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Abstract - The use of traditional binders (e.time or cement) in soil stab#ation faces many obstacles of environmental nature, and
geopolymers have been recently become an attractive alternative binder that may overpasses such obstacles. Howatvee, ldxekkter
detailed information in relatn to thegeomechanicatcharacteristicef geopolymerstabilized soils and this paper fills in part of this
gap. The paper presents an evaluation of the sttemabehaviorof two natural claysf different mineralogy treated with flgsh based
geopolymer. Laboratory experiments were performed including the Unconfined Compressive Strength (UCS) tests and Consolid:
Undrained (CU) triaxial tests under different confining pressures. The results indicate that the addition of geopolyases lrere
strengthandstiffness of clay, which contributes to higher uniaxial and triaxial peak stresses. The confining pressure was fouad to hay
considerableinfluence on the stresstrain behaviorand excess poreater pressure obtained from the CU testge Tesults also
demonstrate thatlay mineralogy is an important factor that affetite stressstrain performance of geopolymgeated clay.
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1. Introduction

Severalimportantengineering propertiesf soils can béeneficially modified bychemicaltreatmentusing classical
binders (e.g, cement and lime)However, themanufactureof such binders isnergyintensive and has significant
environmental consequenaegated tocarbon emissionand sourcing of raw materidlt]. Such consequencescourage
the development of new alternative bindiat can providéessenergy consumption arahvironmental limitationd=ly-ash
based gopolymer using alkali-activated cementonstituts one such category of bindetas it involves useful
recycling/diversion of amdoned aluminosilicate industrial waste materfals2].

Fly-ashbased geopolymer is derived from the activatiodass (F¥ly-ash under high alkalinity conditiomhis process
forms athree dimensional framework gaibonding characteristiegpresented by the chemical structure Sodium Aluminum
Silicate Hydate (NA-S-H). Such geopolymerprovideshigh compressive strength and durabijlityhich can only be
achieved when geopolymer is cured at elevated tempesdiateeen 6680 °C [3]. However, the addition of calcium
containing compounds such as blast furnace slagetgpolymerpromdes ambient temperature settipg], making
geopolymermore applicable for bullapplicationin soil stabilization[5]. Depending orthe treatmentconditions(i.e.,
geopolymeringredients,concentratiorof geopolymer componentand curing time)geopolymeitreated soildhave been
reported to providan increasén unconfinedpeak strength and a reductiontlire corresponding straif6-9]. However,to
advane the use ofyeopolymerfor ground improvementan indepthinvestigationinto understanidg the geamechanical
characteristic®f geopolymeitreated soils isequired consideringhe effecs of parametersuch aghe confining pressure
and excess pore water presaumderdrainedindrainecconditions The effecs of suchparameterfor classicabindershave
been extensiveliynvestigated and wetlocumented in the literatufe.g., 10, 11]However, similainvestigationsre limited
for geopolymeitreatedsoils and the available studies amainly focugdon treatment o$and[e.g., 6, 12]In this paper a
comprehensive study tarried outto investigate thgeomechanicakharacteristice®f geopolymeitreated(natura) clay
based ortriaxial experimental testsnderundrained condition



2. Materials and Methodology
2.1 Materials

The soil usedn the current studincludestwo naturalclay of different mineralogy, collected frothe Cityof Perth
Western AustraliaTests were conducteon the soil used includingthe liquid limit, plastic limit, sieve analysjsand
compaction properties, in accordanéh the AustraliarStandards AS 1289.3.1[13], AS 1289.3.2.114], AS 1289.3.6.1
[15], andAS 1289.5.1.116], respectivelyAccording to the Unified Soil Classification Syst@dSCS) Soil (A) is classified
aslow plasticity (CL) clay, whereasSoil (B) is classified as high plasticity (CH) clapetailedcharacteristics of theoll
used are listed in Table 1.

Table 1 Characteristics and classificatioofsoil used

Property Clay (A) Clay (B)
Liquid limit (%) 46 57
Plastic limit (%) 28.4 25
Plasticity index(%o) 17.6 31
Maximum dry unit weight (KN/r%) 163 149
Optimum moisture content (%) 19.8 22.3
Particles fraction < 75 um 58.2 64.1
Clay fraction (%) < 2 um 24 17
Soil classification (USCS) CL CH

The geopolymer used thecurrentstudycomprisesa mixture of flyash(Class F) ground granulated blast furnace slag
(GGBF9, and sodium based activat&oth the flyash and GGBFS form the overall aluminosilicate source material within
the geopolymemixture. As recommended by several researclgegs, 1, 2] the high concentration of aluminosilicate in
Class (F) flyash promotes its use as a source material for geopolymer than high caleagh(fyass C) The GGBFS is
the most common waste in alkalitivated cements andhsused tareinforce the prformance of the M\-S-H geopolymer
gel at ambient temperature througlk production o€-A-S-H gel after activatiofil 7]. Thefly-ashused in the current study
is commonly known as low calcium Gladstormoal fly-ash which was obtained fronCement Australian Limiteaf
Gladstone power statipand the slagvassupplied by Independent Cement & Lime Limitddhe chemical compositions of
the fly-ash andlagusedare given in Table.

