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ABSTRACT 

The volumetric deviations in montmorillonite-rich clays like bentonite render such soils unsuitable to support overlying 
pavement and foundation structures. Moreover, green construction and sustainable waste management practices have adapted use 
of waste recycled materials for engineering purposes. This study explores the feasibility of using recycled construction and 
demolition waste and ground granulated blast furnace slag for developing shear strength properties of bentonite clay. Direct shear 
tests were performed on specimens from bentonite and bentonite-stabiliser composites to evaluate the effect of both stabilisers 
under different curing times and percentages. Microanalyses were conducted to obtain microstructural, mineralogical and 
elemental composition of the stabilised and unstabilised samples. Results exhibit that shear strength increased with increasing 
stabiliser percentages and curing time, and the effects were more enhanced on higher stabiliser dosages and curing periods. 
Sample cohesion value increased from 58.90 kPa for pure bentonite sample to 67.26 kPa for the maximum additive percentages 
of 5 slag and 20 construction waste (sample S3G5), after 28 days of curing. The internal friction angle also increased by 7.3 
from the pure sample to the S3G5 bentonite-stabilisers composite specimen. Peak shear stress values also showed a development 
of 55.95 kPa after additive induction and 28 days curing, for 200 kPa of normal stress. Curing period also affected the 
development of cohesion and peak shear strength of the stabilised samples. Internal frictional angle for sample S3G5 also 
escalated by 2.3, after 28 days, from the 25.0 value after sample curing of 1 day. Scanning Electron Microscopy (SEM) 
micrographs and Energy Dispersive Spectroscopy (EDS) spectra show that stabilisers occupied vesicles and cracks found in 
construction waste particles, resulting in better particle interlocking mechanism and greater shear strength. 
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1.  INTRODUCTION 
Construction project sites are often deemed problematic 

from a geotechnical and pavement engineering perspective due to 
the occurrence of weak soils. Many of these soils exhibit swell-
ing-shrinkage cycles triggered by the wetting-drying cycles and 
are termed as “expansive” or “reactive” soils (Karunarathne et al. 
2012; Fredlund 2006; Hasan et al. 2015). Due to the volumetric 
fluctuations of such soils, the overlying pavements and founda-
tions are susceptible to failure. The morphological and miner-
alogical compositions of any type of soil dictate its behaviour. 
Clays, such as bentonite, fall within the group of soils that can 
entrap significant volumes of water between molecular sheets 
depending upon climatic and environmental variations. Reactive 
clays such as bentonite mainly contains of very fine Na-  
montmorillonite particles with large surface area that increases 
their ability to depict volume changes due to higher surface area 
being exposed for reactions. 

The successful application of a suitable soil treatment, 
commonly termed as soil stabilisation, can help to reduce the 
degree of soil deformation and the damages to the overlaying 
structures can be kept within an acceptable range. Soil stabilisa-
tion is classified based upon the mode of application such as 
thermal stabilisation by heating to decrease repulsive forces be-
tween clay particles and/or temperatures exceeding 100C re-
duced the absorbed moisture volume, either can cause an increase 
in the soil’s strength (Venkatramaiah 2006); mechanical; electri-
cal and stabilisation through nanomaterials such as adding carbon 
nanotubes. Among other methods, mechanical and chemical sta-
bilisation methods are the most common techniques.  

In the wake of green constructions and utilisation of indus-
trial wastes, ground granulated blast furnace slag (GGBFS) has 
gained wide attention due to its comparatively lower cost and 
ease of replacing at least part of Portland cement in building and 
road constructions. GGBFS are the by-product of the steel and 
iron production industries and have similar characteristics to the 
rocks produced from vjolcanic eruptions such as granites and 
basalts, with some hydraulic and cementitious properties. The 
primary constituents of GGBFS are therefore, lime and other 
bases silicates and alumino-silicates (Barnett et al. 2006; 
McGrath et al. 2014). GGBFS, when activated with lime, is 
commonly employed in ready-mix concrete or blended cement. 
Lime either as an additive or as a hydration product of Portland 
cement, activated the GGBFS to produced improved concrete. 
The GGBFS-cement concrete has higher impermeability, lower 
hydration heat, higher resistance against sulphate attack and im-
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5. The lowest I value of 0.71 was observed for sample with 5 
GGBFS and 20 CW at 200 kPa of normal stress, as the 
sample exhibited the highest peak shear stress value of 
193.05 kPa, after 28 days of specimen curing. 

