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Abstract

Model synthetic pastes were designed to obtain a simplified silica system that could be used in
durability studies on materials with low calcium-to-silica ratios. The synthetic pastes made use of
the well-known pozzolanic reaction between tricalcium silicate (C3S) and nanosilica, covering
calcium-to-silica ratios (C/S) from 0.8 to 3.0. The pure C3S paste (C/S = 3.0) contained C-S-H and
portlandite, while pastes with C/S < 1.4 only included C-S-H. The pore solution pH directly
correlated with the C/S ratio. The synthetic pastes demonstrated a mineralogy, a C-S-H structure,
a mean chain length and pore network features that were similar to ordinary Portland cement
(OPC) and low-pH materials, depending on their C/S ratios. The main shortcomings were: (1) high
water-to-binder ratio and high superplasticizer dosage to maintain the workability of the
synthetic pastes of low C/S ratios and (2) significant cracking of the pastes of low C/S ratios.

Keywords: Calcium-Silicate-Hydrate (C-S-H) - Model pastes - Microstructure - Mineralogy

1. Introduction

Despite its crucial societal importance, the chemical durability of concrete structures is difficult
to predict. This is largely due to the conjunction of a metastable phase assembly in the binder with
a multiscale mechanical and porous structure. Correctly predicting crack propagation or reactive
transport for example, needs a thorough understanding of the governing phenomena across
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several length scales [1]: the cement paste at the nano and meso scale [2], the aggregate and the
interfacial transition zone at the meso scale [3,4], and finally the structure itself at the macroscale
[5]- An unavoidable prelude to multiscale numerical modelling, thermodynamical or mechanical,
is thus the understanding of the material at each scale taken separately.

Along this line, a lot of progress has been obtained in the last decades by focusing on concrete at
the smallest scale: the mineralogical assembly of the cement paste [6-11]. An Ordinary Portland
Cement (OPC) paste is in itself a highly complex heterogeneous system made of empty pores,
water saturated pores, calcium silicate and aluminate oxides and carbonates. This has led
researchers to further simplify the system by restricting the chemistry to the hydration products
of tricalcium- (C3S) or dicalcium- (-C.S) silicates [12-19]. It was thus possible to deconvolute the
impact of silicates and aluminates chemistry and successfully rationalize non trivial behaviour
such as induction and creep [2,19]. However, new needs in term of reduction of CO; emission or
radioactive waste management has led to the development of low calcium and low pH cement
formulation and in particular of the so-called low-alkalinity cements (LAC). Just as for OPC, the
long-term prediction of the durability of low-pH cements requires the design of a model chemical
system reproducing their main characteristics in terms of mineralogy and porosity.

For OPC, the paste formed by hydration of C3S or 3-C:S constitutes a relevant model of the calcium
silicate sub-system since it leads to the precipitation of the two main calcium-bearing hydrates of
Portland cements, namely calcium-silicate hydrate (C-S-H) and portlandite (calcium hydroxide,
CH). While C-S-H is largely responsible for the mechanical properties of the pastes, portlandite is
a key component as it buffers the pH value at 12.5 (at 25°C). This latter fact is not true however
for LACs which have very different specificities when compared to OPCs, the main one being the
absence of portlandite and a pH of the pore solution (around 11) that is 1 to 3 points lower than
in usual cements (x13.5) [20-24]. Such low pH values are commonly achieved by adding
significant amounts of secondary cementing materials poor in calcium [25]. As a result, the C/S
ratio of the paste is much lower than usual and the development of another chemical model is
needed. This is particularly important since the long term durability of LAC is still an open
question, especially with respect to carbonation which is highly pH dependent. Consequently, the
aim of this paper is to synthesize and describe model synthetic low-pH porous systems
representative of LAC pastes.

Several attempts have already been presented in the literature. Firstly, Chen et al. [26,27] exposed
CsS hardened pastes to ammonium nitrate (6M) in order to dissolve portlandite and lower the
Ca0/SiO; ratio of the C-S-H. Alternatively, other authors created porous compacts of C-S-H
powders obtained by aqueous mineral synthesis in excess water [28-37]. Each of these methods
demonstrated a main drawback inherent to their fabrication methods, i.e. the chemical attack or
the mechanical compaction may induce a dissimilarity in the porous medium with regard to that
generated by hydration. The chemical attack alters both the hydrates [38] and the pore network
[39]. For compacts, comparison with hardened cement pastes does not provide strong evidence
of their full representativeness [40]. In addition, compact disintegration subsequent to water
immersion has already been observed, which makes them unsuitable for transport modelling [30].

