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Determination of residual water content in SWCC based on microscopic
structure of bentonite
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Abstract: According to the theory of the interlamellar hydration microscopic structure of montmorillonite proposed by Forslind,

a formula for calculating the water content of montmorillonite is established after its hydration. When the montmorillonite

absorbs only monolayer of water molecules, the water content is considered as the residual water content. The influences of the

shows that the proposed formula is reasonable.

initial dry density and temperature on the residual water content of bentonite are investigated by using measured soil-water
proportional to the specific surface area of bentonite, the thickness and the density of hydrated layer of water molecules,

0 3

characteristic curves of four different kinds of bentonites. The results show that the residual water content of bentonite is
Key words: bentonite; soil-water characteristic curve; residual water content; hydration
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regardless of the initial density and temperature. The comparison between the measured and predicted residual water contents
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Fig. 1 Conceptual model for general behaviour of soil-water
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water and “free water” in compacted bentonite
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Fig. 4 Schematic diagram of structure of montmorillonite
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Table 1 Number and thickness in A of interlamellar hydrated

layers for differennt exchangeable cations in montmorillontie

RS 0K H1)E 2 B3R
Mg(001) 9.52 3.00 3.03 3.05
Ca(001) 9.61 2.89 2.75 —
Na(001) 9.62 3.03 3.23 3.48
K(001) 10.08 2.42 3.73 —
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Fig. 7 Soil-water characteristic curves of GMZ Ca-bentonite at

different temperatures using Whatman No. 42 filter paper
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Fig. 8 Soil-water characteristic curves of confined specimens at

different temperatures
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Fig. 9 Soil-water characteristic curves of confined specimens at

different dry densities [1]
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Fig. 10 Soil-water characteristic curves of confined specimens at
different temperatures [5]

Jacinto 2R U Ak W WLV OT IS, 4 20°C,
40°C, 60°C, 80°C, 100°C FI{FHIHE T2 E 1.6 g/om’
) MX-80 Al HE i - 1) - AREAE ih 25, 40P 10 Firor.
FHE A%, BRI T E, B L R KR
RS, A8 IKE T ELI R 10.7%, W13 2294 73.3
MPa J5&, AN T AKRRE fh 2 A —2, IR
XF R T2 G 1 LKA it 2 Fh k. K5
B o, BOPRIME 1.15 glem®, R (5) AR
RETKER 8.93%. 1%H 5 SLIMELAR T KE (10.7%)
P, P ZEHAN 1.78%.

Jacinto 25815 B 40 B #EE 10 MPa 5, ¥R
48 BEXS K I FE R g i EE0,  JLFn] LS AT
R Serb 4 Bl - d s (5) BRI 1 2K 4
T, NI RE, BB T 10 MPa, it
PL, MSA S 1 EKER, AR S KR 53R
IRTaE T2 FETE K

(6]

EEpa

ROMERO E, GENS A, LLORET A. Suction effects on a
compacted non-isothermal
Géotechnique, 2003, 53(1): 65 - 81.

VILLAR M V, LLORET A. Influence of temperature on the

clay under conditions[J].

hydro-mechanical behaviour of a compacted bentonite[J].
Applied Clay Science, 2004, 26: 337 - 350.

HOFFMANN C, ALONSO E E, ROMERO E. Hydro-
mechanical behaviour of bentonite pellet mixtures[J]. Physics
and Chemistry of the Earth, 2007, 32: 832 - 849.

JACINTO A C, VILLAR M V, GOMEZ-ESPINA R, et al.
Adaptation of the van Genuchten expression to the effects of
temperature and density for compacted bentonites[J]. Applied
Clay Science, 2009, 42: 575 - 582.

MR, BRINEE, MRS, SF. ST A
WEFPFFALL]. [ R 2R (A AR B2 RR), 2009, 37(1):
31 - 35. (YE Wei-min, QIAN Li-xin, CHEN Bao, et al.
Characteristics of micro-structure of densely compacted
gaomiaozi bentonite [J]. Journal of Tongji University
(Natural Science), 2009, 37(1): 31 - 35. (in Chinese))
IMELE, AR, FhSCER, A PRI 0 KR AE
[0, A Ji%%, 2011, 32(4): 1293 - 1298. (SUN De-an,
MENG De-lin, SUN Wen-jing, et al. Soil-water characteristic
curves of two bentonites[J]. Rock and Soil Mechanics, 2011,
32(4): 1293-1298. (in Chinese))

sKEETC, K B, AREWE, & A AL RO R K
FRAEh 2K 5B ED]. H A4 e 5 TR AR, 2011,
30(2): 382 -390. (ZHANG Hu-yuan, ZHANG Ming, CUI
Su-li, et al. Determination and modification of soil-water
characteristic curves of bentonite-sand mixtures as high-level

waste backfill/buffer material[J]. Chinese Journal of Rock



57

KB, A5 T A L ROW 5 R 0 52 E KRR 2R (R AR 35 7R 1217

Mechanics and Engineering, 2011, 30(2): 382 - 390. (in
Chinese))

81 Z& UK, BRIEW, #hkdg, &5 W) R K e i
RN J IR B A A5 T, 0 0% 5 TR, 2012,
34(10): 1877 - 1886. (QIN Bing, CHEN Zheng-han, SUN
Fa-xin, et al. Temperature effect on water retention curve under
high suction and its modeling based on thermodynamics of
sorption[J]. Chinese Journal of Rock Mechanics and
Engineering, 2012, 34(10): 1877 - 1886. (in Chinese))

[91 YE W M, WAN M, CHEN B, et al. Temperature effects on
the unsaturated permeability of the densely compacted
GMZ01 bentonite under confined conditions[J]. Engineering
Geology, 2012, 126: 1 - 7.

