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SALINITY EFFECT ON SWELLING CHARACTERISTICS
OF COMPACTED BENTONITE

Swelling characteristics of compacted bentonite is the most important factor for nuclear waste
disposal facilities. Salinity effect on swelling behaviour of compacted bentonite was investigated ex-
perimentally. A series of one dimensional swelling deformation tests have been performed. The tests
were conducted for various initial dry densities from 1.33 g/ecm’ to 1.90 g/em® for compacted ben-
tonite saturated with NaCl of various concentrations in solution from 0 to 4.0 M. It was found that
initial dry density and concentration of NaCl strongly influence the swelling rate of bentonite. The
swelling rate of bentonite decreases with increasing the concentration of NaCl. Swelling rate depends
on the concentration of NaCl more than on initial dry density and loading effect. Bentonite may
change from highly swelled material to coagulate in saline water. Liquid limit of bentonite is also
remarkably decreased with the change of liquid from distilled water to saline one, while the plastic
limit is slightly increased.

1. INTRODUCTION

Bentonite has attracted attention as buffer and backfill materials for high level ra-
dioactive waste (HLW) disposal. High level radioactive and hazardous wastes are
required to be buried in deep underground facilities. The buffer material is filled in
a partially saturated form as compacted block. After waste emplacement, buffer mate-
rial hydrate and swell, being submitted to heat from radioactive waste decay. Com-
bined effects of heat generated by radioactive decay and solutes supplied from the
surrounding rock will take place several hydromechanical processes in the field. These
processes may change mechanical, hydraulic, and geochemical properties of buffer
materials. Bentonite is often a key component of the engineered barrier system be-
cause it has good sorption properties, microporous structure, low hydraulic conductiv-
ity, and high cation exchange capacity [1].
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Fig. 1. Microstructure of compacted

Kunigel VI bentonite

Microstructural view of compacted bentonite is presented in Fig. 1. It restricts the
movement of nuclides from the waste packages after canister failure. Mechanical
properties of compacted bentonite under combined effect of water from surrounding
rock and heat from canister have been reported by many researchers [2—6]. The ex-
perimental information on the properties of compacted bentonite was mainly saturated
with distilled water as a test fluid. However, some HLW disposal sites are constructed
at the coastal area, e.g. HLW site at Horonobe in Hokkaido prefecture of Japan. At the
coastal area, groundwater is blended with sea water and affects the mechanical proper-
ties of compacted bentonite. For this problem, a series of laboratory tests were per-
formed to investigate the effect of salinity on swelling behaviour of compacted ben-
tonite.

2. MATERIALS AND METHODS

Kunigel VI bentonite is used in this experiment which is considered to be applied
as buffer material for HLW disposal in Japan. Specific gravity and montmorillonite
content in Kunigel was 2.79 and 64%, respectively. Kunigel VI was compacted by
a special compaction device. The specimen height and required density were main-
tained by the variation of mass and compaction pressure. Initial dry densities of the
samples were 1.30, 1.50, 1.70 and 1.90 g/cm3. The height of the sample was ca. 1 cm
with the diameter of 6 cm. NaCl solutions were prepared by dissolving powdered
NaCl in distilled water to a desired concentration. The concentrations of the solutions
were 0.5, 1.0, 2.0 and 4.0 M.

Swelling deformation tests. Free swelling deformation tests of compacted bentonite
were carried out with a special swelling box apparatus by absorbing saline solution
under approximately zero vertical pressure except the cap plate. Swelling deformation
tests were also conducted with an oedometer test apparatus under loading condition.
The vertical swelling deformation of compacted specimens was measured under static
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load of 0.16 MPa. Saline solution was supplied at the bottom and simultaneously pre-
scribed vertical pressure was applied to the specimen. Both tests were carried out at
room temperature. Degree of saturation was about 100% for all specimens at the end
of experiment. Swelling rate of the compacted specimens was calculated by the fol-
lowing equation.

s, =100, (1)

0

where Sy is the swelling rate, A/ is the vertical deformation and 4 is the initial height.
Maximum swelling rate ratio was calculated by the following equation:

Maximum swelling rate with NaCl

Maximum swelling rate ratio = - : - —— .
Maximum swelling rate with with distilled water