More recently, it was shown that pastes made of C-S-H with different C/S ratios could be obtained
using a combination of calcium oxide or hydroxide and amorphous silica mixed with water
[41,42]. Due to the high water demand of the silica powder [43], the water to solid ratios were
high (from 1.1 to 2.0) but could be reduced using a superplasticizer [41]. Chemical analysis of
paste obtained in that manner revealed scattered C/S ratios. For instance, in [41], the paste with
an average C/S ratio of 1.25 includes areas with C/S ratios of 0.80 and others with C/S of 1.50.
This could be the expression of a limited control of the pastes’ local chemistry as hydration is
known to be controlled by the dissolution rate of C3S [44-46] which indirectly affects the
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development of hydrate microstructures [47-49]. The scatter itself is not an issue because it is
representative of real materials [50]. However, within the scope of laboratory studies, more
narrowly distributed C/S ratios could be preferable as they might simplify interpretation of the
results (for example to study the influence of the C/S ratio on the carbonation rate or the
mechanical properties of C-S-H).

In this study, we kept the smart idea of Kunther et al. [41] and Maddalena et al. [42] for obtaining
pastes by exploiting the pozzolanic reaction of silica but we investigated another route by
replacing CaO/Ca(OH): by tricalcium silicate. We then synthesized a series of model pastes of
controlled chemistry with narrowly distributed C/S ratios of averages between 0.8 and 3.0. The
methodology used to prepare the model pastes is described and their main chemical,
mineralogical and microstructural properties are detailed. Finally, the relevance of the pastes as
model subsystems for real LAC pastes is discussed.

2. Materials and methods

Synthesis of the model synthetic pastes

The pastes were prepared using stoichiometric amounts of finely ground C3S and amorphous
nanosilica (SiO2) in order to maximise the hydration rate [51-53] and ensure complete silica
reaction [22]. Triclinic C3S was provided by Mineral Research Processing (Meyzieu, France) and
presented a specific area of 4600 cm?/g. The nanosilica was Rheomac AS 150, provided by BASF
in the form of an aqueous suspension (50 wt%) with a median diameter D50 equal to 100 nm. The
workability of the fresh mix was adjusted using a commercial polycarboxylate superplasticiser
(MasterGlenium Sky 537 from BASF). The pastes were prepared in batches of 1.40 L using a
planetary mixer. Before using expensive C3S, tests were conducted using OPC with a similar
specific surface to that of C3S. The tests aimed at determining the most appropriate batching
sequence, water-to-binder ratio (w/b) and superplasticiser dosage. There was no common
workability objective for all the pastes. Our main goal was to obtain pourable pastes: this was easy
without nanosilica but proved to become more and more difficult as the C/S ratio was decreased.
The resulting compositions were then tested using C3S and modified accordingly. The pastes
incorporated significant amounts of nanosilica (up to 42 wt% for C/S = 0.80, see Table 1); this
induced two major issues: (1) the high water demand of nanosilica [54,55], and (2) the significant
flocculation of nanosilica in the presence of calcium ions [56,57]. Consequently, the w/b ratio and
the SP dosage had to be increased when the C/S decreased. In the case of the paste with a C/S ratio
of 0.80, the w/b ratio and SP dosage reached high values, i.e. 0.78 and 8.0% respectively. Table 1
gives the formulation of the pastes that we were able to produce. The exact batching sequence is
provided in the Supplementary material section.