6. These results are also supported by SEM micrographs and 
EDS spectra of stabilised specimen which showed bentonite 
and slag particles occupying voids and cracks in construction 
waste particles, which may contribute to better interlocking 
mechanism in the specimen particle matrix. Alkali oxides 
(Na2O, MgO, CaO and K2O), silica (SiO2) and metallic ox-
ides (TiO2, Fe2O3 and Al2O3) were commonly found the 
composite specimens inducted by both bentonite and the two 
stabilisers. X-ray diffraction spectra suggested that the speci-
men curing might have resulted in hydration of CaO to pro-
duce Ca(OH)2 from pozzolanic reaction of GGBFS. This can 
be attributed to the occurrence of higher cohesion and shear 
stress values of the stabilised samples with the progression of 
the stabiliser proportions and curing periods. 

ACKNOWLEDGEMENTS 

The authors acknowledge the use of Curtin University’s Mi-
croscopy and Microanalysis Facility, whose instrumentation has 
been partially funded by the University, State and Common-
wealth Governments. 

REFERENCES 

Abdelrahman, G.E., Mohamed, H.K., and Ahmed, H.M. (2013). 
“New replacement formations on expansive soils using recycled 
EPS beads.” Proceedings of the 18th International Conference 
on Soil Mechanics and Geotechnical Engineering, Paris 2013, 
31673170. 

Amiralian, S., Budihardjo, M.A., Chegenizadeh, A., and Nikraz, H. 
(2015). “Study of scale effect on strength characteristic of stabi-
lised composite with sewage sludgePart B: Critical investiga-
tion.” Construction and Building Materials, 80, 346350. doi: 
http://dx.doi.org/10.1016/j.conbuildmat.2015. 01.070. 

Australasian (Iron & Steel) Slag Association (2013). Quick Reference 
Guide 1 in Roads Guide Supplement on General Applications. 
Wollongong: Australasian (Iron & Steel) Slag Association. 

Barnett, S.J., Soutsos, M.N., Millard, S.G., and Bungey, J.H. (2006). 
“Strength development of mortars containing ground granulated 
blast-furnace slag: Effect of curing temperature and determina-
tion of apparent activation energies.” Cement and Concrete Re-
search, 36(3), 434440. doi: http://dx.doi.org/10.1016/j.  
cemconres.2005.11.002. 

Budihardjo, M.A., Chegenizadeh, A., and Nikraz, H. (2015a). “Ap-
plication of wood to sand-slag and its effect on soil strength.” 
Procedia Engineering, 102, 640646. doi: http://dx.doi.org/10. 
1016/j.proeng.2015.01.155.  

Budihardjo, M.A., Chegenizadeh, A., and Nikraz, H. (2015b). “In-
vestigation of the strength of carbon-sand mixture.” Procedia 
Engineering, 102, 634639. doi: http://dx.doi.org/10.1016/j. 
proeng.2015.01.153. 

Deer, W.A., Howie, R.A., and Zussman, J. (2013). An Introduction to 
the Rock-Forming Minerals. 3rd ed. London: Mineralogical So-
ciety of Great Britain & Ireland. 

Fredericci, C., Zanotto, E.D., and Ziemath, E.C. (2000). “Crystalli-
zation mechanism and properties of a blast furnace slag glass.” 
Journal of Non-Crystalline Solids, 273(1), 6475. 

Fredlund, D.G. (2006). “Unsaturated soil mechanics in engineering 
practice.” Journal of Geotechnical and Geoenvironmental En-
gineering, 132(3), 286321.   

