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Influence simulation of inorganic salts on montmorillonite elastic
mechanical parameters and experimental study
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Abstract: A Na-montmorillonite micro-crystal structure model was established using the Materials Studio molecular simula-
tion software, and the chemical and mechanical models of borehole stability were coupled in order to study the mechanism of
shale's hydration, alongside with the changes in the elastic mechanical strength parameters during the hydration process and
the inhibition mechanism of inorganic salts on hydration. The results show that the interlayer space of Na-montmorillonite fol-
lowed a step-change increases and mechanical strength of montnorillonite decreases with the addition of water. The inorganic
salts inhibit the hydration of montmorillonite via the control over water molecules at the interlayer, and the optimal concentra-
tions are 15.00% —20. 00% , 37.48% —-43.50% and 16.88% —19. 16% for KCI, CaCl, and NaCl respectively. KCl and
CaCl, can significantly enhance the elastic modulus of montmorillonite crystal.
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0 -1.424  3.166 0. 653
ik Al 3.000  0.000 0. 000
Mg 2.000  0.000 0. 000
H 0.424  0.000 0. 000
* 0 -0.848  3.166 0. 653
H 0.424  0.000 0. 000
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Table 2 Coordination number, hydration number and
hydration radius of Na*changing with

montmorillonite hydration

BT kG BT BT BTk
I EH HC A 5 KA 12/A
1 8.03 5.57 3.41
Na* 2 5.97 4.12 3.09
3 5.26 3.63 3.00
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Table 3 Coordination number, hydration number and
hydration radius of inorganic cations changing with

montmorillonite hydration in saturation solutions

BF KA B BT Bk
KR EK fic {3 % KALEL Rz
1 4.25 2.93 3.06
Na* 2 3.66 2.53 2.91
3 3.26 2.25 2.80
1 5.00 2.00 2.43
K* 2 5.00 2.00 2.43
3 3.29 1.32 2.06
1 5.55 2.18 2.46
NH, * 2 4.82 2.05 2.33
3 4.26 1.56 2.17
1 5.24 4.08 3.08
Ca* 2 4.03 3.06 2.81
3 3.01 2.12 2.50
1 5.26 4.12 3.10
Mg** 2 4.04 3.17 2.85
3 3.00 2.23 2.55
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Fig.3 Schematic diagram of K* and Na* position
adsorbing between layers of montmorillonite
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Table 4 Elastic parameters of Na-montmorillonite after addition of inorganic salts

TohLER KRG PR IR S v EEEY PR N P g/ hr iR E
B B #i/GPa GPa TPa! /GPa HEAEL (km - s7) GPa
1 50. 34 26. 66 39.79 18.61 0.75 2.73 25.68
K/Na-ZEWBAT 2 40.83 26.79 49.61 13. 49 0.46 1.93 21.62
3 38.75 17.15 76. 62 11.88 0.33 1.37 19.04
1 73.28 37.34 30. 21 21.78 0.58 2.83 35.24
NaCl/Na-52fif7 2 68. 46 35.82 43.56 21.47 0.15 1.76 27.53
3 56.18 30. 66 43.73 15. 11 0.28 1.9 26.30
1 72.81 36.79 34.88 38.38 0.37 2.73 37.73
KCU/Na-ZEfBL 77 2 62.77 34.51 34.37 29. 54 0.03 1.77 29.15
3 59.93 32.47 36. 19 24.98 0.16 1.58 24.87
1 63. 42 33.40 29. 04 41.19 0.46 1.88 31.52
NH, CU/Na-%E/A 2 51.54 29.54 42.54 19. 53 0.12 1.80 24.86
3 50.15 26.71 65.75 12. 10 0.20 1.58 22.72
1 63.92 38.35 31.55 20.92 0.28 2.41 35.11
MgCl/Na-3E7 2 63.73 31.32 40.16 20.91 0.36 2.18 25.34
3 56.63 28.20 58. 54 16.22 0.42 2.01 21.6
1 87.48 35.16 19. 42 58.00 0.31 1.74 43.64
CaCl,/Na-3Eifi 2 62.04 33.82 27.08 32.68 0.20 1.71 24.45
3 61.40 27.54 35.33 25.26 0.07 0. 80 19. 45
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Table 5 Effection of cation mass fraction on elastic

mechanical parameters of montmorillonite crystal
FHEST K& Bt #ebks pRBuidE DR TR ALY