Table 1: Composition of the model pastes for 1L

C/S ratio 3.00 1.40 0.95 0.87 0.80
CsS (g) 12188 7917 586.0 563.9 506.2
Colloidal silica slurry (g) 0.0 475.8 664.5 726.3 734.3
Added water (g) 609.4 379.9 264.1 239.3 244.5
w/b ratio 0.50 0.63 0.73 0.72 0.78
Superplasticiser (wt% of binder) 0.0 3.0 8.0 7.0 8.0

Batching time (min) 5 8 15 17 20




123
124

125
126
127
128
129

130
131

132

133
134
135
136
137

138
139

140
141
142

143
144
145
146
147
148

149
150
151

152
153
154
155
156
157

Reference cement pastes

To assess the representativity of the synthetic pastes, two cement pastes based on CEM [ were
prepared: an OPC paste (CEM I) and a reference LAC, namely the T: blend (mix of CEM ], silica
fume and fly ash, see Table 2) proposed by Codina et al. [20] and studied later [6,23,58,59]. The
reader is referred to the Supplementary materials section for more detail about elemental
composition.

Table 2: Composition of the reference pastes for 1L

Reference materials T, (CEMI + SF + FA) CEM 1
C/S ratio 0.53 3.3
Cement (g) 470.4 1396.7
Fly ash (g) 378.2 -

Silica fume (g) 406.8 -
Added water (g) 502.2 558.0
w/b ratio 0.40 0.40
Superplasticiser (wt. % of binder) 1.0 0.0
Batching time (min) 5 5

The SP dosage of the model synthetic pastes - especially for the lower C/S ratios (0.95, 0.87 and
0.80) - was quite high compared to the reference cement pastes. It should be pointed out that
nanosilica was incorporated in the model paste, whereas silica fume and fly ash were used in the
reference paste. This is why the SP dosage had to be increased to partially offset the water demand
of the fine nanosilica particles.

Mineralogical and chemical characterisation

The pH of the pore solution was measured using the ex situ leaching (ESL) method [60-62]. Owing
to the absence of alkalis in the binders, ESL is known to yield similar results with respect to the
reference method (extraction).

Thermogravimetric analysis (TGA) was performed using a Netzsch STA 409 PC Luxx apparatus.
Analyses were run under a constant N; flowrate (80 ml/min). The weight losses were recorded
from 25°C to 1150°C with a heating rate of 10°C/min [63]. The quantification of portlandite (using
the tangential method [64]), expressed in mol/L of paste is obtained by considering the weight
loss (between 420-580°C) associated to 120 mg of powdered sample of each model paste and their
saturated volumes and apparent densities.

Powder X-ray diffraction (XRD) patterns were collected using a XPD PANalytical X'Pert
diffractometer with a Bragg-Brentano geometry in an 6-6 configuration and a Cu K, radiation
source (45 kV, 40 mA).

Silicon magic-angle spinning nuclear magnetic resonance (2°Si MAS NMR) single-pulse data was
collected using a Bruker Avance III 500 spectrometer operating at the Larmor frequency
resonance of 99.3 MHz. Conditions were set to /2 pulses of 3.5 ps, recycle delays of 20 s, spinning
in 7mm zirconia rotor at 5.5kHz, and a minimum of 4000 scans for each spectrum.
Tetramethylsilane was used as an external standard (0 ppm) to report the chemical shifts. The
29Si MAS NMR results were processed using an internally developed software [65,66]. The spectra
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were fitted using gaussian-lorentzian lineshapes with chemical shifts and widths kept identical
for all pastes (see Table 4 and Table S 1).

A ZEISS EVO MA15 scanning electron microscope (SEM) equipped with a Quantax detector for
energy-dispersive spectrometry (EDS) was used for chemical mapping together with
backscattered electrons (BSE) imaging. Acquisitions were collected at 15 kV and 1 nA. Pastes were
freeze-dried, mounted using epoxy resin, and then polished using an alcohol-based diamond
suspension. Grids of 609 points recorded at 200x magnification were acquired for each sample.
Due to the working voltage used, an electron-matter interaction depth of about 1-10 pm within
the material was generated.

Microstructure characterisation

Microtomographic projections were acquired on a Bruker SkyScan1173 device equipped with a
flat detector (2240 x 2240 pixel) using the following operating conditions: 115-130 kV and 61-
69 pA. We obtained 360° scans with a rotational step of 0.3°, exposure time of 1100 ms, a frame
averaging from 8 to 10, and images with a pixel size of 16.8 pm.

