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Lime is widely used as additive to improve the mechanical properties of natural soil used in earthworks.
However, the physico-chemical mechanisms involved are yet not well understood. In order to develop and
optimize this treatment method, a better understanding of the interaction between lime and the minerals
of the soils, in particular clay minerals, is required. In this study, Ca-bentonite was treated with 2, 5 and
10 wt.% of lime during 1 to 98 days. Modifications in the Si local environment were then monitored by
solid state nuclear magnetic resonance to investigate the pozzolanic reaction. All the soil mineral phases con-
tribute to the release of Si and to the pozzolanic reaction, with a rapid and total consumption of Si-polymorph
and an exacerbated dissolution of montmorillonite. Mechanism of C-S-H formation, function of the Ca con-
tent in the system, was found to match the sorosilicate-tobermorite model described in cement systems.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Lime stabilization is a widely used means to chemically transform
unstable soils into structurally sound construction foundations [1-9].
Lime stabilization is particularly important in road construction for
modifying subgrade soils, subbase and base materials. Specifically,
lime stabilization modifies a number of important engineering prop-
erties of the soils such as a gain in strength, an improved resistance
to fracture, fatigue, and permanent deformation, an improved resil-
ient property, a reduced swelling and better resistance to the damag-
ing effects of moisture. The most substantial improvements in
these properties are obtained in moderately to highly plastic soils,
such as heavy clays. Although lime is generally used to permanently
transform fine-grained soils, it may also be used for shorter-term
soil modification—for example, to provide a working platform at a
construction site.

When quicklime (CaO) is added to a clayey soil, immediate hydra-
tion reaction takes place leading to calcium hydroxide (Ca(OH),) for-
mation. Calcium hydroxide is a reservoir of Ca? ™ ions that can then be
involved into cation exchange in clay mineral interlayer space and/or
into sorption on the clay surface leading to a reduction in the thick-
ness of the electrical double layer. These short-term modifications re-
sult in a flocculation of clay particles, leading at a macroscopic level to
the reduction of the soil plasticity and to significant improvements in
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the soil workability. Another process, called “long-term stabilization”
and involving a pozzolanic reaction, is considered as responsible for
the improvement of the mechanical properties of clay. Pozzolanic re-
action in general corresponds to the interaction of lime with a silicon-
containing material in the presence of water to form a hydrated gel.
The reaction is named after the reaction of lime with pozzolana, a vol-
canic ash which was used by the Romans to make primitive cement.
In lime-treated soils, the pozzolanic reaction mechanism is not well
understood and existing literature data about long-term stabilization
of lime are contradictive and mostly empirical [1,2]. Indeed, few liter-
ature data is devoted to the study of the pozzolanic reaction com-
pared to the study of the macroscopic effects of the lime addition
(gain in strength, modification of the plasticity, etc.). Concerning the
physico-chemical studies, there is a lack of agreement concerning
the time-scale over which the reaction take place (lime adsorption
and the pozzolanic reaction) and more particularly whether the reac-
tion occur sequentially or occur concurrently. During the past few de-
cades many efforts were devoted to the investigation of the hydraulic
reaction in cement and the pozzolanic reaction in composite cement
[9-19], for which the solid-state nuclear magnetic resonance (NMR)
spectroscopy plays one of the main roles in the investigation of the
hydraulic reaction in cement and of the structure of its products, es-
pecially calcium silicate hydrate (C-S-H).

The aim of this study is the 2°Si solid-state NMR investigation of
the specificities of the pozzolanic reaction taking place during the in-
teraction of clay with lime. The montmorillonite clays respond much
more rapidly to the lime addition with earlier gain in strength than do
kaolinitic clays [1,2], this is why the present investigations were fo-
cused on Ca-bentonite, essentially composed of montmorillonite.
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2. Experimental

The studied calcium bentonite (Ca-bentonite) is a natural benton-
ite purchased from IBECO (sold under the name AGROMONT TH).
The study was performed on the fraction below 315 pm, without
other purification. The elemental composition determined by ICP-
OES is Si (25.6%), Al (9.39%), Fe (1.24%), Mg (2.38%), K (1.79%), Na
(0.33%) and Ca (1.48%). A high quality lime (available lime to 95.8%
in mass) was used for the bentonite treatment.