Table 2 Chemical compositiaof fly-ash andslagused.

Material Chemical composition (%)

SiO2 | Al2Os | FexO3 | CaO | MgO | K20 | Na2O | SOs | LOI
Fly-ash 51.11| 25.56|12.48 | 430 | 145 | 0.70| 0.77 | 0.24 | 0.57
GGBFS 29.96| 12.25| 0.52 | 45.45/5.99 | 0.38]0.31 | 3.62 | 2.39

The alkaline activator used the currentstudyto synthesizethe geopolymer was prepared froBrade(D) sodium
silicateand sodium hydroxideboth in solution form, asecommended by several researshe.g., 7, 8, 18, 122]. The
sodium silicatesolutionwas supplied byPQ Australisand contains the following mass ratidsO = 14.7% and SiédNa,O
= 2. The sodium hydroxideoriginally in pelletsform, wasdissolved indeionizedwater to a concentration of Idolal (M)
for at leas®24 hoursprior to mixingwith the sodium silicate Themass ratio used ¢he sodium silicate/sodium hydroxide
was 2.33whichas stated b¥dardjito [2], maximizes the reaction phasethe synthesized geopolymer.

2.2 Mixture and specimen preparation

In this study fixed ratios ofslag/fly-ash = 0.2 andctivatofsource material.g.,fly-ash + slag¥ 0.4 wereconsidered
to synthesize geopolymehccording to a related study carriedt by Abdullah and Shahiff], the aboveratiospromotea
geopolymer setting at ambient temperatti@bert mixing machine wakenused for mixing the geopolymer with clay. The
source materialvasfirst addedas a partial replacement pfilverized dry clay tdorm the totaldry material in the mixture.
Thereplacement ratio was considered in different combinatiof®%fand 20%by weightof treated clayWith continuous
mixing of dry material premixed solution of activator and free water required to réeaiptimum compaction ereadded
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Following mixing, the effect of geopolymer time compaction parameters was evaludtedeach geopolymetlay mixture

through a series of standard Proctor compaction fg8{sand the results are given Trable 3 The gecimenswverethen

gradually compactedfter mixingin designatednoldsof an aspect ratio of heighd-diameter= 2:1. All specimens were
manually compacted in layers of controlled weight/thickness to replicate similar maximum dry unittevétigihtobtained
from the Proctocompactiontest. The specimes were then removed frote molds, warped in cling film and left wwre

at 60% humidity afCd temperature of 20725

Table3: Compaction characteristics of geopolyrerated clay

Clay Geopolymer Maximum diy unit | Optimum moisture
(%) weight (kN/m?3) content(%)
A 10 16.3 19.0
20 16.5 16.9
B 10 15.0 19.2
20 15.8 15.9

At different curingtime of 7, 28 and90 days42 mm diameter specimens were testedJoconfinedCompressive
Strength (UCS) according to the Australian Standards AS 51@BJ4using a fixed strain rate of 1% per minutavo
specimens were prepared for each mixture and an averagef/alGS obtained is considerdebr curing time of8 days,
35 mm diameter specimens wetested for Consolidated Undraine@l) compressiortriaxial testsaccording to the
Australian StandardAS 1289.6.4.724]. For each @y type, different treated mixturegere investigated anevaluated
underundrainedsheaing for different confining pressurex 100, 200 and 400kPa.It should be noted thatytedmitting a
coefficient of earth pressure at rié&st= 1, theisotropic consolidation pressures were seletesimulateexpectedaverage
field effective stresse®r points locatedt 5, 10 and 20m deepin the ground ofaturated soil magwmving a unit weight of
20 kN/n?. The CU triaxial tests werall conducted usinthe GCTS STX300 triaxial multistress path apparatus available
at Curtin UniversityThe soil pecimenswvere first saturatedsing increment technique of back presswite B value of at
least 0.911t should be notethatsuchB valuefor cementedsoil specimengndicates 99% saturation25]. The stabilized
clay specimensverethenisotropicallyconsolidatedand sheared in compressioraatonstant rate of 0.016 mm/minder
undrained condition