The porosity and density of the pastes were obtained using the buoyancy method. Firstly,
cylinders were re-saturated under vacuum and water [67], and their volume and weight were
measured. They were then dried at 80°C in the presence of CaCl; and 105°C until constant weight
was reached in order to compute porosity. The rationale behind the choice of these temperatures
is that at 80°C, the hydrates are fully preserved but some water remains in the porosity, while at
105°C, all water is removed but the hydrates are partially dehydroxylated.

The pore entry size distribution (PSD) of the pastes was characterised using mercury intrusion
porosimetry (MIP) with a Micromeritics Autopore IV. Prior to the tests, the specimens were
crushed into centimetric pieces that were immersed in liquid nitrogen and then freeze-dried for
24 hours.

The C-S-H content of the pastes was estimated using the method proposed by Olson and Jennings
[68] based on the quantification of the water content at 20% RH. Here we did not strictly follow
the protocol recommended by Olson and Jennings. Rather we estimated the water content at 20%
RH using a desorption experiment and a sorption balance (DVS Advantage). Acquisitions were run
at 25°C £0.1°C, and the automatic ‘dm/dt’ mode was set for the relative humidity (RH) decrease.
Prior to analysis the pastes were crushed and sieved in a CO-free glove box. Particles exceeding
150 um were eliminated by sieving and the powders saturated using deionized water. More
details can be found in [69]. Such an approach offered a very significant gain of time but might
have overestimated the C-S-H content due to the hysteresis between the adsorption and
desorption path. The reader should also be aware that the method of Olson and Jennings assumes
that the C/S ratio of the C-S-H is equal to 1.7. It is thus well suited for the C3S and CEM I pastes but
subject to caution for other formulations. This might have induced additional uncertainties in the
C-S-H quantification process. This point would require more attention but is not addressed in the
present work.

3. Results

Reference cement pastes
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The characteristics of reference cement pastes, OPC or LAC were fully in line with what was
expected from the literature and need not to be extensively reported here (see later the NMR
spectra in Figure 3, the MIP in Figure 8 and XRD in Figure S 2). The main difference in terms of
mineralogy for the LAC compared to OPC is the absence of portlandite and the presence of
calcium-bearing amorphous silica (silica gel) and remnants of amorphous silica phase such as fly
ash and silica fume that have not reacted with calcium. Furthermore, the low C/S ratio resulted in
longer dreierketten chains in the C-S-H of the LAC cement paste. The porosity of the LAC paste
presented a more refined pore structures due to pore filling by precipitation of pozzolanic C-S-H.

Mineralogy of the model synthetic pastes

X-ray diffractograms of the model pastes with C/S ratios from 0.80 to 3.00 are shown in Figure 1.
The paste with a C/S ratio of 3.00 corresponds to the sample prepared without silica. Logically, its
diffractogram corresponded to what was expected from the hydration of pure CsS, i.e. it mainly
showed diffraction peaks of the portlandite and C-S-H patterns [70-73]. Only traces of reflections
corresponding to remaining C3S were detected, indicating that hydration was almost complete
[18]. Pastes with C/S ratios of 1.40 mainly displayed C-S-H signals and traces of portlandite and
unreacted C3S. Finally, for C/S ratios lower than 1.40, the diffractograms only exhibited the C-S-H
diffraction pattern.

¢ :C-S-H p p p
C3S : tricalcium silicate
p : portlandite

* (002)

!0 (101)
e

*

*

(020) + (220)
(222) + (022)
o (107) + (200)

p
| C,S I
~ C/S=3.00

A C/S=1.40
A C/S=0.87
s A = C/S=0.80

5 10 15 20 25 30 35 40 45 50 55
°(20) Cu-Kal

* (217)

Figure 1: XRD patterns of the synthetic pastes. As the C/S ratio decreases, Portlandite reflections progressively
disappeared from the diffractogram. While still barely visible at C/S 1.4, they were absent for synthetic pastes of lower
C/S ratios. C-S-H indexing was based on [74-76), ICDD files CH: 44-1481, C3S: 31-0301.