In order to investigate the peculiarities of pozzolanic reaction be-
tween bentonite and lime, 3 parameters were varied: the concentra-
tion of lime, the duration and the temperature of the reaction (20-
50 °C). The experiments were carried on a mixture of clay+ lime
with ultrapure water, with a liquid to solid ratio of 10. In each 10 g
solid fraction, 2, 5 and 10 wt.% of lime was added to bentonite. In
order to avoid carbonation, we used batch reactor of 125 mL. This
way, we reduce the dead volume (100 mL of water 4+ 10 g of solid),
and limit the CO, uptake. Each time step corresponds to a different
batch which was kept close during the duration of the experiment.
The pozzolanic reaction being in general considered as a “long-term
reaction”, the treatment duration was varied from 1 up to 98 days.
After each chosen period of time, the reaction was stopped by centri-
fugation followed by freeze drying and the powder analyzed shortly
after. Supernatant solutions were also analyzed by ICP-OES to deter-
mine the Ca, Si and Al content in solution.

Solid-state NMR experiments were performed on a Bruker Avance
11.7T (500 MHz 'H frequency) spectrometer with operating frequen-
cy on 29Si nuclei of 99.36 MHz, using the magic-angle spinning (MAS)
technique. The experimental conditions were performed with mass
frequency of 5000 Hz, m/3 excitation pulse and 'H decoupling with
r.f. field of 60 kHz. Chemical shift were referred to tetrakis (trimethyl-
silyl) silane (TMS) as secondary reference (6= —9.8 ppm from TMS).
The spectra were acquired with a recycle delay of 5 and 120 s, since
all signals, except silica polymorphs, did not changed in experiment
after 5 s. For the silica polymorphs, the signal did not changed in ex-
periment with relaxation delays of 120 s. The number of scans ranged
from 2000 up to 36,000. The spectra analysis was performed using the
dmfit program [20].

Complementary X-ray diffraction (XRD) analyses were performed
on a Bruker AXS D8 Advance with Cu-Ka radiation (Ao = 1.54056 A)
to analyze the mineralogical composition and its evolution in the sys-
tem. In addition, evolution of Ca speciation in the system was investi-
gated through thermogravimetric analyses (TGA) and differential

scanning calorimetry (DSC), carried out with a Setaram TG-DSC 111
apparatus from 25 °C to 830 °C (5 °C/min) under Ar atmosphere to
avoid carbonation.

3. Results and discussion
3.1. Initial sample characterization

Calcium bentonite is a natural material containing different clay
and non-clay minerals which can influence the bentonite properties
and the outcome of the lime treatment. The mineralogy of the initial
Ca-bentonite was investigated using multinuclear solid-state NMR.
The most informative data were obtained from 2°Si MAS NMR
(Fig. 1). The main signal with 8= —93.3 ppm is attributed to silicon
in montmorillonite [21-23]. Montmorillonite with general formula
(Na,Ca)o;3(AlMg),Si4019(0OH),-nH,0) is 2:1 layer mineral made of
a sheet of octahedrally coordinated aluminum (Y'Al in O sheet)
between two sheets of corner-sharing silicon tetrahedra (VSi in T
sheets). According to the generally accepted NMR nomenclature,
this 'VSi connected to 3 other 'VSi in the T sheet is named Qs [24].
The corresponding signal has a rather broad line (half-width at half-
height, hwhh=450 Hz) indicating a local disordering of the Si envi-
ronment within the montmorillonite structure. This mineral contains
a small amount of paramagnetic ions (e.g. Fe? ", Fe ) responsible for
an additional broadening of the MAS NMR spectrum and for the ab-
sence of signals in the cross-polarization (CP) MAS NMR spectrum
(not shown). The lattice relaxation time is less than 1 s for this signal
due to the presence of paramagnetic ions. The presence of a small
shoulder to the main signal at 6~ — 88 ppm indicates a partial substi-
tution of 'VSi by VAl in the T sheet, as commonly found in montmoril-
lonite [22]. As a result, the chemical shift of signals from silicon nuclei
located nearby these YAl atoms (Qs(1Al) signal) slightly moves down
field.

