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17  Abstract
18 This study addresses the use of alkali activated high-calcium fly ash-based binder to
19 improve engineering characteristics of soft clay-rich soils as an alternative to common
20 stabilisers. The physico-chemical reaction sequence has been investigated by
21 considering the binder alone and the binder mixed with kaolin. An insight into the
22 reactivity evidenced that calcium-containing phases derived from high-calcium fly ash
23 represent the reactive phases and, hence, pozzolanic activity is the dominant process.

24 New compounds are formed, thenardite®@, and an amorphous silicate consisting of
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chains combined with calcium probably incorporatitigee-dimensional four-fold
aluminium environments.
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1. Introduction

Soft clay-rich soils are frequently encountered donstruction sites. Their poor
mechanical performance represents a critical igs@ngineering projects. These soils
cannot be directly used as earthfill materials aral/ cause excessive settlements of
foundation structures. To improve their engineerimfparacteristics chemical
stabilisation involving the addition of a bindertte soil has been widely practiced. The
commonly used stabilisers are Ordinary Portland €#rand lime whose stabilisation
mechanisms have been widely reported [1-7]. Needds, a major issue with those
conventional stabilisers is a very significant @amimental penalty due to high carbon
dioxide emissions and energy intensive processes.

In the low carbon agenda, the development of neakinologies that are both cost- and
carbon-efficient is of prime importance, particlyfan the construction sector for which
cement production contributes to at least 5—-8%latba) carbon dioxide emissions [8].
As an alternative, industrial by-products suchigb{ealcium fly ash, rice husk ash, and
silica fume have been successfully mixed as cemgiaidditives to soft soils resulting
in environmental and economic benefits [9-15].

Another alternative gaining attention is the usélshli Activated Materials as a viable
sustainable binder whose often-claimed advantaga much lower C@ emission
process compared to traditional Portland cementrtkg/on alkali activated soils are
recent and aim to stabilise different types of @i clayey soil [16-17], sandy clay
[18], Lateritic soils [19] marl, marlstone [20],ltgi sand [21], road aggregates [22] to
mixed soil synthesised in laboratory [23-24]. Theerall work shows the potential of
alkaline activation for soil improvement, and tfos different designed applications i.e.

in deep soft soil [18], at shallow depth [24] orammed earth construction [25].
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Alkali Activated Materials are defined as any bindgstem derived by the reaction of
an alkali metal source (usually alkali hydroxidel atkali silicate solutions) with a solid
aluminosilicate powder (commonly metakaolin, flyjhablast furnace slag or natural
pozzolan) [26-27]. It gives a hardened materiatoam temperature with mechanical
properties potentially suitable for Portland cenmeplacement.

The type of aluminosilicate material needed in &llali activation process varies as
well. In fact, most of the studies were conductedie use of fly ash [16-18; 20-21;23-
25; 28-29]. Nevertheless, Zhang et al. [24] alsaneixed the feasibility of metakaolin
based alkali activated soil, and some other studstablished on slag based alkali
activated soil are as well existing [16, 17, 23].

As stabilisation using alkaline activation is aaetresearch area, studies about the
understanding of the physicochemical reactivitysath systems have received little
attention so far [17] . Yet, the molecular struetand the chemical composition of the
alkali activated binders is essential to properfsess the resulting strength and
durability of the final material.

This work focuses on the use of calcium-rich higleium fly ash from coal
combustion activated by sodium-based alkaline mwluas a binder for clay kaolin
stabilisation. High-calcium fly ash was selectedha context of resource-saving being
an industrial waste. Kaolin was selected as a medilto represent a wide class of
clays encountered in engineering projects.

The study was designed in three stages. An irsta&de consisted in the investigation of
the reactivity of the alkali activated high-calcidty ash binder by itself, including (i)
which phases are present and which phases arestateeturing alkaline activation, (ii)

which compounds are subsequently formed, and r@iéctivity timescale. A second
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stage focused on the interaction of the high-caldiy ash-based binder with the kaolin
clay to understand how the presence of kaolin neslithe reactivity of the system.
Kaolinite is generally unreactive to alkali attamkambient temperature. However, the
addition of clay may affect chemical reactions esups in clay-cement mix [30].

Finally, the physicochemical evolution occurringlire alkali activated high-calcium fly
ash is compared with one occurring in the sameikathbilised by i) lime or ii) a mix
of lime and the same high-calcium fly ash usedis ¢xperimental programme. This is
aimed at assessing the potential benefit of higtitoa fly ash-based binder compared

to the more traditional lime.
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2. Material and methods

2.1 Materials

A Polish high-calcium fly ash derived from hard tead coal slime combustion in
fluidised bed boiler was used. Its chemical analysigiven in Table 1, and consists
primarily of SiQ, Al,O; and CaO. The high-calcium fly ash contains, apipnaely,
52% of particles sized lower than 45 um and 41%elatlvan 10 pm.