KA RE B 4/GPa HiAE/GPa H/GPa TPa
6.34 23.70 86. 05 64. 15 26. 50

11.93 33.89 77.76 47.03 36.20

1 16.88 39.26 82.45 44.71 29. 87

21.31 40.47 89. 58 95.70 33.60

25.29 21.78 73.28 37.34 30. 21

4.30 18.92 70. 03 35.09 42.18

11.93 22.28 66.92 27.77 39.09

18.40 40.37 86. 81 31.07 8. 47

NaCl
24.01 32.17 85. 87 44.96 24. 80
26.50 21.47 68. 46 35.82 43. 56
3.27 21.64 53.50 32.16 56.37
9.22 23.46 64.36 41.24 37.06
14.48 44.02 63.72 38. 06 25.37
3 19.16 44.83 61.97 36. 35 25.65
23.35 26.42 77.22 46. 39 34.19
25.29 15.11 56. 18 30. 66 43.73
8.00 19.69 79. 44 36.73 63.37
15.00 27.98 83. 11 52.77 33.93
! 20.00 42.45 76.07 36.95 31.52
25.00 38.38 72.82 36.79 34. 88
5.44  14.65 78.28 37.77 39.22
10.00 17.33 72.33 35.84 44. 15
Kcl 2 15.00 18.11 71.59 37.04 41. 82

22.00 37.16 70. 01 31.84 34.06
25.00 29.54 62.77 34.51 29. 54
4.13  13.47 59. 83 33.86 50. 05
11.45 16.93 60. 38 32.14 60. 03
3 17.73 33.96 63.39 38.52 32.95
20.55 40.34 65. 61 28.93 40. 19
25.00 24.98 59.93 32.47 36. 19
11.38 26.97 73.82 34.48 43.45
20.44 28.26 75.97 38.52 27.49
27.82 42.06 39. 16 50. 28 39. 54
33.94 52.97 85. 14 45.94 30. 34

39.11 62.82 88.67 36. 41 7.45
43.50 58.00 87.48 35.16 19. 42
7.88 15.27 67.91 35.29 52.24

20.44 20.10 69. 55 38.82 46.43

5 29.98 27.43 64. 08 32.22 27.36
CaCl, 37.48 34.02 72.69 37.37 30. 80
43.50 36.72 69. 14 41.23 27.03
46.15 32.68 62. 04 33.82 27.08
6.04 12.38 66.73 33.86 35.88
16.16 17.47 65. 17 32.53 36. 46
24.31 22.90 66.75 27.41 23.09

3 31.02 34.56 51.72 28. 80 30. 42
36.63 54.60 70. 45 39. 14 20.71
41.49 38.28 62.78 35.08 26. 11
45.51 25.26 61.40 27.54 35.33
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Fig.4 Swelling results of montmorillonite in different mass fraction salt solutions
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Table 6 Montmorillonite mechanical parameters changing

with water content

ok 103plj ) (EP/_ (ET/' E/ R/
/% o - . MPa 7 MPa
m™) s7) s7)
4 211 0.78 0.57 1247 -0.1 0.20
6 2.33 1.30 0.83  36.40 0.16 1.66
8 2.38 1.39 0.85  40.53 0.20 4.89
10 2.41 1. 63 0.89  48.23 0.29 5.78
12 2.53 1.79 0.87 50.55 0.35 5.93
14 2.49 1. 46 0.86  44.60 0.23 4.85
16 2.46 164 0.77  38.88 0.36 1.98
18 2.24 1.05 0.52  15.89 0.34 0.20
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Table 7 Montmorillonite mechanical parameters changing with inorganic salts' mass fraction at water content 12 %