3. Discussion of Results
3.1. Unconfined compressive strength tests

Typical results ofstressstrain behavioof untreated and treated clay at 28 dayssamvnin Fig. 1. It can be seen that
the peakUCSvalues of geopolymeitreated clay are higher than that of untreated ¢tayhoth Clay (A) andcClay (B), and
the peak stress is achieved at lower axial strain; obviously the higher the geopolymer conterdrttieelgorresponding
axial strain at the peak strediscan also be seen that the peak UCS valugeopolymeitreated clayincrease with the
increase of added geopolymer contewitich one would expecEor instancea geopolymercontentof 10% for Clay (A)
was found to increase the UCS valoel304 kPacompared to 370 kPa for untreated c¢lapdfurther increase ithe
geopolymer contertb 20%was found tdncrease the UCS8alue of geopolymeitreated clayto 1680kPa.The enhanced
UCS of geopolymettreated clay is mainlgue tothe cementation characteristics of geopolymadrich binds clay after
hardeningThe result®f Fig. 1 also indicate thagieopolymettreatedclay undergesstiffer responseompared to untreated
clay,with an approximaténear stresstrain behaviountil thepeak stress reachedHowever, by comparin@lay (A) and
Clay (B), it can beobservedhat hepeak strength§or 10% and 20% geopolymeuj the low plasticity Gay (A) are higher
than those ofhe high plasticityClay (B), indicatinga potentialdifference in responsef geopolymeitreated clay based on
soil mineralogy.

Fig. 2 presents the effect of curing timesirength development of treated clay, represeimeeinusingthe Strength
Development Index (SDIwhich isdefined as the ratio die strengthdifference between treated and untreaiasgi divided
by the strength of untreateclay. Generally speakingt, can be seen th#te SDI ofgeopolymeitreated clayncreasesvith
the increase of curing tim#or anygeopolymeicontentandclay type For instanceatcuring time of7 daysthe SDI of Clay
(A) treated with 10% geopolymer was foudbe 1.25 timesf urtreaked clay with further increasef the SDI for Clay (A)
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to 2.3 timesof untreated clagt 28 days and 3.2 times at 90 days.®al (A) treated witt20% geopolymerthe SDI values
were found to bel.42, 3.65, and 5.98mes of untreated clafor curing time of7, 28, and 90 days, respectiveln.
comparisonfig. 2 shows that i&y (B) providesless pronounced SDI valuefter treatmentcompared to Clay (A)lt is
interesting to notice thallay (B) treated with 10% geopolymeras found to provideslativelylow SDI valuesof 0.53-0.56
times of untreated clagt different curing periodsindicatinga reduction irits strength gain due tthe retardation in the
reaction Thissuggests that geopolymisrmore efficienfor some claytypesthan othersdepending oelay mineralogy
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Fig. 1:Effect of geopolymer content on UCSgdopolymettreated clay.
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Fig. 2: Effect of curing time orstrengthdevelopmen{Strength Development Index, S[) geopolymeitreated clay.

3.2. Stress-strain response of CU triaxial compression tests

Thestressstrainresults ofCU triaxial tests for untreated and treated daglifferentconfining pressuresf 100, 200,
and 400 kPgare presentenh Figs. 3and4. It can be seen thaicreasing the confining pressure tends to increase the peak
stress, as one would expect, but the attained strain at the peak stress is sligHty higiner confining pressu@mpared
to lower confining pressurdt canalso be seen thaalmostall geopolymettreated specimengrovide stiffer response
compared to untreated clayith higher peakdeviatorstressachievedat lower axial strainfollowed bya postpeakstrain
softening responseompared topostpeak strainhardeningresponse for untreateclay. It can also be seen théte
enhancement ithe peak deviator stress Ibetter forthe low plasticityClay (A) compared tohe high plasticityClay (B), at
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same confining pressuend geopolymer contenthis urges theneedto treat high plasticity clay withigher amount of
geopolymer to reacsimilar behaviorto thatof low plasticity clay
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Fig. 3 CU triaxial tests fountreated clay compared to geopolyrtrerated Gy (A), showing deviator stress versus asi@éin
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Fig. 4 CU triaxial testdor untreated clay compared to geopolyrreatedClay (B), showing deviator stress versugal strain.

3.3. Pore water pressure response of CU triaxial compression tests

Figs.5 and6 showthe excess poreater pressuree yversus axial straifor CU triaxial test resultsf untreated and
treated clay at different confining pressures. It can be seen that thetienidency of untreatexdy to develop positiveeu
upon shearing (peake uvas achieved at axial strain 2b), followed by a pospeak reduction iae tthat was kept positive
until the end of tesindicating a contractive behavidn comparisonthe geopolymetreatedclay testedat same confining
pressureshow positiveee wpon shearingpeakae was achieved at axial strain = %), followed by a pogbeak reduction
in ge uhatturned tobe negative indicatinga transitionin behaviorof treated specimearupon shearingfrom contraction to
dilation. However, such transitioseems to be highlyriven by thechange irthe confining pressuregeopolymer content
and clay mineralogyFor lower level of cementation (i.e., 10% geopolynaen) certain confining pressui@lay (A) treated
specimengFig. 5) are more prone to dilationpon shearing than Clay (BjeatedspecimengFig. 6). However,asthe

IGGRE1395