In the —98 to — 112 ppm range, several additional signals of
comparatively small intensities can be seen, some of them
overlapping those of montmorillonite. The resonances at — 100 ppm
and —105 ppm are attributed to feldspar (Na,K)x(Al; 1 «Siz_x)Os
[24-28], the presence of which is confirmed XRD analysis (not
shown). The broad resonance in the —109 to —112 ppm region
may be considered as a superimposition of signals from Si atoms con-
nected to four other Si (Qq4 signal) in several poorly ordered silicate
minerals (SiO,) such as cristobalite, opal or amorphous silicate
[24,29,30]. The presence of cristobalite and opal is confirmed by
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Fig. 1. 2°Si MAS NMR spectrum of untreated Ca-bentonite sample. Star symbols indicate spinning side-bands.
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XRD (not shown), but the possible occurrence of the other silica poly-
morphs may be missed due to their disordered structure and compar-
atively small amount in the sample. In the following, all signals in the
—109 to — 112 ppm region will therefore simply be referred to as sil-
ica polymorphs. Note that, as lattice relaxation times for feldspar and
silica polymorphs resonances are far longer than that for the mont-
morillonite signal, acquisitions with longer time delays were neces-
sary for the former to allow quantification of these phases.

Based on the intensity quantification of the assigned 2°Si NMR
signals, and the ideal chemical formula of each Si-bearing mineral,
the initial Ca-bentonite sample was found to contain mainly mont-
morillonite (85 wt.%), together with feldspar (10 wt.%) and silica
(5wt.%), the total Si content in the system being estimated to
23 wt.%. This result is in very good agreement with chemical analyses
(25 wt.%), despite the 5-10% of error in the silicon content calculation
from 29Si MAS NMR spectra due to errors in relative intensities
obtained by curve fitting (especially because part of the resonances
are partially interfered).

3.2. Bentonite's minerals participation in pozzolanic reaction

Representative 2°Si MAS NMR spectra corresponding to various
durations of treatment of Ca-bentonite with 10% of lime at room tem-
perature are shown on Fig. 2. In addition to signals found in the initial
sample, new signals appear in the —79 to — 85 ppm region evolving
with the curing time. These signals, based on their chemical shifts,
line width and evolution with time and temperature, can be assigned
to calcium silicon hydrate (C-S-H) [12,13]. The presence of C-S-H
is confirmed by XRD (not shown). In parallel, the resonances from
montmorillonite (—93.3 ppm) and feldspar (—100 ppm) observed
in the initial bentonite spectrum remain the major signals. Signals
from silica polymorph (from —109 to — 112 ppm) are still observed
in the first period of treatment, but strongly decrease in intensity
with time and finally disappear after 28 days of reaction.

Formation of C-S-H phases evidences that pozzolanic reaction
does take place in the system when lime is added. Lets then analyze
in details the relative reactivity of each Si-bearing minerals in Ca-
bentonite. From the rough evolution of the NMR signals given
above, silica polymorphs appear to have a high reactivity. To go
further and quantify the reactivity of each mineral, quantitative dis-
tribution of Si amount among each Si-bearing phase has been calcu-
lated for each curing time from integrated intensities of NMR
signals (Fig. 3). For this, the total mass content of silicon in the system
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Fig. 3. Time dependence of mass content of silicon from 2°Si MAS NMR spectra quanti-
fication, involved in each Si-bearing phase of Ca-bentonite treated with 10% of lime at
room temperature: C-S-H (circle symbols), silica polymorphs (square symbols), mont-
morillonite (diamond symbols), feldspar (triangle symbols). The dotted line represents
the theoretical montmorillonite dissolution in absence of lime. Inset: zoom of the first
week of treatment.