TR R %  p/(10° kg - m™?) vp/(km +s7") v/ (km +s7") E/MPa o R/MPa
5 2.55 1.7 0. 86 49. 14 0.33 5.76
10 2.54 1.73 0. 87 50. 20 0.33 5.88

NaCl 15 2.55 1.75 0.88 51. 60 0.33 6.03
20 2.56 1.76 0.95 58. 68 0.29 6.15
25 2.56 1.74 0.92 55.52 0.31 6.10
10 2.55 1.73 0. 86 49. 43 0. 34 5. 66

Kl 15 2.56 1.74 0.90 53. 60 0.32 5.9
20 2.55 1.75 0.93 56. 40 0.30 6.16
25 2.56 1.72 0.88 51.45 0.32 6.02
10 2.55 1.71 0.85 48.29 0.34 5.90
20 2.56 1.73 0. 87 50. 59 0.33 5.92

CaCl, 30 2.56 1.75 0.91 54. 68 0.31 6.04
40 2.57 1.76 0.92 55.99 0.31 6.03
45 2.57 1.73 0. 87 50.79 0.33 6.02
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Fig.5 Fitting curves of montmorillonite elasticity modulus with mass fraction of inorganic salts

4 % it

(1) SiA KA 8 v 2= 1) B B R 7K 5
AN S RBR ACHE O, Ty AR R R R
(2) JCHLBH B3~ T LA 5¢ i 41 2= 18148 T 0 e 23

T S AL R 32080 T Na-SE A0 bR i 25
FkasEtE, KR NH,* 30 ik 48 DY T 1A 7S e R A
MG, AT LLMARAS b P01 7K 43 1] i J22 2 1T 09 WA
TERLI 5 AhEALEL 1, CaCl, F1 KCI F8 € - BE R
U S A B AR 2 45 F T CaCl, \NaCl Fl KCI f#Y



- 90 - PEEHKFFROAARFFR) 2016 44 A

o A L 43 31 < 37. 48% ~ 43.50% ,16. 88%

~19.16% #115. 00% ~20. 00% |
(3 ) I S 30 0 7 90 3 S B AR e b 6 E 1 A

WGER, J it DR AWT S I RER E DL A2/ T2

R A PR T —Fh BRI ST 5

S 3K

(1] FEME5E BNt v vUA JF R AR AL A2 [ D], db
A E AR, 2014,

YAN Chuanliang. Borehole instability mechanism of hard
brittle shale[ D]. Beijing: China University of Petrole-
um, 2014.

[2] MCLEAN M R, ADDIS M A. Wellbore stability analysis;
a review of current methods of analysis and their field ap-
plication[ R]. TADC/SPE 19941, 1990.

[3] KURASHIGE M. A thermoelastic theory of fluid-filled
porous materials[ J]. Int J Solids Struct, 1989,25(9) .

1039-1052.

[4] SCHMITT L, FORSANS T, SANTARELLI F J. Shale
testing and capillary phenomena[ J]. International Jour-
nal of Rock Mechanics and Mining Sciences & Geome-
chanics, 1994 ,31(5) .411-427.

(5] BaoRm RGL, XBaMR 55, T DUEIHRERSE J12% 51k

FRRE AT (1], HORRS5EIRE,1995,12(3) < 15-
21,25.
HUANG Rongzun, CHEN Mian, DENG Jingen, et al.
Study on shale stability of wellbore by mechanics coupling
with chemistry method [ J]. Drilling Fluid Completion
Fluid,1995,12(3) :15-21,25.