TGA confirmed the results obtained using XRD. The portlandite content measured in the C3S
paste (7.3 mol/L of paste, cf. Table 3) was very close to that of a fully hydrated CsS paste

(7.0 mol/L of paste with C-S-H with C/S = 1.70). For C/S ratios of 1.40, losses associated with
C-S-H and traces of portlandite were observed (Figure 2). For C/S ratios lower than 1.40, the



228  thermograms only exhibited signals related to C-S-H (see the C/S = 0.80 thermogram in Figure
229  2).
230
231 Table 3: Composition and properties of the synthetic and reference pastes obtained by TGA, uCT and the buoyancy
232 method. The C-S-H content was obtained following the method of Olson and Jennings [53]. (see Materials and method
233 section)
Model pastes Reference pastes
C/S ratio 3.00 1.40 0.95 0.87 0.80 CEMI T1
C/S of the C-S-H 1.70 1.40 0.95-1.10  0.87-1.00  0.80-1.00 1.70 [0.8-1.1]*
Porosity (80°C) 38% 52% 57% 57% 58% 36% 419%t
Porosity (105°C) 41% 56% 61% 61% 62% 38%f* 43%%*-46%*
Saturated density 1.89 1.76 1.68 1.67 1.63 2.04%-2.05%  1.73*-1.77#
C-S-H (mol/L of paste) 5.6 7.0 6.7 7.0 6.3 5.1%-5.2° 7.4%-7.6°
CH (mol/L of paste) 7.3 0.0 0.0 0.0 0.0 5.6*-5.3# 0.0*#
Cracking (uCT) - - + ++ ++ - -
- no crack observed + few small cracks ++ several extended cracks
data from *[77], °[23], *[20], #[78] *[79]
234
Temperature (°C)
600 800 1000
""""""" —— e
-0.25 ‘T!_-:;H—é wollastonite
=065
g
£ 105 C,$ 3.00
g — - C,S1.40
8 .145 ==== ;S 0.80
r Ca(OH),
-1.85
Figure 2: DTG of the model pastes. Besides losses due the removal of water within C-S-H, the typical thermal loss of
portlandite was massively observed in the CsS paste. In contrast, only a residual portlandite content was evidenced in
the C/S = 1.40 paste, and it totally disappeared at lower C/S ratios.
235
236  The 29Si MAS-NMR spectra of the pastes are shown in Figure 3. The spectra of the higher C/S ratios
237  (3.00 and 1.40) samples exhibited the usual resonances attributed to silica tetrahedra sharing one
238  (Q1) or two (Q?) oxygen atoms with another tetrahedra at -79.19 ppm and between -83 and -86
239  ppm respectively [41,80,81]. As expected, the decrease in the C/S ratio resulted in a relative
240  increase in the Q2 contribution reflecting the increase of the length of the dreierketten chains of
241  the C-S-H. The spectra of pastes with C/S ratios lower than 1.40 predominantly showed QZ2silicate
242  tetrahedra. In that case, the bridging and the paired tetrahedra of the dreierketten chains of C-S-H
243 (Q2», Q%) could also be distinguished. According to the literature, they occur around -83.0 ppm
244  and -85.0 ppm [82,83]. A broad contribution in the frequency range of Q3 tetrahedra (-90 to -100
245  ppm) was detected in samples with C/S below 0.95 in increasing amounts as the C/S ratio
246  decreased (and the silica content of the formulation increased). Q3 coordination has been
247  proposed in C-S-H of low C/S ratios but are expected to be a minor occurrence in the absence of
248  aluminium [84]. Without further evidence, and considering its breadth, it was thus preferred to
249  attribute tentatively this resonance to the occurrence of an amorphous silica (Q3gel). The
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distribution of the silicate tetrahedra environment as a function of the C/S ratio was obtained by
decomposition of the 29Si resonances and reported in Table 4. Examples of the decomposition
procedure and results are provided as Supplementary materials.

Ql QZb sz
Q° Q Q*
CEMI

C/S=3.0

c/S=1.4

C/S=0.95

C/S=0.87

C/S=0.80

-60 -70 -80 -90 -100 -110 -120 -130
§ (ppm) 2°Si
Figure 3: 2951 MAS-NMR spectra of the series of model synthetic pastes with varying C/S ratios and of the reference
pastes. Synthetic pastes of higher C/S ratio had lower proportion of Q? (middle chain) to Q! (end chain) silicate
coordination evidencing the expected decrease in dreierketten chain length with increasing C/S ratios. The spectra of
the end members of the synthetic series where very similar to the ones of the reference pastes. The reference CEM I and
LAC pastes showed QY on the one hand, and Q3 and Q* resonances on the other hand, due to unreacted calcium silicates
and to unreacted silica fume and fly ash respectively.