3. RESULTS AND DISCUSSION

3.1. LIQUID LIMIT AND PLASTIC LIMIT

The liquid limit and plastic limits of bentonite with various concentrations of NaCl
solution are presented in Fig. 2.
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The liquid limit of bentonite strongly decreases after changing solution from dis-
tilled water to 0.5 M NaCl and then gradually decreases with the increasing of concen-
tration of NaCl. The plastic limit slightly increases when the concentration of the NaCl
solution is increased. This shows that salinity strongly affects the adsorption capacity
of bentonite and bentonite becomes more sensitive when the concentration of NaCl
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increases. One may expect that squeezing out of the liquid by applied forces during
rolling has more effect than interparticle repulsion within the particle. Mishra et al. [7]
reported the effect of salinity of low concentration (0 ~ 1 mol/dm’) on liquid limit of
various types of bentonite. They found that the liquid limit of all type of soil decreased
with increasing salt concentration. This trend can be explained in terms of the interpar-
ticle forces that play a prominent role in determining the liquid limit. In clay paste
with water content equivalent to the liquid limit, the forces of interaction between clay
particles become sufficiently weak to allow easy movement of particles relative to
each other. In high swelling clays like montmorillonite, the dominant interparticle
force is repulsion, which determines the distance between particles. Upon the increas-
ing salt concentration, interparticle repulsion in montmorillonite decreases and the
particle becomes free to move at lower interparticle distance [8—10].

3.2. FREE SWELLING

A schematic diagram of free swelling deformation of compacted bentonite is pre-
sented in Fig. 3. Swelling materials like montmorillonite gradually receive water and
can be swelled against the overburden pressure (p,.).

loading
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after swelling
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Fig. 3. Model of swelling deformation at high density

Detailed swelling mechanism was also explained by Shirazi and Kazama [4] in
a previous study. Time dependences of free swelling rate of compacted bentonite of
the initial dry density of 1.90 g/cm’ at various NaCl concentrations is shown in Fig. 4.
Free swelling rate of compacted bentonite markedly decreases with increasing concen-
tration of NaCl. Figure 5 shows that the maximum swelling rate noticeably decreased
upon increasing concentration of NaCl (from 0 to 1 M) for various dry densities.
However, with a further increase in the concentration from 1.0 to 4 M, the swelling
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rate gradually decreases. Time dependences of free swelling rates of bentonite in 1 M
NaCl with various initial dry densities are presented in Fig. 6.
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The swelling rate markedly increases upon increasing initial dry density of ben-
tonite. Figure 7 shows that the maximum swelling rate of bentonite increases upon
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increasing initial dry density for various concentrations of NaCl. It might be due to the
montmorillonite content in the specimen. Thickness of the diffuse double layer is de-
pendent on the concentration of electrolyte and the valence of the exchanged cations.
Van Olphen [11] also indicated that increasing NaCl concentration is interpreted as
being due to a decrease in double-layer swelling between quasicrystals. As the electri-
cal double layer adjacent to the quasicrystal surface is compressed with increasing
NaCl concentration, the aggregate swell may decrease.
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Fig. 8. Interaction forces in DLVO theory [12];
1/x — thickness of the diffuse double layer,
A — low concentration, B — high concentration

Figure 8 shows the interactions forces according to the Derjaguin Landau, Ver-
wey and Overbeekn (DLVO) theory [12]. DLVO theory suggests that the stability of
a particle in solution depends upon balance of attractive and repulsive interactions.
The figure shows the difference between the resultant forces in low and high concen-
tration of electrolytes in solution. The attractive forces at the surfaces of clay particles
stay constant but repulsive forces are dependent on the concentration of electrolytes.
Lower concentration induced greater repulsive forces and finally held sufficiently
repulsive force. Whereas, the higher concentration induced lower repulsive force and
finally resulted in attractive force at the particle surfaces. Therefore, due to low con-
centration of salt, the particles have sufficiently high repulsion, the dispersion will
resist flocculation and the colloidal system will be stable. However, repulsion mecha-
nism does not exist in solutions of high concentrations of electrolyte and then floccu-
lation or coagulation eventually takes place. The results of the present study are in
agreement with the findings of the DLVO theory.
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3.3. SWELLING UNDER LOADING CONDITIONS

The swelling rates of compacted bentonite under static load of 0.16 MPa for vari-
ous initial dry densities and NaCl concentrations (0—4 M) are shown in Figs. 9—12.
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It is clearly seen that salinity has enormous effect on the swelling rate of com-
pacted bentonite. Suzuki et al. [13] indicated that it might be due to a decrease in dou-
ble layer swelling between quasicrystals by NaCl. As the electronic double layer adja-
cent to the quasicrystal surface is compressed with increasing NaCl concentration, the
aggregate swelling may decrease. Thus, aggregate swelling for NaCl solution is pos-
sibly controlled by both crystalline swelling and double layer swelling between quasi-
crystals. The maximum swelling rate of the same initial dry density specimen at vari-



Salinity effect on swelling characteristics of compacted bentonite 73

ous NaCl concentrations decreased noticeably compared to distilled water. For the
initial dry density of 1.33 g/cm’, the specimen showed negative swelling rate at the
beginning due to the applied static loads and become positive nearly zero after a few
hours. However the maximum swelling rate of these specimens was markedly low.
The maximum swelling rates of high initial dry density specimens is higher compared
to lower initial dry density.

