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Abstract: The phenomenon of rock structure disintegration caused by the hydration of clay minerals is closely related to
engineering safety problems such as slope landslide, tunnel collapse and borehole collapse. In order to reveal the hydration
mechanism of sodium montmorillonite under deep and complex burial conditions, molecular dynamics simulations on the
hydration process of sodium montmorillonite at different burial depths were carried out by using molecular simulation
techniques, verify the hydration expansion characteristics of sodium montmorillonite, and realize the quantitative analysis of
key physical and chemical parameters in the hydration process. The simulation results show that with the increase of interlayer
water content, the crystal layer spacing rises in a step pattern and presents a stratification phenomenon. With the increase of
burial depth and interlayer water content, the volume of sodium montmorillonite increases, while the density decreases
correspondingly. The increase of interlayer water content promotes the increase of hydrogen bonds, and significantly increases
the self-diffusion coefficients of water molecules and Na* ions. The self-diffusion coefficients of water molecules and Na* ions
in deep buried complex conditions are significantly higher than those at normal temperature and pressure. With the increase of
water molecular layer, the main peaks of Na-Ow, Na-Hw, Ow-Hw, Ow-Ow and Os-Hw showed a tendency to gradually

weaken, and the peak values of these main peaks were different

under different burial depths. Simultaneous, the degree of water HATIH: F5ERH2IATIH (52374080, 41772151)

polymerization first increased and then decreased, the i HHEA: 2023-05-22
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coordination number, the polymerization degree, the ionic hydration number and hydration radius of Na* ions decreased. With

the increase of burial depth, the degree of water polymerization is little different, and the hydration characteristics of Na* ions

only decrease slightly. The research results can be used to guide the theoretical analysis and engineering practice such as oil

drilling, coal seam mining, slope stability evaluation and tunnel excavation.

Key words: sodium montmorillonite; hydration mechanism; molecular dynamics simulation; radial distribution function;

self-diffusion coefficient; ionic coordination number
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Fig. 1 Single crystal cell model of sodium montmorillonite
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Fig. 2 Energy changes during geometric optimization of sodium
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Fig. 3 Energy analysis of sodium montmorillonite before and after

geometric optimization
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after geometric optimization
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Table 1 Comparison of d001 crystal layer spacing of sodium
montmorillonite at different burial depths
o gﬁ doo1 k=l EE/A
T T TR DU B BN
km ) I O R ORI
0 12.318 13.087 12.348 11.741 12.33 12.260

1 1.5 12321 - - - - -
2.5 12328 - - - — -
0 14.641 14.680 14.634 14.508 15.19 15.955

2 1.5 14.652 - - - - -
2.5 14.664 - - - - -
0 17.141 17.185 16.358 18.000 17.52 18.657

3 1.5 17.145 - - - - -
2.5 17.154 - - - - -
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Table 2 Variations in volume and density of sodium

montmorillonite supercells at different burial depths
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Table 3 Statistical table of hydrogen bonds of sodium

montmorillonite systems with different water contents
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Table 4 Self-diffusion coefficients of interlayer water molecules

and Na"ions at ambient temperature and pressure

JZIaK T B A0 m? s )
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T M Ty s ggon FEY Cmne s

1 278 0.018 2425 133 049 222 25
2 7.27 0.66 5342 457 2.5 7.37 14
3 10.50 0.63 9.873 9.06 44 1081 13

a b ¢ d e 7 g NaCl 12.12 — 16187 — — — —
6 18.4 45 34 0 11 11 Na"B ¥ B A&E/A10 10 m>s™)

8 245 49 34 1 1415 Ky BZL%E piEE %A ... Zheng Chang
12 368 53 33 2 18 20 T MR Dy w oa B Tmne a
16 48.9 62 33 7 22 29

24 734 36 37 15 33 48 1 038 0.03 047 0.08 0.14 007 037
32 97.9 98 39 26 30 58 2 279 0.06 2577 151 058 185 6.1
40 1223 106 32 37 36 73 3 3.36 0.16 3.642 238 0.53 2.21 1.8
48 1468 123 30 50 43 93 NaCl 636 — 825 — — - —
56 171.3 146 37 67 42 109 Vi Feth— g Sk A R

64 195.7 168 38 84 46 130 — . N
722202 171 34 102 35 137 &5 IR 1.5, 2.5km TEEZKSFH Na BB BARK
80 244.7 192 38 114 40 154 Table 5 Self-diffusion coefficients of interlayer water molecules
88 269.1 214 43 131 41 172 . .