Speswhite kaolin provided by Imerys Minerals UKdawmhose chemical composition is
given in Table 1 was used. It is mainly constitubé&aolinite (95%) and secondarily of
muscovite (4%) [3]. The kaolin contains, approxietat 100 % of particles sized lower
than 10 pum and 80 % lower than 2 pm.

A unique alkaline solution was used: a sodium &i&cwith a mass ratio SiNa,O of
1.7 and a dry mass percentage of 44%; supplied dgiér group and named GEOSIL
34417.

Table 1

Chemical composition (wt. %) of raw fly ash and lkao

SiO, Al,O; FeO; CaO CaQes MgO SG; NaO K,0 H,O L.o.l

Flyash 39.4 198 74 186 5.2 18 41 20 18 00 17

Kaolin 49.2 345 12 0.0 0.0 02 00 01 17 131 120

2 Free calcium oxide conteritfrom [3], ¢ from [33]

2.2 Sample preparation

Sample preparation consisted in (i) mix of liqualsces ie. silicate and water (ii) mix
of aluminosilicate powders ie. high-calcium fly asfid kaolin in the case of soil-source
sample (iii) mix of (i) and (ii) previously prepate

Three types of mixes were studied and named F1B80Kand KF20. F100 is the high-

calcium fly ash based alkali activated binder.dtresponds to a solid phase made of
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high-calcium fly ash only, whereas KF50 and KF2@ e alkali activated soils. KF50
corresponding to a solid phase made of 50% of bhajbium fly ash and 50% of kaolin
in mass, and KF20 corresponding to a solid phasern&20% of high-calcium fly ash
and 80% of kaolin. List of samples is summarizednupable 2.

To ensure a good workability, the amount of addetewwith respect to the solid mass
(eg. mass of kaolin and high-calcium fly ash) wixed to 50% for all the samples.
Additionally, the mass ratio of alkaline solutiom high-calcium fly ash was fixed to
50% for all the samples, giving the initial molatios (considering that kaolin is
unreactive): Si/Al = 2.0, Si/Na = 3.5 and Al/Na 81The Al/Na ratio was not fixed to
one because of the presence of calcium ions in digintity in our system playing a
role of charge compensation as well as sodium.

The paste obtained was poured in closed plastidsnahd cured at room temperature
(20 °C). Samples were finally demoulded and fregdrzed at curing times of 1, 3, 7 or
28 days.

Table 2

Samples composition wt. %.

Sample Fly ash Kaolin Water Alkaline solution

F100 50 0 25 25
KF50 28.6 28.6 28.6 14.3
KF20 12.5 50 31.3 6.3
2.3 Methods

A variety of characterisation techniques were ce@mpntary used to probe the

mineralogical, structural and microstructural saengtaracteristics.
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X-ray diffractograms of powdered samples were olatdiwith a Bruker D8 Advance
diffractometer, using Cui radiation generated at 40 mA and 40kV. Specimesiew
step-scanned from 2 to 606 at 0.017° B steps integrated at the rate of 1s/step.
Derivative thermogravimetric curves were obtainedaoNetzsch STA 449F3 Jupiter
thermal analyser. The samples were heated from@®-1C at a rate of 10 °C/min
under argon atmosphere.

FTIR spectra were obtained on an FTIR Bruker Vert@xspectrometer. Specimens
were prepared by mixing 30 mg of sample in 270 rhé¢{Br. Spectral analysis was
performed over the range 4000—-400cat a resolution of 4 cth

Solid-state’*Si NMR spectroscopy was performed using a Brukean®e 11l 300 MHz

(7 T) spectrometer andridim MAS probe.zQSi MAS spectra were acquired with a single
T2 pulse excitation of 5.fis and'H decoupling. The repetition times were 2 s, 120 s
and 30 s for the raw high-calcium fly ash, the kamlin and all the activated samples,
respectively. For alf’Si spectra, MAS spinning rate was set to 5 kHzidSstate? Al
NMR spectroscopy was performed using a Bruker Agalit 500 MHz (11.7 T)
spectrometer and 2.5 mm MAS proB&I MAS spectra were acquired with a single
pulse excitation oft12 pulse of 3.3 s arfth decoupling. Repetition time was set to 1
s and MAS spinning rate to 30 kHz. Spectra wereeregfced against TMS
(tetramethylsilane) fof°Si and an AI(N@); aqueous solution fd¥Al. Lastly, attention
should be drawn to the fact that iron initially peat in the high-calcium fly ash renders
the interpretation more complex, notably spectramfrdifferent mixes cannot be
quantitatively compared.

