢, & HE B ol EAok= HE
Hol= o] 7 Rl golct

2] (4y2 4] (3)°1 28519 thet 2t

dM d¢m ean dTR
W: ps5f7’ dt ( 2, - T2)+ 2¢meu,n,rRW = ]v’i,n - 21v7’im (5)
4.1 AR HE M= W FHo| BHA(r,)
A (52 B Aol e AE e Gelo] WS 98 4 glom, ol theat gt
dr N;, — 2N, im d mean 7,,2 - Tz?
R in 77 . (rb > ( R ) (6)

dt B 2p56/r'77¢meu,n,r]if dt 2¢mermr}?

4.2 AR HE HE R Y LHo| FIlE(s)

S LA 9] AR (control volume)

HE B& IS Holil= FIEUe|E Q] ofFo] ghite] SfsiARt o] o x]7] iz, -5
H °

oNAdre) __ ;4 29 i) _ i( %)
9t - DrAr or | r + D7’+ (17’A7’+ dr or I r+dr or DA or dr (7)
74 A=W ®Ee] THHZA(cross section area)©|H, D= SHAHEo|T)
A7)0 53 25 2e theat go] Zops 4 ek
oNAdrg) _ (. 06 oldr) . 04 _ . 06 , oldr) . . 0A or
pr = Adr 6t+A¢ +dr¢ T = Adr (%—i—Ad) +dro¢ pr— ®)
HE B& G2 Azte] 2ol whet 2t g7, HE Fg FH FA TER] r 2 Al TE fbeo ok whebA] At
T W -2 ket o] R 4 9k
or _ Org Ty ©)
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PP el disl A4 FulE v, Aol 22 Ful= oRIels, dr B d(dr)2 Hhah Eo] BAE 4 ek

dr=(rp—mr;)/N; and d(dr)=drp/N, )

(924 (10)= A (8)°1 s that k.

a(Adro) s ( 06 an

ot Bt dt

L 1dA o
N;dr A dr rg—r;

oful, &1 (101 T30 N, dr = 1 1, O12, A() 9] 75 RS FEARNA ¥4 WaFe] Btalo] 92 2rra, 3} 2. o2 4]
(1ol 285t ket 2ok

o(Adro) _ o0  drn ¢ ( r—m)
— —27rr5f7wdr( at+ T 1+ (12)

A (12)2 018319 4] (7) #5402 thet o] ehd 4 Qle.

90 10 %)_ e ¢ ( —)

ot r or (DT ar dt rp—r; L+ r (13)
drp _

Aol o2 HE B8 99 Wo] Fules vehfi= 4 (13)2 WZ 0 Q1 735 & Aol A Q] AukaQl 2hit vy Alar)

FUsiel

4.3 212 30M # B2 2Tk HIELIO|Eo| 2 R5(w,,)

Agol R FRe MEolE 0] W 442 4 (13)9] hE- 5o AR Z A ukg 18715 At of
83} o) A Rsto] ARHE 4 9]

Mn = QDﬂ-ripséf‘r% I, = (14)

r=r,

4.4 AR T2 HES LHe| F k()

Wl o] = S5} e @Al ofsl] 3ol Het 2A2 st HE A g o] Mol s P& At sk o
o, ofi= tha} ek
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d¢7 ZV’i,n
@ . (15)

A7 Ve AES FUE Uit

4.5 O|A} Ak AEH(Pseudo steady state) 7}

HEWo|E 2k5Ao] w4 T HrE Al Héﬁ*ﬂh HE B3 G99 vS At o Sl HrlE A (partial
differential equation)?] 4} (6)7 HE & Fo] Fujg-2 AT 4 3k ﬁjﬂl—Er AR A (13)& BAloll Altstofor ik
=2 54 HIELo|E 24 ieof Hs| thaed} Fl AlE o] ]9, Qb
Q7712 Apoltt, wheba] 271291 7MS Fell 91 A T 4¢9}o}ﬂ} 53 E}

A1(6)TH A (13)= ol8stod 2] s 3 5, TS /g 7R At Aol whet HiF27H B Ee] ol ssie et
& 3 profile) &) o] A HISHR] =tk AollA 2Qtsted, ZF AR 712 (timestep) ol 4] A E 2H4F o] wH 9l Hox
&0 A= ATl FE52R1 gelio| ARt REg 9l Flulg-o] Mgt k= 2] k7] whhzell A4 e wiet Aokt 4*? & /H
£ 7PgstSIH: 5, o] 7P ZollM = STt A7t Adolm] A Ulell EAlokE o5 flEUe|E 0] Rafall ¢, 71 24219]