96 293.6 218 35 139 44 183 and Na" ions buried at depths of 1.5 km and 2.5 km
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2, 3 BAKSFRE, WHET NaFUK TR EY B8R
FHoks BT A3 5085 5 oAt 3 O 0 R AT T X B, 45
RERHRIFOVIAE, ZHE 4. #E—0X R
FE AN 1.5, 2.5 km (A48, FRATEIURTHE T Na*
FUKAFHBEYRERE, S0EKS.

WRIER 4, 5 PIEAE> P, AERLITE®: B2
S KRR, K F5 Na AT EARSED -

TR Koy BEUKSTAYEAR Na'BY iRy
R + )= Hy(101° m*s ) (10" m*s™"
1 3.27 0.10
10.27 1.47
1.5 km
17.79 6.53
NaCl 35.37 21.69
1 14.62 4.13
18.50 6.92
2.5km
3 28.34 6.67
NaCl 45.03 18.36

(2) 12 m5r A R A

WEFCANER I AT AEA R B E (0~2.5 km) TR
FIH BRI AT R AL, v T #RJZ R Na oK 4 25
FRHE AR A A ARAERK AR S o XS
fiEd s 1~3 /K9 FEW Na-Ow, Na'-Hw, Ow-Ow,
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% 6 EIEJRTF Na'-Ow #0 Na'-Hw BI1R [553 75 5 1
Table 6 Radial distribution functions of Na*-Ow and Na*-Hw in
interlayer atoms
WREE/ JK7)  Na-OwZEl§¥  Na-Owikig  Na'-Hw L%
km T2 /A e WA g() WA g0
1 233 33.08 4.61 257 3.01 935

2 235 21.76  4.67 285 3.01 747

0 3 233 14.69 455 245 299 6.21

NaCl 237 898 425 149 3.01 3.3

1 235 2274 475 258 3.03 11.02

15 2 241 1882 449 295 3.01 7.79
' 3 239 1834 465 195 3.01 6.02

NaCl 239 817 425 154 3.01 340

1 235 24.04 461 3.07 299 8.86

25 2 235 1932 467 3.05 3.03 7.77

3 235 1546 463 227 3.05 593
NaCl 241 820 465 151 297 3.5

% 7Na™-Ow 1 Na*-Hw ElE52 B ITEE 9t

Table 7 Comparative analysis of the main peaks of Na*-Ow and

Na*-Hw in this simulation and previous studies
Na*-OwE I []r/A Na'-Hw U /A
Ko ARBRGC BTSRRI KRS R

FJZ ClayFF UFF UFF  ClayFF UFF
(NPT)  (NVE) (NVE) (NPT)  (NVE)

1 233 2.20 225 301 2.84

2 235 2.28 255 3.0l 2.92

3233 2.28 245 299 2.92

%= 8 K FEEF Ow-Ow F Ow-Hw BU1R[E] 537 iR 3
Table 8 Radial distribution functions of Ow-Ow and Ow-Hw of

water intermolecular atoms
WEE, K4y Ow-HwEWE  Ow-HwiklE  Ow-OwE %
km T2 WA g rA g(r) rA g(r)
1 1.79 3.39 3.3l1 328 277 6.58
2 1.73  2.86 329 303 275 593

0 3 1.73 279 325 296 277 5.62
NaCl 177 160 325 1.57 277 299

1 1.79 3.13 327 320 273 6.44

15 2 .71 282 331 3.00 271 5.62
' 3 1.79 241 333 251 279 479

NaCl 175 136 325 148 273 2.65

1 1.81  2.80 329 311 281 6.08

25 2 1.79 239 331 3.05 275 5.08

3 1.77 224 331 265 275 504
NaCl 175 1.19 329 144 273 259

Na'-Ow 5 Na'-Hw 12 [7] 7347 2R E0 ) Fe B X0
P, TmEEEWE 1, #R 7 Na' 8BRS RREE 2
fio 2% 6 HE W], Na'-Ow T IEIEA 25T Na'-Hw H
I, 1B Na™ ) Bl R R R 1 5 1 IR
XK T EELL Ow 5 Na'dih, TERUKEE
Fo WHISRART Naty5 Ow [K B e faf AH S AH B
Wesl, bk TEEESs A, Sy AR ELART I Hw R
HEF A B . FEE KA E G N, Na K462
PSR, {H Na™-Ow. Na™-Hw [HIGEBH T %, R
EE T NaCl ¥R IIFHNAR, XRS5 R EKS T
M4 A oSS, Na'Ji Bl K sy 7 P RE G o, =
BARH P ST NaCl . BeAbh, BEE R B
(I3, Na™-Ow 5 Na'-Hw W&AE B i/, (HEfE