(2.1 g of Si for 9.0 g of bentonite initially introduced in the system)
has been used as an external reference. Since the Si concentration
measured in solution did not exceed 0.001 g (for 100 mL suspension),
the total silicon content in solid phases can be consider as constant. It
is found that, though all minerals in bentonite (montmorillonite, feld-
spar and silica) partly dissolve, the most reactive phases are the silica
polymorphs, likely due to their higher solubility.

Further details in their evolution can be assessed. The silica poly-
morphs content goes through a small maximum after one day of
reaction (inset in Fig. 3). The increase of the Q4 content and the sub-
sequent part of silicon contributing to the formation of silica poly-
morphs is close to 30% and greater than the amount of Si atoms
involved the newly formed C-S-H phases after one day of reaction.
This means that, during the first day, the Si conversion from Qs into
Q4 environment goes faster than the C-S-H formation. Likely, at the
beginning of the reaction, part of silicon is released in solution from
some structural defects in montmorillonite and feldspar. This dis-
solved Si at high pH likely could leads to the precipitation of Si-
compound (chalcedony, SiO-,), as suggested by Pozo et al. [31].
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Fig. 2. 2°Si MAS NMR spectra of Ca-bentonite treated with 10% of lime at room temperature during 1 to 98 days. Star symbols indicate spinning side-bands.
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Both montmorillonite and feldspar are also involved into the poz-
zolanic reaction. They are sources of Si and Al and their contribution is
non negligible: after 98 days of reaction, for the 0.52 g of Si involved
in C-S-H, 0.21 g (40%) comes from the initial silica polymorphs
while the rest (0.31 g-60%) comes from montmorillonite and feld-
spar. It is interesting to compare these data of the montmorillonite
consumption due to pozzolanic reaction with literature data about
montmorillonite dissolution in the same conditions of pH and tem-
perature. Dissolution of montmorillonite in high pH solution was ex-
tensively studied, however not in the presence of Ca but in KOH
[32,33]. It is reported that the dissolution rate depends on the solu-
tion temperature and pH, which in our case varies from 12.5 to
11.7. According to Rozalen [33], smectite dissolution rates for these
pH range between 2.14 and 2.88 10~ " molm™2s™'. Based on
these dissolution rates, theoretical amount of Si remaining in mont-
morillonite has been estimated (dotted line on Fig. 3). It appears
that this amount remains almost constant and higher that experi-
mentally obtained from NMR in the case of bentonite treated with
lime. Thus, the rate of Si released from montmorillonite in the pres-
ence of Ca is higher than the montmorillonite dissolution rate ob-
served in KOH solution, as mentioned by Leeman et al. [34] since
silica is consumed by C-S-H formation until portlandite is consumed.

