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Abstract

Bentonite is a fine-grained geologic material consisting mainly of montmorillonite clay. It presents a low permeability, a high
swelling pressure, and a strong capacity to retain radionuclides that make it an important component in current efforts to
design engineered barrier systems for the isolation of radioactive waste. In these barriers, the thermal gradient generated by
radioactive decay is expected to lead to coupled thermal-hydrologic-mechanical-chemical (THMC) processes that may impact
barrier performance. However, constitutive relations characterizing the THMC coupled properties of bentonite in variable
temperature, aqueous chemistry, and dry density conditions remain incompletely understood. Here, we use high-performance
molecular dynamics (MD) simulations to gain insight into the THMC constitutive relations of compacted montmorillonite clay.
Specifically, we report large-scale MD simulations of water-saturated clay assemblages containing 27 montmorillonite particles
performed using the codes GROMACS and LAMMPS (Fig. 1). Simulations were carried out using the replica-exchange MD
(REMD) technique, with 96 replicas of the system with a wide range of temperatures up to 100 °C. In addition, simulated systems
were progressively dehydrated to examine a range of dry densities. Results were analyzed to determine a series of properties
including hydraulic conductivity, water and ion self-diffusivity, heat capacity, thermal expansion, and swelling pressure as a
function of temperature, dry density, and the type of exchangeable cations (Na, K, Ca). Finally, simulation predictions were
validated and refined by benchmarking against experimental results and previous MD simulation predictions. This research
provides new insight into the coupled THMC properties of clay barrier systems and advances efforts to predict the performance

of engineered clay barriers over a long timescale.



Thermo-Hydro-Mechanical Properties of Water-Saturated FALL
PRINCETON y X A\J\;‘ MEETING

UNIVERSITY Clay as a Function of Dry Density and Temperature O e i

Xiaojin Zheng and lan C. Bourg 12-16 DECEMBER 2022
Session Number and Title: MR25B: Physical Properties of Earth