Figure 13 shows the dependence of the maximum swelling rate on the NaCl con-
centration at various densities of bentonite under static load of 0.16 MPa. The maxi-
mum swelling rate of bentonite sharply decreases for an increase in the NaCl concen-
tration of 0 to 1.0 M. However, with a further increase in the concentration from 1.0 to
4 M, the maximum swelling rate gradually decreases. The specimen of lower initial
dry density (1.33 g/cm’) hardly shows the swelling behaviour as the final maximum
swelling rate was lower than 1% at higher concentration of NaCl. Swelling rate mark-
edly increases with the increasing initial dry density of bentonite and decreasing NaCl
concentration as shown in Fig.14. It is due to the content of montmorillonite in speci-
mens of higher initial dry density compared to those of lower initial dry densities.

The maximum swelling rates are normalized with respect to the swelling rates in
distilled water and re-plotted against concentration of NaCl as shown in Fig. 15. The
swelling rate ratio of bentonite markedly decreased for an increase in the concentra-
tion of NaCl from 0 to 1.0 M. The maximum swelling rate ratio decreases from 1.0 to
almost 0.2. It is clearly observed that when the test fluid is blended with NaCl, the
maximum swelling rate noticeably decreases. However, with a further increase in the
concentration from 1.0 to 4 M, the swelling rate ratio was gradually decreased. The
trend line of these curves is similar to the result of liquid limit test.

4. CONCLUSIONS

Liquid limit of bentonite remarkably decreased from 497% to 112% when the test
liquid changed from distilled water to 0.5 M of NaCl solution. Then it gradually de-
creases upon the NaCl concentration increasing from 0.5 to 4 M while plastic limit
slightly increased upon the increasing salt concentration. The controlling parameters
of the swelling deformation of compacted bentonite are not only initial dry density and
content of bentonite but also the salinity. The maximum swelling rate is less than 1%
for lower dry density specimens with high concentration of NaCl. Maximum swelling
rate of the specimens in various NaCl solutions is about 50-80% lower than in dis-
tilled water. Therefore, if the groundwater surrounding the bentonite barrier is blended
with salt, the bentonite might change its characteristics from highly swelled material
to coagulate in saline water. Special attention should be paid on using bentonite in
nuclear waste disposal, when salt of high concentration is present in groundwater.



74 S.M. SHIRAZI et al.

ACKNOWLEDGEMENT

Financial support for JSPS Postdoctoral Fellowship and Grant-in-Aid Scientific Research No.
19-07393 of first author by Japan Society for the Promotion of Science (JSPS) is gratefully acknowl-
edged. Helpful comments of referees are greatly appreciated, which significantly improved the quality of
original manuscript.

REFERENCES

[11 JAEA. Research and development on radioactive waste disposal, 2—4, Shirakata-Shirane, Tokai-
mura, Ibaraki, Japan, 2008, 319—1195.

2] KOMINE H., OGATA N., Can. Geotech. J., 1994, 31 (4), 478.

3] SHIRAZI S.M., KazAMA H., Austr. Geomech., 2004, 39 (4), 63.

4] SHIRAZI S.M., KAZAMA H, Austr. Geomech., 2004, 39 (4), 71.

5] SHIRAZI S.M., KAZAMA H., OSHINBE M., Austr. Geomech., 2005, 40 (4), 27.

6] SHIRAZI S.M., KazaMA H., CHIM-OYE W., KUwANO, Austr. Geomech., 2008, 43 (2), 9.

71 MisHrRA A K., OHTSUBO M., L1 L.Y., Environ. Geol., 2008, 57, 1145-1153.

8] SHIRAZI S.M., KUWANO J., KAzZAMA H., WIWAT S., ISMAIL Z., Disaster Adv., 2011, 4 (1), 41.

9] SRIDHARAN A. AND RAO G.V. Mechanism controlling liquid limit of clays, [In:] Proc. the Istanbul

Conf. Soil Mechanics and Foundation Engineering, 1975, 75.

[10] WARKENTIN B.P., Nature, 1961, 190, 287.

[11] vAN OLPHEN H., An introduction to clay colloid chemistry, 2nd Ed., Wiley, New York, 1997.

[12] SzILVASSZY Z., Soils engineering for design of ponds, canals and dams in aquaculture, Ch. 5, Food
and Agricultural Organization, Research Centre for Water Resources Development, Budapest, Hun-
gary, 1984.

[13] Suzuki S., SOMCHAI P., ICHIKAWA Y., CHAE B.G., Appl. Clay Sci., 2005, 29, 89-98.

[
[
[
[
[
[
[
[




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [481.890 680.315]
>> setpagedevice