3.3. C-S-H: review on structure and mechanism of formation

C-S-H structure and composition has long been the topic of many
studies. The most accepted structure of C-S-H is similar to tobermor-
ite, [13,35]. Its layered structure contains a calcium plane (that may
include additional Ca and water molecules which balance the negative
charge of the composite layer) which separates two silicon-aluminum
planes made by Si (and Al) dreierketten units. Dreierketten units con-
sist of two Si paired tetrahedra (Q,y, sites) linked to a Ca-rich plane and
one Si (or Al) bridging tetrahedron (Qup, sites). These units form
chains made of 2 ending Q; Si and n Q, Si-Al sites, where n corre-
sponds to the number of dreierketten units in the chain and can be a
measure of the average chain length. However, the tobermorite-like
structure of C-S-H does not describe all systems equally well. Some
authors consider indeed that C-S-H may sometimes consist of 1, 2
or even 3 different phases (that may coexist at the nanometric scale
in an amorphous matrix), the tobermorite-like structure being just
one of them [13,36-40]. Tobermorite and related tobermorite-
jennite models were mainly developed in the case of systems in the
equilibrium state, achieved considering very long reaction times (sev-
eral weeks or months) and/or elevated temperatures [13,35]. In con-
trast, to describe the kinetics of C-S-H formation, especially in the
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first steps of the reaction when the system is far from equilibrium, a
two-phase model was proposed by Grutzeck [36,41]. This model is
built on two assumptions based on NMR observations [11,12]: 1)
two distinct types of C-S-H coexist, one containing dreierketten
chains (when the C-S-H structural ratio Ca/Si<1) and another con-
taining both Si dimers (n=0) and dreierketten chains (when Ca/
Si>1.1) and 2) the dimeric part of C-S-H is not stable and transforms
into dreierketten chains upon reduction of the Ca/Si ratio.

The C-S-H phase made solely of Si dimers has a sorosilicate-like
structure [36,41]. The sorosilicate does not have a layer structure like
tobermorite, but a 3D one, made of Si paired tetrahedra (dimers) sur-
rounded by Ca polyhedra which hold the structure together. Schemat-
ic depiction of sorosilicate-like C-S-H is presented on Fig. 4a (top left).
According to Grutzeck, sorosilicate-like C-S-H forms rapidly, almost
instantaneously, from dissolved Si and Ca. This phase is stable only
in environments having high Ca concentration, with a structural Ca/
Si ratio of about 2 or even higher in the first hours of formation. Its sta-
bility, however, is relatively limited, and with time and decreasing in
Ca content in the media, the sorosilicate may release water, Ca(OH),
and a certain amount of structural Ca via hydroxyl ion substitution.
Decomposition products of sorosilicate depend on the structural Ca/
Si ratio. If conditions are favorable (i.e. in Ca-rich media maintained
over a long period of time, which is not the case in our system), the
structural Ca/Si is maintained higher than 1.5 and the sorosilicate
phase may transfer into inactive cyclic sorosilicate structure (e.g., tet-
ramer, octamer and or higher). When the Ca/Si ratio reaches 1 howev-
er, this sorosilicate structure becomes highly unstable and Si dimers
may unzip to form tobermorite-like dreierketten (Fig. 4a). Details in
the tobermorite nucleation process remain unclear, but according to
Brough et al. [11], chain growth likely proceeds via bridging Si dimers
by successive addition of Si or Al tetrahedra to form a pentamer, then
an octamer, etc. (Fig. 4b). Growth may also happen by bridging chains
together. Defects in the tobermorite structure (discontinuity in the
chain) will likely appear during the growth process leading to a distri-
bution of chain lengths in the C-S-H structure. It should be noted that
Ca availability is necessary only during the dimers formation step, and
sole Si or Al is required for the chain growth (with incorporation of Al
into C-S-H structure only observed in the bridging sites — see below).
During the tobermorite phase growth, the structural Ca/Si ratio will
decrease from 1 to 0.6.

3.4. Kinetics of pozzolanic reaction

In 2°Si NMR spectra of Ca-bentonite treated with 10% of lime, the
Q Si sites corresponding to chain ends and unconnected C-S-H Si
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Fig. 4. Mechanism of pozzolanic reaction. (a) Formation of sorosilicate-like phase and transformation to tobermorite; (b) Initial formation of tobermorite dimers followed by dreier-
ketten formation during chain growth. Open and filled triangle represents 'Si and 'YAl respectively.
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dimers are observed immediately after 1 day of reaction (signals with
6=—78 ppm [10,11,18,35] — Fig. 2). Signals corresponding to the C-
S-H Q, Si sites, in the —84 to —86 ppm range, appear weakly after
1day of treatment, their intensity increasing considerably after
7 days of treatment. The presence of tetrahedral aluminum in substi-
tution to silicon in the bridging positions of dreierketten chain results
in a considerable broadening of the signals from Q, sites and the im-
possibility to distinguish between signals of paired Q, (Qsp) and
bridging Q- (Qap) Si tetrahedra. The Q,(1Al) Si sites corresponding
to signals around — 82 ppm [10,35] are observed for long time treat-
ment (over 28 days).