Finally, samples were studied by SEM from polistsedtion. Freeze-dried samples

were impregnated under a vacuum with an acrylimrgdsk White). The polymerisation
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of the resin was performed in an oven at 60°C eMerh. The samples were then
polished with diamond powder and coated with carbefore the observation. The
observations were done with a HITACHI SU5000 scagnelectron microscope
equipped with an energy-dispersive X-ray analysuantax microanalyser system
composed of X-Flash® SDD detector and the Espfitvswe). The microscope was
operated at an accelerating voltage of 20 kV andkiwg distances of 10 mm.

3. Resultsand discussion

The first section of results presents the physioentcal evolution of the binder alone
without the addition of kaolin. The second partuses on the description of the soll
source material mixed with binder. To end with, fiystem investigated in this study is
compared with lime-based systems already desciibée literature.

3.1 Alkali activated high-calcium fly ash binder

3.1.1 X-ray diffraction (XRD)

Results obtained by XRD show that the original keglcium fly ash is constituted of a
vitreous phase (hump between 1¥&hd 38°R), and crystalline phases which include
calcium-containing minerals: anhydrite CaS€alcite CaC@and portlandite Ca(OHh)
and other minerals: quartz SiOfeldspar (K,Na,Ca)(Si,AlDs, hematite Fg; and

muscovite (SAI)O10(Al2)(OH)K (Fig. 1).
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Fig. 1. XRD of raw fly ash and fly ash based alleativated material F100 as a function of curinggti A=anhydrite;

C=calcite; F=feldspar; H=hematite; M=muscovite; Bretlandite; Q=quartz; T=thenardite.

Fig. 1 also shows XRD patterns of the alkali adgdahigh-calcium fly ash as a
function of curing time. Regarding the crystalliphases, anhydrite CagGnd
portlandite Ca(OH)are consumed as a function of time. In additibenardite Ng5O,
starts forming at 3 days. Its formation can be axygd by the release of sulphate anions
from anhydrite dissolution, and its subsequent doatlon with sodium issued from the
alkaline solution.

3.1.2 Derivative thermogravimetric analysis (DTG)

Fig. 2 shows derivative thermogravimetric analysiethe original high-calcium fly ash,
and the high-calcium fly ash based alkali activat@tler as a function of time. The
DTG peaks of the original high-calcium fly ash at¢el at 385, 605 and 965 °C
indicate the decomposition of portlandite Ca(@Hj)alcium carbonate CaGQand

anhydrite CaS@respectively.

10
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Fig. 2. DTG curves of raw fly ash and fly ash baak@li activated material F100 as a function afiroy time.

The relatively low decomposition temperature of yarttie compare to its theoretical
decomposition at 1214°C [31] is ascribed to the faat anhydrite is found interlinked
with other calcium-rich phases by SEM (as illugdalater in section 3.1.4.1).
Regarding the alkali activated high-calcium fly astnd complementary to XRD,
thermogravimetric analyses confirm the consumptibportlandite Ca(OH)over time.
DTG curves also show the dissolution of calciunboaate CaC@with time. Finally,
above 780 °C, the observed mass losses of theatadivsamples reveal the
decomposition of sulphate minerals: anhydrite Ca$i@@nardite Ng5Oy being formed
from 3 days as detected earlier by XRD (see 3.1ot)which theoretical polymorphic
transformation occurs at around 900°C [32-33].

3.1.3 Fourier Transform Infrared spectroscopy (FTIR)

11



201  Fig. 3A shows FTIR spectra of the original higheoain fly ash, and the high-calcium
202 fly ash based alkali activated binder as a functdntime in the range of Cf)

203  stretching vibrations.

3695
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Absorbance

:F 1 day
<
3 days -
Kaolin
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205 Fig. 3. FTIR of raw fly ash and fly ash based dlkativated material F100 as a function of curiinggtin the CG*
206 stretching vibrations range (A) and raw kaolin afidhli activated kaolin KF50 as a function of cigritime in the

207 OH stretching vibrations range (B).

208 Different features of the G band is observed over time: at 1 day a single laaodnd
209 1453 cni is seen, while at 28 days a doublet positioned4&@61and 1483 crhis
210 observed. Those modifications validate the fornmatid calcium carbonate during the
211  curing time as observed by DTG.