(6] FRCED. JeuUa IFBERDE M Iy 2 fb 27 W 5 AL T 50
[D]. 9 & P EAH R, 2007
WANG Jingyin. Chemical-mechanical modeling of bore-
hole stability in shale [ D]. Qingdao: China University of
Petroleum, 2007.

[7] FERNANDES P A, CORDEIRO M N D S, GOMES J A
N F. Molecular dynamics simulation of the water/1,2-di-
chloroethane interface [ J ]. Journal of Molecular Struc-
ture; Theochem, 1999,463(1) :151-156.

[8] RICCARDO J L, STEELE W A. Molecular dynamics
study of tracer diffusion of argon adsorbed on amorphous
surfaces[ J]. The Journal of Chemical Physics, 1996,
105(21) : 9674-9685.

(9] FaiE, FEHE, BEAL, 25 WHHE Si (001) FiE
TR EAE B> TS R T ). T R
W EHRFHERL) | 2009,39(6) :581-585.

WANG Changqing, TANG Chunjuan, ZHAO Huixian, et
al. Interactions between Si ad-dimers on Si(001) : a mo-
lecular dynamic study[J]. Journal of Henan University
( Natural Science) , 2009,39(6) :581-585.

[10] SKIPPER N T, CHANG F R, SPOSITO G. Monte Carlo

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

simulations of interlayer molecular structure in swelling
clay minerals methodology [ J ]. Clays Clay Miner,
1995,43.285-293.
R, EAEEE. IS A K AR I R 2 ) 25
R T3 1A B ], kR R 2~ 1), 2005, 33
(8):995-1001.
WANG Jin,ZENG Fangui, WANG Junxia. Molecular dy-
namics simulations for hydration swelling and interlayer
structure of Na-montmorillonite[ J]. Journal of Chinese
Ceramic Society, 2005,33(8) :995-1001.
TR, oL, 2R 48, 7K fb Na-52 i A7 il Na/Mg-52 I
AT B[ T]. AL 2= % 4, 2006, 22
(9):1137-1142.
NA Ping, ZHANG Fan, LI Yanni. Molecular dynamics
simulation of Na-montmorillonite and Na/Mg-montmoril-
lonite hydrates [ J]. Acta Physico-Chimica Sinica,
2006,22(9) :1137-1142.
MARRY V, TURQ P, CARTAILLER T, et al. Micro-
scopic simulation of structure and dynamics of water and
counterions in a monohydrated montmorillonite[ J]. The
Journal of Chemical Physics, 2002,117(7) :3454-3463.
VIANI A, GUALTIERI A, ARTIOLI G. The nature of
disorder in montmorillonite by simulation of X-ray pow-
der patterns [ J]. American Mineralogist, 2002, 87
(7) :966-975.
BOEK E S. Molecular dynamics simulations of interlayer
structure and mobility in hydrated Li—, Na— and K—
montmorillonite clay[ J]. Molecular Physics, 2014,112
(9/10) :1472-1483.
YOUNG D A, SMITH D E. Simulations of clay mineral
swelling and hydration: dependence upon interlayer ion
size and charge[ J]. The Journal of Physical Chemistry
B, 2000,104(39) :9163-9170.
ZHENG Y, ZAOUI A. How water and counterions dif-
fuse into the hydrated montmorillonite[ J]. Solid State I-
onics, 2011,203(1) :80-85.
CASTONGUAY L A, RAPPE A K. A theoretical study
of the isotactic polymerization of propylene[ J]. Journal
of the American Chemical Society, 1992, 114 (14) .
5832-5842.
CASES J M, BEREND I, BESSON G, et al. Mecha-
nism of adsorption and desorption of water vapor by ho-
moionic montmorillonite 1: the sodium-exchanged form
[J]. Langmuir, 1992,8(11) :2730-2739.
sk, B, ARRE L HAR [ M]. RE A
A A, 1999 ; 43-44.
AR B SON BRI HUBT R M. dEaT A
okt R, 1996 :115-126.

(¥ hEE)