To analyze the kinetics of the reaction, based on the C-S-H forma-
tion mechanism described above (Fig. 4), quantitative evolution of
the Si and Al in C-S-H (Qy Si and all Q, (both Si and Al) sites) as a
function of time were extracted from NMR spectra. Because Q; Si
sites from the sorosilicate and tobermorite structures have the same
chemical shift, it is not possible to differentiate these two models.
Similarly, it is not possible to distinguish Q; Si sites coming from di-
mers and chain ends. Therefore, the total amount of chains, that is
both the sorosilicate dimers and the tobermorite chains (including
n=0), hereafter referred to as N¢nain, correspond to half the amount
of Q; sites.

Q, sites may represent both remaining cyclic sorosilicate phase
(forming according to Fig. 4b) and middle dreierketten sites. But since
the time reaction during which the solution was rich in Ca was extreme-
ly limited, the sorosilicate stabilization into cyclic forms (see above)
was assumed to be negligible [41] and Q, sites were all assigned
to the dreierketten chains sites. The total number of dreierketten units
(Ngota) then corresponds to 1/3 of all Al and Si Q sites (Qop+ Qop +
1.5%Q»(1Al)). The averaged chain length (nyean) of C-S-H, calculated
in dreierketten units, thus equals N¢otai/Nehain- The Nehains Niotar and
Nmean Values, as well as other useful ones for the following discussion
(Ca®™ concentration in solution, Q;/(Q; + Q) ratio and corresponding
structural Ca/Si ratio in C-S-H) are presented in Table 1.

The evolutions of the chain number Ny, and of the total number
of dreierketten units (n) as a function of the reaction time are
plotted Fig. 5. Ncnain increases during the first day with an average
rate (R,,) of about 2.7 10~ % mol.day ™!, this rate decreasing after
only 3 days of treatment, and stabilizes after the first week. Based
on these curves, three main periods in the C-S-H formation process
can be defined. The first one, during the first 3 days, corresponds to
the nucleation of dimers. During this period, the rate of chain growth
is rather low (npean=0.4-0.5), with half of the chains being just di-
mers (n=0), the rest likely limited to pentamers (n=1). Since the
Ca concentration is relatively high during that period, we can suppose
that most of these dimers likely have the sorosilicate structure. In-
deed, Q;/(Q; +Q2)=0.6, which may correspond to a structural Ca/Si
ratio in C-S-H around 1.4 [13]. Assuming the two-phase Grutzeck's
model, both sorosilicate-like and tobermorite C-S-H structures may
then coexist. The second period, from 3 to 28 days of reaction, corre-
sponds to the growth of C-S-H chains. During this period the rate of
chain growth is the highest, with an average chain length nyean

Table 1

Selected characteristic values of Ca-bentonite treated at 20 ¢ C with 10% of lime. Ca/Si
ratio is deduced by the graphical correlation proposed by Cong and Kirkpatrick [13],
from Ca concentration in solution measured by ICP. nmean corresponds to the average
chain length.

Curing time nmean [Cal%t Q1/(Q1+Q2) Structural
(days) (mmol.L~ 1) Ca/Si

1 0.4 17 0.6 14

3 0.5 16 0.6 14

7 13 12 0.35 1.0

28 31 0.2 0.2 0.8

98 54 0.5 0.1 0.7
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Fig. 5. Time dependence of molar content of total amount of sorosilicate dimers and
tobermorite chains Nepan (Square symbols) and (b) total amount of dreierketten
units Neeey (triangle symbols), extracted from NMR data, for Ca-bentonite treated
with 10% of lime at room temperature. 5 10 15 20 25.