212 Finally, Fig. A.1 (see appendices) shows FTIR gpeict the area of sulphate minerals.
213 It confirms the dissolution of calcium sulphate Hgdrite, CaS@) along with the
214  subsequent formation of sodium sulphate (thenartl®S0O,) as previously seen by

215 XRD (see 3.1.1).
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3.1.4 Scanning Electron Microscopy (SEM)

3.1.4.1 Calcium-rich phases

Fig. 4 shows SEM observations of the alkali acaédahigh-calcium fly ash at 1 day.
More specifically, it focuses on calcium-rich phag@eviously detected as reactive
phases being dissolved following the alkali atthgkKRD, TGA and FTIR.

Calcium-rich phases are initially present in higtheaum fly ash as nodules of large size
from 100 to 25Qum. Besides, it is seen that chemical elements asaalcium, sulphur
and silicon are not homogeneously spread withinulesd suggesting a varying
mineralogy. For instance, in area 2, despite a luightent of sulphur indicating a
prevalence of anhydrite (Ca®Qthe detected percentage of ;Sfith respect to CaO
remains too low to be owed to the presence of aiteypghases only. It is therefore
concluded that the various calcium-containing phaseh as anhydrite Cag@alcite
CaCQ and portlandite Ca(OH)previously detected by XRD and DTG in sectionB.1
and 3.1.2) are interlaced within those nodule $umes which represent reactive

structures under alkaline attack.

13
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Fig. 4. SEM observations of a calcium-rich nodutaf the alkali activated fly ash at 1 day: (A) SENtrograph,

(B) chemical composition (wt. %) of areas 1 an@@,and (D) chemical mappings of calcium and sutphu

respectively.

Overall sample

Fig. 5 additionally shows microstructural observas of the alkali activated high-
calcium fly ash binder. At 1 day (Fig. 5A), a posomaterial along with distinct
unreacted high-calcium fly ash particles is sepmadntrast, at 28 days (Fig. 5B), a more
compact material with less pores is observed evidgnthe formation of new
compounds. Moreover, at 28 days, several unredatgdcalcium fly ash particles are
still observed especially from the vitreous phase $pherical and vesicular particles

(see Fig. 5B, C and D).

14
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Additional chemical analyses revealed that chanmgesmicrostructure are more
significant around calcium-rich particles which eequreviously detected as the main
reactive part of the raw high-calcium fly ash.

As a matter of fact, SEM micrographs show zonekiglier density appearing brighter
around calcium-rich nodules (see encircled ardagn5B).

Table 3 gives an average chemical composition efdinser reactive areas. Notably, it
indicates a ratio of sodium to sulphur around 2amag with that of precipitated
thenardite whose formula is P8Oy, and implying that most of the sodium from the

alkaline solution is taken up to form thenardite.

Table 3

Average elemental composition (wt. %) of F100 afb@ denser areas at 28 days.

Si Ca Al Na S K Fe Mg O
F100-28d 22.1 19.2 7.0 3.7 1.7 1.2 0.8 0.5 4338
KF50-28d 24.1 145 88 3.1 1.6 1.6 0.7 0.3 453

Furthermore, Table 3 indicates that the massivetikeaarea is primarily composed of
silicon and calcium. Supposing that the new comgeuare mainly located in those
denser areas, these results suggest that aparttfienmardite the new compounds are

enriched in silicon and calcium.

3.1.5 Nuclear Magnetic Resonance (NMR)

Nuclear Magnetic Resonance was finally used t@Wlamorphous phases and precise
the structure of the new compounds formed in ouestigated system.

Fig. 6 shows’/Al MAS-NMR spectrum of the original high-calciumyfash as well as
the spectrum belonging to the alkali activated higttium fly ash at 28 day$’Al

NMR spectrum of the original high-calcium fly asksglays two resonances whose

16
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dissymmetrical shapes are due to electric fielddigra distribution caused by the
distribution of geometries of the AlO4 and AlO6 ywédra.. More specifically, the
main resonance whose maximum is detected at 55qmuresponds to Al(IV) of the
vitreous phase. While the resonance located atr3 pprresponds to Al(VI) of the
vitreous phase.

59
AlIV)

—Fly ash

—Alkali activated fly ash F100 - 28 days

3
Al(VI)

|||||||||||||||||||||||||||||||||||||||||

377Al (ppm)
Fig. 6.2’Al MAS-NMR spectra of the raw fly ash and alkaltimated fly ash at 28 days.

Comparatively, the high-calcium fly ash based alkativated material spectrum at 28
days exhibits a main resonance sharper and a maximshifted to 59 ppm

corresponding to four-fold coordination of alumimiu namely §(4Si). Those

modifications in the spectrum compared to the oebihigh-calcium fly ash indicate
that part of the aluminium released from high-aaitifly ash leads to the formation a
new aluminium bearing phase whose aluminium isitetdrally coordinated. Lastly, the
resonance owed to octahedral aluminium at 3 ppstilispresent which means that

high-calcium fly ash is not totally dissolved af&d days.