Gardner, L.J., Bernal, S.A., Walling, S.A., Corkhill, C.L., Provis, J.L., 
and Hyatt, N.C. (2015). “Characterisation of magnesium potas-
sium phosphate cements blended with fly ash and ground gran-
ulated blast furnace slag.” Cement and Concrete Research, 74(0), 
7887. doi: http://dx.doi.org/10. 1016/j.cemconres.2015.01.015.  

Hasan, U., Chegenizadeh, A., Budihardjo, M.A., and Nikraz, H. 
(2015) “A review of the stabilisation techniques on expansive 
soils.” Australian Journal of Basic & Applied Sciences, 9(7), 
541548.  

Hasan, U., Chegenizadeh, A., Budihardjo, M.A., and Nikraz, H. 
(2016). “Experimental evaluation of construction waste and 
ground granulated blast furnace slag as alternative soil stabilis-
ers.” Geotechnical and Geological Engineering, 116. 
http://doi.org/10.1007/s10706-016-9983-z.  

Karnland, O. (2010). Chemical and Mineralogical Characterization 
of the Bentonite Buffer for the Acceptance Control Procedure in 
a KBS-3 Repository. Swedish Nuclear Fuel and Waste Man-
agement Co., Stockholm (Sweden). 

Karunarathne, A., Gad, E.F., Sivanerupan, S., and Wilson, J.L. (2012). 
“Review of residential footing design on expansive soil in Aus-
tralia.” in From Materials to Structures: Advancement through 
Innovation, 575580, CRC Press. 

McGrath, T., White, J.F., and Downey, J.P. (2014). “Experimental 
determination of density in molten lime silicate slags as a func-
tion of temperature and composition.” Mineral Processing and 
Extractive Metallurgy (Trans. Inst. Min Metall. C), 123(3), 
178183.  

Murthy, I.N., Babu Arun, N., and Rao Babu, J. (2014). “Comparative 
studies on microstructure and mechanical properties of granu-
lated blast furnace slag and fly ash reinforced AA 2024 compo-
sites.” Journal of Minerals and Materials Characterization and 
Engineering, 2, 319333. http://dx.doi.org/10.4236/jmmce.2014. 
24037.  

Nidzam, R.M. and Kinuthia, J.M. (2010). “Sustainable soil stabilisa-
tion with blastfurnace slag–a review.” Proceedings of the 
ICE-Construction Materials, 163(3), 157165.  

Van Oss, H.G. (2003). Slag-Iron and Steel. United States: US Geo-
logical Survey Minerals Yearbook. 

Ouf, A.R.M.E.-S. (2001). Stabilisation of Clay Subgrade Soils Using 
Ground Granulated Blastfurnace Slag, University of Leeds, 
Leeds, UK. 

Proctor, D.M., Fehling, K.A., Shay, E.C., Wittenborn, J.L., Green, J.J., 
Avent, C., Bigham, R.D., Connolly, M., Lee, B., and Shepker, 
T.O. (2000). “Physical and chemical characteristics of blast 
furnace, basic oxygen furnace, and electric arc furnace steel in-
dustry slags.” Environmental Science & Technology, 34(8), 
15761582.  

Standards A. (2003). Methods of Testings Soil for Engineering Pur-
poses: Method 5.1.1: Soil Compaction and Density Tests- De-
termination of the Dry Density/Moisture Content Relation of a 
Soil Using Standard Compactive Effort. AS 1289.5.1.12003. 

Standards A. AS 1289.6.2.2 (1998). Methods of Testing Soils for 
Engineering Purposes-Soil Strength and Consolidation Tests- 
Determination of the Shear Strength of a Soil-Direct Shear Test 
Using a Shear Box. 

Venkatramaiah, C. (2006). Geotechnical Engineering: New Age 
International. 

 



74  Journal of GeoEngineering, Vol. 11, No. 2, August 2016 

 

 

 

 

 

 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Japan Color 2001 Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /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 false
  /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 false
  /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

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
  >>
  /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 true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks true
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (Japan Color 2001 Coated)
      /DestinationProfileSelector /WorkingCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 400
        /LineArtTextResolution 1200
        /PresetName <FEFF005B9AD889E367905EA6005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 0
      /MarksWeight 0.283460
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /JapaneseWithCircle
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed true
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