around 3, while the total number of chains (nchain) Stabilizes. After
the first three days, the Ca concentration in solution has dropped,
while the Q;/(Q; + Q) ratio decreased from 0.6 to 0.35 which corre-
sponds to a structural Ca/Si ratio falling down to 1.0. The sorosilicate-
like phase would then become highly unstable and transform first
into a tobermorite phase (Fig. 4a), which may then grow by succes-
sive bridging of dimers to the C-S-H chain (Fig. 4b). Continuous
nucleation ensures availability of dimers (Q signal being rather sta-
ble). Finally, the third period, between 28 and 98 days of treatment,
the growth process continues (Nmean =5 after 98 days) but is slowing
down, and the consumption of dimers is no longer compensated by a
nucleation of new ones (decrease in the Q; signal). The decrease in
the growth and nucleation rate may be then explained by the lower
availability of Ca (necessary for the nucleation only) and Si in solution
(the silica polymorphs has been totally dissolved after 28 days and
montmorillonite and feldspar, which solubility is lower, are less effi-
cient source of Si). During this period Q;/(Q; + Q) ratio is around
0.2 and 0.1, the corresponding structural Ca/Si ratio is 0.8-0.7, so
that the C-S-H should consist of the tobermorite-like phase only.

3.5. Dependence of Ca content and temperature

The examples of 2°Si MAS NMR spectra obtained for treated Ca-
bentonite at room temperature with 5% and 2% of lime between 1
and 98 days of treatment are presented on Fig. 6. As for 10%, NMR
spectra in the case of lower lime concentration reveal an increase in
silica polymorph concentration (Qq4 signal in the —109 to 112 ppm
region) in the first days of reaction in comparison with its initial con-
tent. It then decreases back, down to complete dissolution in the case
of a treatment for 98 days with 5% of lime. Concerning the C-S-H, in
the case of 5% of lime the behavior is quite similar to that described
for 10% of lime: after one day of treatment the most pronounced sig-
nal in 2°Si NMR spectrum is the Q; resonance, and after 98 days of
treatment the relative intensity of the signal from Q- sites (including
Q2(1Al) resonance) is the highest, while the intensity of the signal
from Q; does not change considerably. In the case of 2% of lime
only, signals from C-S-H are not easily evidenced due to their lower
intensities and to the overlapping of the Q, sites signals with that
from montmorillonite. Thus, the calculation error in this case is
higher than for the other lime content, and only general trends can
be drawn.

Table 2 contains values of Ca concentration in solution, Q;/(Q; +
Q) ratios and corresponding structural Ca/Si ratios for the bentonite
treatment with 5% and 2% of lime. As expected, the lower amount of
lime added to the system, the faster its consumption. After 1 day of
reaction, the Ca content in case of 5% of lime is slightly lower than
in case of 10% of lime, but the Q;/(Q; + Q>) and therefore the corre-
sponding the Ca/Si ratio in C-S-H are the same (1.4). The C-S-H
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Fig. 6. 2°Si MAS NMR spectra of Ca-bentonite treated at room temperature with (a) 5% of lime and (b) 2% of lime during 1 day (bottom spectra) and 98 days (upper spectra).

structure at that moment can likely be described by the two-phase
model. However, the C-S-H transformation from sorosilicate to
tobermorite occurs quicker, in the first three days (Ca/Si ~1.1). In
the case of 2% of lime only, the sorosilicate-like C-S-H may not
form, as the Q;/(Q; + Q) ratio after the first day of treatment is al-
ready low (0.2), which corresponds to a C-S-H Ca/Si ratio of ~0.8.
The C-S-H structure consists then of tobermorite only with consider-
ably long dreierketten chains with an average chain length nyean of
about 3.