17
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Fig. 7 shows”Si MAS-NMR spectra of the original high-calcium fagh as well as the
alkali activated high-calcium fly ash at 28 da§i NMR spectrum of the original
high-calcium fly ash shows a broad resonance betw@e and -105 ppm attributed to
the presence of a wide range of &d J silicon local environments from the vitreous

phase.

—Fly ash

— Alkali activated fly ash F100 - 28 days

-50 -60 -70 -80 -90 -100 -110 -120 -130 -140
5%Si (ppm)

Fig. 7.2°Si MAS-NMR spectra of the raw fly ash and alkalieated fly ash at 28 days.

In contrast, the alkali activated high-calciumdigh spectrum at 28 days displays a clear
additional resonance centred at -85 ppm. This nasitipn can be attributed to both the
formation of J(4Al) or else G-type silicon environments. Nevertheless, regardirey
high value of the Si/Al ratio around 3.2 in the senarea comprising the new products,
and measured by SEM (see Table 3) it is unlikelpt %(4Al) environments are
present. The new resonance at -85 ppm consequeditates the formation onQype
silicon environments in chain structure. Considgrihat the spectrum does not show
any resonance corresponding td §licon environments the length of those formed

chains is high. It is also worth noting that § environments in chain possess a charge

18
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deficit of 2- which must be compensated. Howevedjum cations are not available as
they are associated with sulphur to form thenartliggSO, (see sections 3.1.1 and
3.1.3). Consequently, only calcium cations releasecth calcium reactive phases of
high-calcium fly ash can compensate this chargeitleThose silicon chain structures
are therefore combined with dissolved calcium whiohtches with the chemical
composition of the denser reactive area primarigden of silicon and calcium (see
Table 2). The significant broadening of the resaeaat -85 ppm also indicates that
those chains are not well organised as C—S—H stexgenerally observed in Portland
cement [34]. Considering the low Ca content of the fly ash, the line broadening
fully agrees with amorphous C-S-H with a low Cai8io.

Finally, the broadest part of the activated higltican fly ash spectrum at 28 days from
-90 ppm to -100 pm indicates the presence daqd ¢ environments mainly issued
from the remaining vitreous phase of high-calcidyafsh, and in accordance with the
previous observations of unreacted high-calciumaftf particles at 28 days by SEM
(see 3.1.4.2).

In summary, bottf®Si and?’Al MAS-NMR spectroscopy indicates the formation of
new signals following alkaline activation. It is ioterest to understand whether the new
aluminium-containing phase seen 7l NMR correlates with the silicate chain
structure observed fSi NMR. As a comparison, aluminium in linear storetsuch as
C-S—H is either found (i) as?@nvironments corresponding to aluminium substituti
for silicon atoms, and located around 68-74 ppnf’l NMR or else (i) as &
environments corresponding to crosslinking througfimina bridging tetrahedra
positioned around 63-68 ppm ifAl NMR [35-37]. However, as mentioned above, the

new aluminium resonance observed in our invesbga@t 59 ppm would rather

19
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correspond to 4Si) environment. Consequently, if aluminium isarporated into the
silicate chain structure, it would be in a threménsional environment which has not
been described in literature yet.To conclude, tescbncerning the alkali activated
high-calcium fly ash binder showed that calciunhiqahases constitute the reactive part
of the raw high-calcium fly ash, while its vitreoplsase remains mainly unreactive. The
new compounds formed are mainly located aroundwalcich reactive particles and
present a complex chemistry and structure whicfedffom cementitious compounds

generally encountered in cement or lime based isyste

3.2 Interaction between the alkali activated high-calcium fly ash binder and kaolin

The following section aims at understanding theermttion between kaolin and the
alkali activated high-calcium fly ash binder prawsty described. More specifically, it
aims at answering the following question: does phesence of kaolin modify the
reaction sequence?

Two stabilised soils were studied i.e. KF50 for evhthe solid phase is made in mass of
50% of high-calcium fly ash and 50% of kaolin, akB20 made of 20% of high-
calcium fly ash and 80% of kaolin. Observations enfait these two mixes turned out to
be similar for all the techniques used. Thereforgy the results of KF50 will be shown

while the results of KF20 can be found in Suppagrtimformation.