Department Of ClVlI and EﬂVernmentaI Englneerlng, PrlnCEtOn UﬂIVGFSIty Materials: From Micro to Macro and Back Again
Xlaojin.zheng@princeton.edu Poster Number: MR25B-0087
Introduction Progressive Dehydration Results Hydraulic conductivity -
L . . . . : _ — 4010
Bentonite 1S a flne-gralne_d g_eologlc mgterlal Dry density: 944 kg/m?  EESESEESRNEERRE. - Goa | 10 | | | | | i 420
consisting mainly of montmorillonite clay. It is an Water content: 0.41 ,.;,..»,w-,-»s.,»_-f;-:'.*:"::{if{-- SR Heat capacity  tkg/m? 1S .
important component in current efforts to design mt - 0. 67 I '“"‘:f:f“‘h 4500 ' | | | J >10 400
engmeered barrier systems for the | |solat|on of "-;q i 'm...a:: R T e 4000 T = 300K 2000 % -’ 1 380
radioactive waste. However, constitutive relations ”.'5fa_'_?;'_f'_'_."_’,_'A'"'f:'f"_‘""‘“'_“'f'f?'_'f'f\;':f'? ST e TR — WMF = my,qter/Meotal 5 10
characterizing the thermal-hydrologic-mechanical- IRl - z 2 1360
chemical (THMC) coupled properties of bentonite in '-""’"‘""'"""""‘*""“”"‘""""‘"E;i’i;,&:»h,:zg:z.&::*;:'.,: ste D@V 4 [ 11900 310713 | 340
variable temperature and dry density conditions ot SR WA 2
remain incompletely understood. § 10714 9 320
: = "“/‘:‘ M Se i Honorio and Brochard, 2022 | _ - 1000 O
Na-montmorilienite-in SEM, &3 Padidi a;??z‘}«;,.'-n; AR Y AT ixing rules
(Mouzon et ., 2016).... R e «-"“f‘m”.f:. BEETE O LS Sate e AR MXING IUIeS  on 1001 = ¢ 0 300
] p~ — , J"D"J:{;l h‘;’td’n "J’:Jl ' fc.t £, ‘ 3 “i"‘,} .(:;;;;“ ) h::;. X Sirrag atn | ;’32’3 - 1 0-15 ! | | | I |
‘ ot G i e L e o e e auge etal. -
R et e s s N (0~  Wagner and Pt 2002 800 1000 1200 1400 1600 1800
‘f'i"“;»~"m~a, AP R T L So8%as \/ Niekamp et al, 1984 | 500 . 3
S "‘:;\l J‘O:l :\to (r ‘:‘,)J'.a‘.«a.;!i.:a‘- o:_.(')!o‘(“).:"r e ¢ 5 )c(;sreateaﬁ_?lé,o?'zaoo Dry denSIty [kg/m ]
; Q) Yoonetal, 2019 - O This work (parallel) Mesri & Olson, 1971
QO Casas et al, 2011 X This work (normal) Carrillo & Bourg, 2019
. Tr——ree TR : : | | Park et al., 2021 Villar, 2004
 Dry density: 1,188 kg/m?3 EsEEasassss e O A e, 0 ) 0 7 Cho et al., 2000 Dixon et al., 2002
' Water content; 0.33 ’ ‘"",-,., : BB oy 0 0.2 0.4 0.6 0.8 [> Villar et al., 2010
 Porosity: 0.58 =2 B S S '.'7':;"-"?'"?; Water mass fraction [-] < Choetal, 1999
;:333-33'35: e e s "“ 2 Diffusion coefficient TIK
: RIS S G S SO ISTIS S, "'~'"":t::';:'m (-» Gy e)} .': ’agl'f‘) )IeK) 3 - "
AP 1&%“‘* T e e e ey Thermal conductivity » kg/m?] -
Tetrahedral sheet e e e 23 T i R TR 3 | | : :
\ ) ® Oxygens @ Hydroxyls 35 £ § 8 oo olal 2016 _ 360
Octahedral sheet Aluminum, iron, magnesium Xu et al., 2021 .
S \ — . . X 2.9 \V/ P:ri ea; al., 2021 - 2000 )
S ‘V \ Silicon, occasionally Aluminum o J‘;'JJJ,”“,, E q Tang & CUI 2006 I
g ‘ e i 200 I = 2 > Hokmarketal. 2007 |7 || 1800 e
. E ¢ Pusch, 2001 ’ i -
£2 Ould-Lahoucine et al., 2002 _
2 1. O This work 1 1600 S 5107k $3 g 3: -4 1320
oz bt P = - ; 0 ¢ ¢ .
hﬁ‘ﬂit‘;*ﬁh -+ 1 _ > O I \ 4 25 7 -
O n_ = - ! *y : ’
R | E h M | I P T—— _g 11400 A i v v ¢ 7 300
ep I C a XC an g e O eC u ar Dry density: 1,576 kg/m> gsses e ‘*\*?W.\~ -0 c O5F " | O This work (parallel) ¢ ]
: : : Water content: 0.21 ﬁﬁ’{:‘,‘;j::‘;‘:::::‘ AT M T Q 7y @ G & l X This work (normal) 3%‘ ¥
Dynamics (REMD) Simulations on Porosity: 0.45 AR I © 1200
M',, RGOS u)‘ z‘?ﬂl)’.“ ¥ < s 'r 'vltvv'-‘\.. CU O T B 10-2 = v akazawa et a - 099 I ‘ E 280
ot (r)ffr"t *, S ""':"':"ﬁvrp:‘.w%"'; 'J:) '.’f:i,).',"”iif'i_'i&.@“‘?&?, T T ~ 300K E I -
Larg e'ScaI e CI ay Assem blag eS e """""""" A = 1000 1000 1500 2000
R R IS e ©-05F AVF =V, )V, -
= :’:‘:‘:{m\ann- mf":u?‘.‘?«?rr(r(?(ﬁtlifﬂrn’(i’rr‘:'!e, ;.;é: o > etes, C | air/ “total . 3
iy, Sy {.«;”;f':; e 2 1 , | | | 800 Dry density [kg/m™~]
. M"" ’.'ﬂ :u';s‘f::;.‘.;..a» .,;';:.:..g., Xod 3 }4‘,{{{‘,’! _“,."t.:”“‘ ”’_“ :;’,'-'M"" -
: X s ’:" B sy R N R e s f«;: '.'r""',:f;? s 0 0.1 0.2 0.3 0.4 0.5
: :Jn‘: (% :ux&:: fld’;(, "-7«,’,;'. pnwnnvnwﬁ"‘**"’“"ﬁ:&#“"'w.«, d'u'%r\‘ ] ]
= it "’“‘“""’"’ 3”‘""3 AP m.,“f“f,""“"’ Air volume fraction [-] -
: I S R e Concluding Remarks and

Thermal expansion coefficient Acknowledgments

Simulation Ana|ys es 2 T K] The water content dictates the heat capacity of
= | | | 370 bentonite.
Co =k > DOSgaS(v) gas(v) "E Odrv bulk = Mclay - - .y - .
| v = kg fo +DOS,opia (WS (1) & E L T A 260 The air \_/olume fraction plays a crltlca_ll .role In
Heat capacity o solt S . determining the thermal conductivity of
Cp=Cvt VTE o I 1 1350 bentonite.
.
Thermal conductivity —; — Zf g - J(0)) dt 23 I N = ; : : 1 | 340 Low dry bulk density and high temperature
SVksT 2 . L e, enhance the thermal expansion of bentonite.
Thermal expansion (SVE(H + PV))ypr § oL WA= 1 330 Hydraulic conductivity and water self-diffusivity
. . Ap — . - . .
coefficient i kgT2V X S epl ¢ 320 are highly sensitive to orientation, temperature,
O IS WOr . .
uv e © 1|2 Borgessonetel., 1988 B - and dry denS|ty_
. . =—— | (v(t)v(0))dt O Tang et al., 2008 ®
Hydraulic conductivity kBTfo Vv = | Lo Husceel 2002 ¢ - 510 |
K.ong = kog/u 2o ' | | | & The authors gratefully acknowledge the funding support
1 = 1000 1200 1400 160% 1800 2000 for this research from the DOE Office of Science (Award
. . . N (r(t) —1;(0 . Drv densitv [ka/m DE-SC0018419) and the DOE Office of Nuclear Ener
Diffusion coefficient b _ L im N2 1(ri(®) ~r(0) y y [kg/m’] ) i

(Award DE-NE0009323).

2d t—oo t