Not surprisingly, the final amount of C-S-H is lower for the lower
lime addition than in the case of 10% of lime: after 98 days of treat-
ment, the Si contribution in C-S-H is around 0.35g (~14.4 wt.% of
the total Si) and 0.13 g (~5.2 wt.%) for the 5 and 2% lime treatment,
respectively (against 0.52 g (~22.6 wt.%) in case of 10% of lime). The
modification of the Si contribution in C-S-H (1.5 and 2.7 times in-
crease between 5-10% and 2-5% of lime, respectively) is in good
agreement with the difference in the Ca amount initially introduced
in the system (2 and 2.5 times higher), taken into account that the
final C-S-H Ca/Si ratios are slightly different for the three lime
dosages. The total amount of chains Neyain, is very limited (less than
5*10"°>mol) when only 2% of lime is used, and is around
3.10~*mol for 5% of lime, this amount being rather constant during
all the treatment duration (from 1 up to 98 days). In comparison, in
case of 10% of lime this amount stabilized around 1.10~> mol. This
dependence of Ncp,in With the lime concentration could be explained
considering that the C-S-H chains mainly grow during the first steps
of the process, when probably both types of C-S-H phases are form-
ing. Therefore, the shorter this period, the lower the Nchain value. In
the same time, the average chain length np,e,y is longer for both low
lime concentrations (excepted for the very beginning when both
types of C-S-H structures probably coexist), than for 10% of lime. At
the end of longest treatment period for example (98 d), Nmean iS
greater than 10 in case of 5% of lime, against 5.4 only for 10% of lime.

Additional experiments with 2, 5 and 10% of lime were conducted
at 50 °C. 29Si MAS NMR spectra obtained for that temperature (not
shown) exhibit the same characteristics after 2 days of treatment
that what was observed in the case of treatment of 1 month at
room temperature (all other conditions being the same). Increasing

of curing time then did not lead to significant modification of the
spectra. Thus, the temperature increase leads to acceleration of the
pozzolanic reaction rates [12] and the previous statement that
2 days of cure at 50 °C corresponds to 4 weeks of treatment at room
temperature [42] is confirmed.

4. Conclusions

Lime treatment of Ca-bentonite in presence of water leads on the
long term to the formation of secondary phases like C-S-H or C-A-S-
H that are commonly found during cement hydration. The pozzolanic
reaction that takes place was monitored by 29Si NMR. The evolution
of the Si environment revealed the contribution of all Si-based miner-
al. The high pH ensured by the lime addition and the Ca-rich media
favor the montmorillonite dissolution with a higher rate than ob-
served in KOH media for the same pH. Besides, the silica polymorphs
are quickly and entirely dissolved after a week (though some precip-
itation observed during the first step of reaction) providing a comple-
mentary source of for the C-S-H precipitation. Its formation
mechanism was can well be described by the sorosilicate/tobermorite
model, dedicated to the description of C-S-H formation in cement
[49, 54]. In the first step of the C-S-H nucleation, with rather high
Ca available in the system, both sorosilicate and tobermorite phases
may form, with a transformation of the first into the latter when the
Ca content in the media decreases. In a second step, growth C-S-H
phases may continue even after Ca shortage. This model was found
to be valid for treatment of Ca-bentonite with 5 or 10 wt.% of lime
while in the case of 2% of lime sole the tobermorite phase likely
forms, with a more limited number of chains but of greater length.
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Table 2
Selected characteristic values of Ca-bentonite treated at 20 ® C with 5 and 2% of lime.
Curing time Nimean [Cal%f 5% of lime Structural Nimean [Calzf 2% of lime Structural
(days) (mmol.L™1) Q:/(Q1+Qy) Ca/Si (mmol.L™1) Q:/(Q1+Qy) Ca/Si
1 25 12 0.6 1.4 34 2.5 0.2 0.8
3 4.9 8 0.4 1.1 9.9 1.2 0.1 0.7
7 14.6 1.8 0.1 0.7 - 0.6 - -
28 354 0.5 0.06 - - 0.5 - -
98 44.6 0.3 0.05 - - 04 - -
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