Firstly, Fig. 3B shows the infrared spectrum of ¢iginal kaolin as well as the spectra
belonging to the alkali activated soil KF50 as adtion of time. The four bands
observed in the 3695-3620 ¢mange are typical of the presence of kaolinitel arse

from the vibration of its internal OH groups. Nadtgbdisorder in kaolinite is mainly
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detectable in this OH-stretching region by FTIR][3Bhose bands being still observed
over time in the alkali activated soils suggest Kalinite does not react under alkaline
conditions. The smaller heights seen at 7 and 38 dee only due to higher sample
densities at higher curing times after the formataf new compounds, leading to

smaller probed distance and therefore lesser adsoeb

Fig. A.3 (see appendices) shows XRD patterns oathiwated soil KF50 as a function
of curing time. Similarly to the alkali activatedgh-calcium fly ash binder (see 3.1.1),
it indicates the dissolution of anhydrite CaSflong with the formation of thenardite

NaSOs.

Fig. 5E, F, G and H shows microstructural obseovetiof the alkali activated kaolin
KF50. At 1 day, and in contrast with the alkaliraated high-calcium fly ash (Fig. 5A),
KF50 presents a relatively low porosity due to gresence of small-sized kaolinite
platelets filling the pores (Fig. 5E). At 28 daysid in a similar way to the activated
high-calcium fly ash (Fig. 5B), KF50 presents a enoompact microstructure around
calcium-rich phases (see encircled area in Fig. 5F)

Furthermore, by comparing the alkali activated Faglcium fly ash binder (Fig. 5C and
D) with the activated soil KF50 (Fig. 5G and H),okaite platelets are distinctly
observed (see red arrows as an example of plaibkrvation), and homogeneously
spread across the whole sample. In fact, kaolpidgeelets were observed not merely in
the matrix but also in the most reactive massieasusupporting that kaolinite does not

react even in the reactive areas but rather acdifsr.
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Table 2 gives an average chemical composition dKiRassive areas. It shows similar
tendencies than for the alkali activated high-catcifly ash binder F100. Only slightly
higher contents of silicon and aluminium are meeddor KF50 due to the presence of
kaolinite.

Fig. 8 shows’Al MAS-NMR spectra of the alkali activated high-ciaim fly ash binder
F100 studied in the first section, and the alkelivated soil KF50 at 1 and 28 days. By
comparison with the binder F1068’Al NMR spectroscopy of KF50 displays two
additional resonances due to the presence of kaelia main resonance at 4 ppm due
to Al(VI) of the octahedral layer of kaolinite, aadesonance at 70 ppm owed to Al(1V)
and corresponding to substitution of Al for Si lrettetrahedral layer of kaolinite and
muscovite.

At 1 day, KF50 presents a resonance whose maximuotated at 55 ppm and owed to
the vitreous phase of high-calcium fly ash, whil@ days a shift of this resonance to
58 ppm indicates the formation of tetrahedral ahiom in f(4Si) environments (as

previously described for the alkali activated higieium fly ash in section 3.1.5).
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Fig. 8.2Al MAS-NMR spectra of the alkali activated fly aBti00 at 28 days and alkali activated kaolin KF50 at

and 28 days.

Fig. 9 showg”Si MAS-NMR spectra of the alkali activated highaiam fly ash binder
F100 studied in the first section, and the alkelivated soil KF50 at 1 and 28 daysSi
NMR spectroscopy of KF50 samples show an additiohal resonance at -91 ppm
corresponding to the silicon of the tetrahedraktagf kaolinite. This resonance does
not undergo any modification over time confirmihg hon-reactivity of kaolinite.
Furthermore, from 1 to 28 days KF50 shows the cgmearance of a resonance at -85
ppm due to the formation of silicon chains combimgth dissolved calcium, and as

previously described for the alkali activated hagleium fly ash binder (see 3.1.5).
To conclude, results of this second section shothed kaolin is unreactive during

alkaline attack. Besides, a similar reaction seqedhan for the alkali activated high-

calcium fly ash binder occurs.
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Fig. 9.2°Si MAS-NMR spectra of the alkali activated fly a5h00 at 28 days and alkali activated kaolin KF50 at

and 28 days.

3.3 Comparison with lime treated kaolin

This last section focuses on a comparison with iptsv studies which reported the
physicochemical evolution of the same kaolin trda@ég¢her by a common stabiliser:
lime [6], but also treated by a mix of lime and thigh-calcium fly ash used here [39].
Table 4 gives a summary of the reaction sequermresaich system highlighting strong
differences. This section consequently aims atignog a better understanding of the
consequences of those variable reaction sequencéleofinal material in terms of

performance and durability.