[10] BROOKS R, COREY A. Hydraulic properties of porous
media. Colorado State University, Forty Collins, Hydrology
Paper, 1964.

[11] VAN GENUCHTEN M T H. A closed form equation
predicting the hydraulic conductivity of unsaturated soils[J].
Soil Science Society of America Journal, 1980, 44: 892 -
898.

[12] LUCKNER L, VAN GENUCHTEN M T H, NEILSEN D R.
A consistent set of parametric models for the flow of water
and air as immiscible fluids in the subsurface[J]. Water
Resources Research , 1989, 25: 2187 - 2189.

[13] FAIRBRIDGE R, FINKL C. The encyclopedia of soil science
part 1[M]. Stroudsburg: Hutchinson and Ross Inc. 1979.

[14] VANAPALLI S K, FREDLUND D G PUFAHL D E, et al.
Model for the prediction of shear strength with respect to soil
suction[J]. Canadian Geotechnical Journal, 1996, 33: 379 -
392.

[15] FLEUREAU VEBRUGGE
HUERGO P J, et al. Aspects of the behaviour of compacted

Jean-Marie, Jean-Claude,
clayey soils on drying and wetting paths[J]. Canadian
Geotechnical Journal, 2002, 39: 1341 - 1357.

[16] ZHANG F. Soil water retention and relative permeability for
full range of saturation[R]. Pacific Northwest National
Laboratory, 2010.

[17] LU N, GODT J W. Hillslope hydrology and stability[M].
London: Cambridge University Press, 2013.

[18] ZHENG Y, ZAOUI A, SHAHROUR A. A theoretical study of
swelling and  shrinking of hydrated Wyoming

montmorillonite[J]. Applied Clay Science, 2011, 51: 177 -

181.

[19] KOZAKI T, INADA K, SATO S, et al. Diffusion mechanism
of chloride ions in sodium montmorillonite[J]. Journal of
Contaminant Hydrology, 2001, 47: 159 - 170.

[20] MCQUEEN I S, MILLER R F. Approximating soil moisture
characteristics from limited data: empirical evidence and
tentative model[J]. Water Research, 1974, 10(3): 521 - 527.

[21] BRADBURY M H, BAEYENS B. Pore-water chemistry in
compacted re-saturated MX-80 bentonite[J]. Journal of
Contaminant Hydrology, 2003, 61: 329 - 338.

[22] FORSLIND E. A theory of water[R]. Stockholm: Swedish
Cement and Concrete Research Institute at the Royal Institute
of Technology, Stockholm, 1952, 16: 43.

[23] GRIM R E. Clay mineralogy[M]. 2nd ed. New York:
McGraw-Hill Inc, 1968.

[24] PUSCH R, KARNLAND O, Hokmark H. GMM — A general
microstructural model for qualitative and quantitative studies
of smectite clays[R]. Stockholm: Swedish Nuclear Fuel and
Waste Management Company, 1990.

[25] AXIWEE. Z5dhf BT eE M. AT SAE 20 AL, 2008.
(ZHAO Shan-rong. Crystallography and mineralogy[M].
Beijing: Higher Education Press, 2008.(in Chinese))

[26] HAWKIS R K, EGELSTAFF P A. Interfacial water structure
in montmorillonite from neutron diffraction experiments[J].
Clays and Clay Minerals, 1980, 28(1): 19 - 28.

[27] DERJAGUIN B V, KARASEV V V, KHROMOVA E N.
Thermal expansion of water in fine pores[J]. Journal of
Colloid and Interface Science, 1986, 109(2): 586 - 587.

[28] JACINTO A C, VILLAR M V, LEDESMA A. Influence of
water density on the water-retention curve of expansive
clays[J]. Géotechnique, 2012, 62( 8): 657 - 667.

[29] VILLAR M V, Gémez-Espina R. Effect of temperature on the
water retention capacity of FEBEX and MX-80 bentonites[C]//
Ist European Conference on Unsaturated Soils: Advances in
Geo-engineering. London, 2008: 257 - 262.

[30] X &b, UGN, JH T s iR b oAb L &l A
BUFIE[T. W54, 2003, 23(4): 42 - 45. (LIU Yue-miao,
WEN Zhi-jian. Study on clay-based materials for the
repository of high level radioactive waste[J]. Journal Mineral
Petrol, 2003, 23(4): 42 - 45. (in Chinese))

[31]SUN D A, SUN W J. Swelling characteristics of GMZ
bentonites and its prediction[J]. Journal of Rock Mechanics

and Geotechnical Engineering, 2014, 6(2): 103 - 109.