Table 4: Relative occurrence of silicate environments in the reference and model pastes from 29Si MAS-NMR. For the LAC
paste, unreacted fly ash was observed in the LAC paste characterized by Q3 and Q* broad peaks overlapping with almost
all other resonances.

Q’ Q* Q*

Paste QO Ql QZb QZP Q3 © (FA) (FA) (SF)
8 (ppm) 716 -792 831  -854  -920  -90 104 -110.0
0.80 - 10% 21% 43% 26% - - -
M 0.87 - 14% 25% 50% 11% - - -
odel
0.95 - 16% 25% 51% 8% - - -
pastes 1.40 : 52%  13%  29% 6% - - -
3.00 - 68% 11% 21% - - - -
Reference CEMI 11% 56% 11% 22% - - - -
pastes LAC - 8% 17% 34% 6% 15% 15% 5%

*in the presence of Q3gel it was not possible to determine the contribution of the Q3 environments: the
Q3 column then includes the contributions of Q3 and Q3gel (when present, i.e. for C/S < 0.95)

Figure 4 shows the chemical analysis (SEM) results obtained for the model synthetic paste with
the lowest (0.80) C/S ratio. A typical electron density contrast image given by BSE mapping is
shown in Figure 4(a) and the subsequent mapping of the C/S ratio distribution obtained using



262  EDSona400x550 pm2 (21x29 points) subzone is displayed in Figure 4 (b). These results revealed
263  an almost homogeneous distribution of the C/S ratio at the scale of EDS sampling (20x20 um?
264  surface with an analysis depth of ~1-10 pm) with a limited standard deviation (coefficient of

265  variation CV = 5%).
266

C/S ratio

200 300
X (um)
SEM-BSE image C/S mapping

267 Figure 4: SEM examination of the synthetic paste with a C/S ratio of 0.80. At the scale of the EDS mapping, the paste
268 appeared very homogeneous in composition.
269

270  Figure 5 and Figure 6 show the C/S ratio occurrence in each model synthetic pastes. All the
271  samples presented average C/S ratios that were very close to targets except the C3S paste results
272  that were scattered over a wider range probably due to the expected precipitation of portlandite
273  crystals. In contrast, the other samples were narrowly distributed with a CV between 5% and 6%,
274  with the exception of the paste with a C/S ratio of 0.95 with a CV of 12% (Table 5).

275

276 Table 5: Mean value and standard deviation of the C/S ratio distribution of the model pastes
Target C/S 0.80 0.87 0.95 1.40 3.00
Average C/S value 0.83 0.89 1.06 1.36 2.53
Standard deviation 0.04 0.05 0.10 0.08 0.31
Coefficient of variation (CV) 5% 6% 9% 6% 12%

277

C/S =3.00
278 0 051 15 2 25 3 35 4 45 5 55 6 65 7 75 8
279 Figure 5: Distribution of the Ca0/SiO: ratio obtained using SEM-EDS for the CsS paste

280
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Representativity of the chemistry and mineralogy of the model synthetic pastes

XRD and TGA proved that the pastes with C/S ratios lower than 1.40 contained C-S-H only,
whereas the paste based on pure C3S showed the concomitant precipitation of portlandite. This is
in line with what is expected from a LAC and a CEM I paste respectively. 29Si MAS-NMR analysis of
the pastes evidenced C-S-H silicates silicon environment distribution evolving continuously with
the C/S ratio between what is observed in a LAC and in a CEM I paste. Furthermore, EDS chemical
analysis highlighted the relative homogeneity of the C-S-H pastes with actually an even narrower
scatter in the C/S ratios, compared to those usually observed in cementitious materials but in line
with what is observed in pure calcium silicate hydrate pastes [85,86]. In that respect, the synthetic
pastes formed a representative model of the silicates mineralogical assembly found in LAC pastes.