Table 4
Compared reactivity sequences of kaolin treatdeeeiby lime, or a mix of lime and fly ash or anadik

activated fly ash

Kaolin + Lime+ Fly ash | Kaolin + Alkali

Kaolin + Lime[6] [33] activated fly ash
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418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

1. Phases dissolved Kaolin, lime Kaolin, lime, fly ash Fly ash
2'tFn?ae;2|/2y Slow Fast Fast
Calcium Aluminate Hydrate Amorphous
C-A-H silicate consisting
Calcium Aluminate | Calcium Aluminium Oxide of chains
Hydrate C—A—H Carbonate Hydrate combined with
3. Aluminate C-A-O-C-H calcium - and
Phases Monocarboaluminate Calcium Aluminium Oxide probably
formed hydrate G-A—C—H; Hydrate C—-A-O-H incorporating the
Ettringite observed g4(4Si)
CaAl 2(SOy)3(OH);,.26H,0 aluminium
Silicate None Calcium Silicate Hydrate environments
C-S-H

3.3.1 Reactivity of initial phases

Firstly and regarding the reactivity of the phagasally present, it was found that
kaolin is inert in our alkali activated samples @icontrasts with the two other lime
based systems for which kaolinite is dissolved. Minded reactivity of kaolinite in the
alkali activated soils herein studied is due topghesence of other more reactive phases.
Besides, its limited reactivity is beneficial fdvetsystem as no side effects will occur.
For the three systems, calcium-containing phasestitote the main reactive part of the
mixes playing a pivotal role in the reaction depshent scheme. In fact, their
dissolution leads to the release of dissolved gaicinto the medium and hence
pozzolanic activity i.e. formation of new calciurangentitious compounds responsible
of the strength improvement. In the case of oualakkctivated soils however, it is not
lime CaOthat constitutes a supply of calcium but calciumtaming minerals from
high-calcium fly ash CaSf) CaCQ or Ca(OH). For all calcium-source types the
supply of C&" cations remains identical. What changes is therasimultaneously
released from their dissolution: when high-calcifiynash is present the dissolution of

its calcium-containing minerals is accompaniedh® release of various anions such as
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OH, SQ?% and CQ* influencing the reaction sequence, and with pakemegative
effects for the durability as seen later.

Finally, concerning the vitreous phase of high-ceicfly ash, although amorphous and
hence metastable it showed few reactivity leadm@ freferential pozzolanic activity
as seen in Portland cement, rather than polymensaeactions associated with the
formation of an aluminosilicate three-dimensionatwork characteristic of low-
calcium alkali activated materials and geopolymers.

3.3.2 Reactivity timescale

Reactions in presence of high-calcium fly ash as fvith new compounds already
observed at 28 days for both systems made of kdmlie and high-calcium fly ash [39]
but also kaolin and alkali activated high-calciuly &sh. Whereas, longer reactivity
timescale occurs for lime treated kaolin: new celitiens compounds being previewed
from 60 days and clearly detected only after 274G d6].

For a system made of lime and kaolin its pozzolawiivity depends on the dissolution
of kaolinite which constitutes the only source afmainium and silicon. Considering
that kaolinite possesses a stable crystalline rairgtructure hard to dissolve it explains
the slow reactivity of that system. By contrasghcalcium fly ash contains reactive
phases i.e. calcium-rich phases primarily andgmall extent its vitreous phase (for the
high-calcium fly ash used here) thermodynamicabgsl stable than kaolinite and
therefore easier to dissolve. That is why reactiequences are faster for both high-
calcium fly ash systems. It is even faster for allkali activated soils as the alkaline
solution brings a mixture of ions ready availablbdose fastest reaction times would
constitute an advantage in the case where the lgdmkned products are as well stable

binding phases which will be discussed now.

26



458 3.3.3 Sability and structure of the compounds formed

459 In the case of formerly studied systems made ofirkamd lime as well as kaolin, lime
460 and high-calcium fly ash, a preferential releasalominium over silicon from kaolinite
461 and/or high-calcium fly ash dissolution occurs aactthg to the formation of
462  aluminium compounds primarily. In fact, for a linreated kaolin Calcium Aluminate
463 Hydrate C—A-H and monocarboaluminate hydrateA=C—H;; are formed [6]. In the
464 case of a kaolin treated by a mix of lime and hagkeium fly ash Calcium Aluminate
465 Hydrate C—A—H but also Calcium Aluminium Oxide Camiate Hydrate C—A—O—C-H,
466  Calcium Aluminium Oxide Hydrate C-A-O-H and Ettriteg
467  CasAl(SOy)3(OH)12.26H,0 are formed [39]. Whereas, in our alkali activatsalls
468 investigated here, aluminium dissolved from theedts phase of high-calcium fly ash
469 was found in a three-dimensional four-fold envir@mn ('(4Si)) which strongly
470 contrasts with the six-fold environments foundhe Calcium Aluminate Hydrates.