INTF KRG F B S RS HWEAE R %, 0 B JHL R P )
NS B A KA — e R, (H 55T 2 S KR 52 .

7 WAL, R BB, Na'-Ow Fig
WERTEWL B 1, 2, 3 ZKAFIA233 A, 235 A,
233 Ao XS IR TR RSSO R SR S5 R, A
BT FSRT RS S, 1 2R, 2 103 EE)
/e ST Na'-Hw U, W1, 2 26T 3.01
A, 3 JEIIEEEE 2,99 A, X Ub{E ) TR el
(AL, 5 & B SR P 1938 0, Na™-Ow 5 Na™-Hw
VB 7 B A /N R ) R B Bl 3 o

% 8 "4, BEEKSTEHEN, Ow-Hw &
g 5 FBF R 9 S5 (ELATY I 3 = T NaCl ¥R Bl & MR A
FERIRE N, FiEE /MO, FIERE ow i
F5MAK ST Hw E P04 LR, AR R
TR AR AT K a3 T S A B A A AR R B R R

BNSE i A A & e Ow-Hw 42 [7) 70 A1 BR B e fe 4
fE: FUEAIT 1.71~1.81 A, 5B KRR FT(E 1.81
A M, AT ERESHRIE R 0.80~0.90 A & WK,
TN R AEEE I 2.60 A, IRIEN AT 3.25~3.31 A
XEN o JE—200r MR, FEAE SRR sy, &%
KA Z B kg T T, H Ow-Hw IE{E R K
o2 B0 B B 3G N T R PR, TCLUZ
B S EEE NS E . A, EEKAERT
NaCl ¥ B B = WA 5 A8, SR E KIS
AREEE R, BEAR, YHEEIID.

R ATEAFBERIRE T, Ow-Ow 12 [H A5
PREL AT T 2.71~2.81 A, B AT 4.79~6.58, &
TR AT BRI K 2.60~2.68 A Jz FHEISHRIE [
2.60~2.70 A iX—Z= 55 AT RE SR LR R FH 1) 1345 8
KRR E A 5. HAERNRZ, BERENK> T
380, Ow-Ow EUEIE(EZH PG, (HARF T
NaCl VB (WA KT o e AN, B2 PR B2 AR
TN B A TN B, (EIEE(E B SR k)N

2% 9 BHRANT, Hw-Hw 12 5 A0 HHIE B2,
FUERT T 1.61 A, RIGE N AL 2.49~2.53 A X[E] .
MR EAAR, KT EBORE &R, FIERRIE
SEFEYEA TR k2, K TR, BEE
IREERIINTR, SR EIRTT, IRUENITE/ NG N 8.
MR BEE 0~2.5 km N, Os-Hw IEHEH T 1.77~
1.83 A, LL1.81 AN, FEHIIFE 3.15~3.31 A
KA FIZ BB 0 AR SR 0 R IR I SR 55
T 35 GRR TR (140 738 A 0 A28 17 4 A1 bR 501 52 1) U268 A ol
55, RICNRBIZLIL FES. Ko7 RIEBRIES 5
S5MWEhARmERE, QR TERERE, HLimEEs
KA F 5N 52 M AT 2% T B 85 A 488 K T PR

I Ow-Hw £ A0 A B A, B TS
ARG FIRIRGRERE, IR 10, FiE SR
I, IR IRA TR S 5 A B FEAC, X R AN
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Table 9 Radial distribution functions of Hw-Hw and Os-Hw in interlaminar atoms of sodium montmorillonite