AR FA0NA Dogshet. o] 2702 o] 85PH HE ShiE o Ul o] Fule F3k= A (13)= 23 At B art glo] 24 ARF Ao
A o5tk o] At 4= §lom, o] A9 elii= 5 FHAA Y] 2k I Ak -fASH

S

forrm, <r<rg (16)

2] (16)= &l At HIE U | E Fuju] B2 o] §ofo], ZF AR 7HA 1 253 73 Aol o] Faju]of tigh v veke] nl &
= AgA o2 Akt 4 glom, o] Z o] 8ol AE-geli HEE Tk HIEHO|EQ] Ak 7511 4] (14)E thaak 2ol Al
At 4 QIe

]vin = 2D7Tlos(5f7’M (17)

o
In|—
T
EGHA (162 50 2 ARE7HE 8 E o E 0] B Hute 3 ARIO] WhE Bt ol sk thaat Zo] AR A0 R ARt
&4 9k
r
(213006, 0+ 2030, o] 2
(bmean = - (18)

o(r2 — rH>ln( ZR)

i
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d¢7rlean, B(bme(m dTR ad)me(m dd)l

dt  or, At o, dt (19)
2
T r
y (¢i—¢ﬁ>{(r§—r;)2_4m(r_ﬁ) H} o (=rieortn[ 2]
whe/]"e 8”;@(1” — 5 1 and 87’(;6(1" — . 1
R Tr 9 2\2 i 2 R
2rgln T_L) (r? = 7%) 2(r TR)IH( T; )

A (18) 4] (195 HE W& F9o vl thet 491 4 (6)°ll 281 ot .

]Vz'n - 21V7zm a¢mean (riz_ 2) d¢z

drp _ psO s, T o0; dt 20)
dt 8¢mean 9 9
2TR¢7716(1TL + TR<rR - ri)

ol A7 AT AT ATEE: Z1Ash Aol mHE i e Fele] w5 ukgo] WulR Aol ofd At nli w4l
T

(ordinary differential equation).0.2 ¥2}=]|o] At §-8

5. EI52] Fof|A2] ZIAl(Neretnieks et al., 2017)

HFe] G Fig. 204947 x 5 WRHOR mr 0] ZolS 27 y 5 YO B 1, 0] kS 2= A7} o] 917wl 7

o= FPgSI e, T ElTe] Gool it Eol =}
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of7|A NOE & A 0 24, O] St5HA](water chemistry), FIEUOE J2} 37], Fulgof w2 44w 9 Shteg 2
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d(2)= ¢pErfc(z) (28)
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6. Two-region 222 0|25t HIELIO|E k=2l 214l T}

6.1 ¥ 2=

20204 Lee et al.o] Aot k= 7|5 AEA| A (Improved Korean Reference Disposal System, KRS+)2] PWR @ A5
A Z 5 R-SNF(Regular-Spent Nuclear Fuel) 225 14-& 0]-85613).9™(Lee et al., 2020b), 71 540l $12]3t HH wLojlA]
HELo]E 2b5A) Ao dgRtttal 7stolrt. Fal 2919 ofjAlof o[ 85 e Am=& o185l & 107 | sl ageiale
™, o]i=Table 1] A]=]o] Qlet. 12 siAelx= HiF2] FHolM 2] MAlS 7dxs7| ol MiE £ 2|6l <= 7 Fdstalt:.

Table 1. Input parameters for Two-region model(Neretnieks et al., 2017)

Parameters Value
Ion concentration 0.1 mM
Initial volume fraction 0.59
Fracture aperture 100 nm
Groundwater velocity 1x10° m/s
Diffusivity 1x10° m¥s
Relative viscosity 8.2

6.2 5} Zn}
6.2.1 €F=] ¥4,

Fig. St BFF2] GelolAle] 2Ahe Moo he Bal(wio Naw) 7S 1212k REw/ Nyw) @] AR 1H2 E72] 1 2
T bl Tefmol, e Gl el FAE Mejek) ighe A9 109 F A oF 115 m, HiFe] ol o] AAg 1
SfoksS 7% 20 o 28 m 7] 29 AT/HIAIE A0 2 Ueldeh, e Two-region HE MIEO]E Q1] A 3-aeet

\1
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Fig. 5. Rim radius due to the bentonite intrusion
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Fig. 6. Volume fraction of bentonite buffer in the deposition hole
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