471 Regarding the formation of silicate compounds, nareformed in a system made of
472  kaolin and lime [6] because the dissolution of kat# is slow and starts by the release
473  of its aluminium. Hence, no silicon is made avd#alKaolinite being the only source of
474  silicon in that system the limited dissolution alicen implies the non-formation of
475 silicon compounds. By contrast in a kaolin, limeldngh-calcium fly ash system, the
476  dissolution of silicon from the vitreous phase aftcalcium fly ash leads to the
477  formation of Calcium Silicate Hydrate C—S—H [39in&lly, in the alkali activated soils
478 herein studied, the supply of silicon from the &He solution primarily and also from
479 the vitreous phase of high-calcium fly ash leadgh® formation of silicon chains
480 combined with calcium, but whose NMR signature tyealiffers from C-S-H

481 commonly observed as described above (see sectihb).31t is also likely that
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aluminium found in three-dimensional four-fold emviment (§(4Si)) is incorporated
into those silicon chains.

Calcium Silicate Hydrate C—S—H is the principaldimg phase of Portland cement and
concrete primarily responsible for its strength][4@ addition, its structure is more
stable than Calcium Aluminate Hydrates [41]. The@sence is consequently beneficial
for the performances. The fact that in our alkativeated samples, a diverse structure
compared to usual C—S—H is observed cannot easigsbessed in term of stability at
the present moment. Indeed, regarding the lackrydtallinity of our silicon chains
formed, experience proved that the crystallinitythed binding agent alone constitutes a
poor measure of stability over the timescales msévo the majority of concrete
structures [41]. A further investigation of the fjoemances would help apprehending a

potential beneficial effect of this uncommon sihachains structure over time.

Finally, for both high-calcium fly ash systems, ghdte minerals are formed: either
Ettringite CaAl2(SOy)3(OH)12.26H0O for a system made of kaolin, lime and high-
calcium fly ash [39], or Thenardite b0, in our alkali activated soils.

Their formation is due to the dissolution of anhyelCaSQ initially present in the
high-calcium fly ash, and releasing sulphate ani®@@> that are subsequently
recombining with available cations. For the casa @&holin, lime and high-calcium fly
ash system the formation of Ettringite is taking alpminium and calcium hence
slowing down both the simultaneous formation ofn@hate and silicate hydrates.
Whereas, in our alkali activated system, sodiumionat ready available from the
alkaline solution combine with sulphate anions. réf@re, the formation of sulphate

minerals does not affect the parallel developmédnthe pozzolanic activity i.e. the
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formation of silicate chains. Finally, a key poiatconsider for durability aspects is the
high solubility of sulphate minerals which are festable salts in water. In fact, a
previous study in which leaching tests were peréaron an alkali activated sulphate-
bearing kaolin showed that the uptake of sulphaierns by the gel is low, namely less
than 40% [42]. The study of the effect of wettimyidg cycles is consequently
warranted to verify a further impact of the presemd thenardite on the long-term
performances.

3 Conclusions

Here, the development of a novel soil binder tlsatm alkali activated calcium-rich
high-calcium fly ash for clay soil stabilisation svaxplored. The study of its reactivity
showed that (i) the overall calcium-bearing mingrdtom high-calcium fly ash
constitute the reactive phases while its vitreonasp remains mainly unreactive, (ii)
new compounds are formed, thenardite®@, and an amorphous silicate consisting of
chains combined with calcium - (iii) reactions hapithin 1 to 28 days.

The interaction between the binder developed aedntbdel soil chosen i.e. kaolin,
showed that kaolin is unreactive. Its presence ewstthe proportion does not modify
the physicochemical evolution of the system thaeigher the dissolved phases, formed
compounds, nor reactivity timescale. The inert kaia platelets were in addition found
homogenously embedded in the matrix acting adea.fil

When compared to lime treated kaolin, although plaedc activity remains the
dominant process reaction sequences are stronffigredit. In the case of alkali
activated soils the formation of calcium-silicoragis phases more stable than calcium
aluminium hydrates encountered in lime based systembeneficial for long-term

stability purpose. Those observed silicon chainseéwer show an uncommon structure
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whose effect on the performances will be checkedl fluture investigation. Finally, the

formation of thenardite a highly soluble salt interaraises interest about the durability

of the material which will be also further investigd.
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Appendices

Absorbance

28 days

:

61

7 days

639

3days

1day

68
6

1
16
596

Fly
ash

680 630 580

Wavenumber (crf)
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Fig. A.2. FTIR of the raw kaolin and alkali actiedtkaolin KF20 as a function of
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Fig. A.3. XRD of alkali activated kaolin KF50 agumction of curing time;
A=anhydrite; C=calcite; F=feldspar; H=hematite; kKwekinite; M=muscovite;

P=portlandite; Q=quartz; T=thenardite.
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