R/ Koy Hw-Hw T I& Hw-Hw{ & Os -Hwik & Os -Hw &
km T2 rA g(r) rA g(r) rA g(r) rA g(r)
1 1.61 16.44 2.53 2.72 1.81 0.93 3.29 1.50
0 2 1.61 11.32 2.49 2.63 1.77 0.68 3.29 0.97
3 1.61 8.05 2.53 2.37 1.81 0.41 3.29 0.86
NaCl 1.61 3.26 2.51 1.34 — — — —
1 1.61 17.83 2.51 2.92 1.83 0.74 3.31 1.57
15 2 1.61 9.36 2.53 2.55 1.79 0.62 3.15 1.02
) 3 1.61 7.23 2.51 2.16 1.81 0.54 3.33 0.88
NaCl 1.61 3.13 2.51 1.22 — — — —
1 1.61 17.18 2.51 2.32 1.81 0.63 3.23 1.56
25 2 1.61 9.95 2.51 2.41 1.77 0.58 3.15 1.13
) 3 1.61 7.34 2.49 2.26 1.81 0.35 3.23 0.74
NaCl 1.61 2.82 2.53 1.19 — — — —

SR B K FAE T RAT Bk . A5
A R TRK R SRR A 2 e TR 26 AF T NaCl i
WK REREEE,  H LA SZ A R R0 o
® 10 WERBAKRPREPKHRERE
Table 10 Concentration of interlayer water in sodium

montmorillonite system

TE 0 1.5 2.5 A
1 20.09 2035 2012 L1l 112 111

2 20.60 20.59 20.55 1.14 .14 1.13
3 20.36 20.23 20.28 1.12 1.12 1.12
NaCl 18.15 18.13 18.12 1.00 1.00  1.00

XF Na'-Ow 1217143 A7 bR BUE KAk 58 24250 Bl N AR
SR AN A R, 2 Na'lefz KR4
KA, BINIKALR T HEAT AT, R AR S B8 1K
R S, ATBATEE Na k42, SRR
JEH 0~2.5 km B, BNZA S Na 8 T IBEC A 2L,
IKAE R AR E, BAREUETE LR 11,

=1 MERPBARIKESE

Table 11 Hydration parameters of sodium montmorillonite

K KOFE EAE KAEE  KIEFEE/A
e 1 6.74 4.69 339
ﬁ?ﬂ 2 519 3.58 3.18
m 3 4.75 3.28 3.14
e 1 6.56 453 3.36
fiﬂ 2 510 3.52 3.16
-~ Km 3 5.18 3.57 3.07
e 1 6.55 452 3.32
(fiﬁjh) 2 506 349 3.10
-~ Km 3 4.85 3.34 3.03
PN 1 8.05 5.57 3.41
£5[7]
@ﬂfj 2 5.97 4.12 3.09
m 3 5.26 3.36 3.00
BB : o B
(0 km) 3 387 o o
. 1 9.47 6.54 3.97
EINTIG!
ig;{k) 2 767 529 3.71
m 3 6.07 4.19 3.43
- 1 9.47 6.54 3.97
A£2[18)
ﬁgfi 2 767 529 3.71
m 3 6.07 4.19 3.43

ALLVE Y, B 2 RS KA N, Na Ho £
AR, AR, KUBRUKAEAR N 120
FEERMEEET ., 2/ U L S e 4R S U 45 1 )
o, RERWEUEAAEZER, XEERRT AR
MY ClayFF 733, TiarAaHt 7 NRM T UFF /137,
UL IR B A R, ZE R T K T2 oK
DB BB RN, BEE IR L R
I, Na Tz, KUERKI R T REE, X
R PR ORI AT et AR PR P 7 5 S B v A A
1o

3 &

AW FEIRNIRT T IR A2 41 83 i A 1
KACIZRRALE], o> F E S T HoKL K 1 1
s, A7 TR R e M VP SR B AR g SR A 1 Al

(1D BZBA do01 & )2 A1 FE R 5 J2 (A5 K R
B, REUMEAAY K, HBHESEISR, HILRZE
Ii) P 52 MR PR P 52 A TR

(2) JZ1AIK 5 F5 Na i B BURBBE & K 1
Kimgsg, HHZEAMFEE R EREE NEE. b
KT EHOY 2 IR EEIE TN, Na-Ow. Na-Hw %5
VEAEEE TS5, 7K O s e 51 2 2

(3) KEEREERAK S TR 2 G0, HA
[F MR T 2 4. T Na fmchr gk, KA Sk Ak
AR N BE K 537 2 NGRR3R P
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