The pH values of the pore solutions obtained using the ESL method are given in Figure 7. For the
purpose of comparison, the values are plotted together with literature data and with the model
proposed by Haas & Nonat [87]. The pH of the synthetic pastes pore solution (measurement made
at 20 * 2°C, with temperature compensation) demonstrated a decrease while the target C/S ratios
were lowered. Our data falls within the variance shown by literature data and confirmed that the
model synthetic pastes also successfully reproduced the low-pH character of LAC pastes.
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Figure 7: pH of the pore solutions of the synthetic pastes measured using the ex-situ leaching method, redrawn from
[12,88-98] along with the model proposed by Haas & Nonat [87]. The pH of the pore water of the synthetic pastes
satisfactorily reproduced observations reported in the literature and conformed to the predictive model.

Microstructure of the model synthetic pastes

The saturated density, porosity and chemical composition (C-S-H and CH contents) are reported
in Table 3. The estimated C-S-H content was higher for the pastes with C/S ratios lower than 3.00:
this was in line with the expected formation of extra C-S-H from silica through pozzolanic
reactions. The paste porosity increased and the density decreased when the target C/S ratio
decreased. However, as the C/S ratio was decreased by addition of nanosilica, a concomitant
increase of the w/b ratio was needed to maintain the workability of the synthetic pastes. The
variations in porosity and density was thus probably more associated to the water content than
to a change of chemistry. Figure 8 illustrates the pore size distribution (PSD) of the synthetic
pastes obtained by MIP. For sake of comparison, the cement pastes are also presented. While the
PSD of the pastes with C/S ratios of 3.00 and 1.40 revealed the expected presence of the C-S-H gel
porosity in the 10 nm range, the pore structure was considerably refined for the lower C/S ratio.
Again, this could be related to the filling effect induced by the precipitation of pozzolanic C-S-H.
The increase of the porous volume on the other hand was probably related to the increased w/b
ratios of the synthetic pastes.

Representativeness of the microstructure of the model synthetic pastes

The synthetic pastes had a narrower PSD and a higher pore volume than the one of the reference
LAC paste, again due to the w/b ratio needed for their mixing as previously stated in the Materials
and methods section. However, the PSD of the low C/S synthetic pastes had no pores with critical
entry diameter above 10 nm (Figure 8). This was reminiscent of what is observed in LAC pastes
were the paste capillary porosity is considerably reduced by the pozzolanic reaction.
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Figure 8: PSD from mercury intrusion porosimetry for reference (right) and synthetic pastes (left). The PSD of the high
C/S ratio synthetic pastes conformed to the one of an OPC (CEM I) paste, and the one for the lower C/S ratios to the one of
the LAC (CEMI+SF+FA) reference paste.

X-pCT scans of samples with C/S ratios of 1.40, 0.87 and 0.80 are shown in Figure 9. The C/S ratio
of 1.40 showed a homogenous matrix, almost exempt of air bubbles. No cracks were observed in
the pastes with the higher C/S ratios (3.00 and 1.40) (image a). The pastes with lower C/S ratios
of 0.87 and 0.80 exhibited more contrasted features with darker spots observed in the matrix;
these areas could be attributed to silica-enriched areas, thus supporting the NMR observation of
a small amount of unreacted silica. These pastes also contained several bubbles due to reduced
workability induced by the high amount of nanosilica in their formulations. Furthermore, they had
an extended crack network (images b, c). The cracks made the samples very brittle and it was
necessary to be extremely careful when handling the low C/S synthetic pastes and they proved to
be very difficult (almost impossible) to cut without breaking. This was believed to be due to the
polymerisation of the silica chains of the C-S-H induced by the incorporation of silica in the C-S-H,
which is known to generate significant volume changes [27] and might result in densification and
internal stress during maturation of the lower C/S pastes. It must be mentioned though that the
unusually high superplasticizer dosage might have played a role in the brittleness of the pastes of
low C/S ratios even though the literature remains scant about this subject. Ramachandran [99]
showed that lignosulfonates had strong and irreversible interactions with the C-S-H but it was
later proven that more recent compounds [100] such as melamine sulfonates and polyethylene
oxide phosphonates did not affect the C-S-H [101,102]. The results are however not so clear with
polycarboxylic ethers [103-106]. This point would require more attention in the future.
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Figure 9: X-ray uCT scans images of 3 samples of the synthetic pastes series. Significant cracking was observed in paste
with lower C/S ratios

4. Discussion

At first sight and as exposed in the results section, the mineralogical assembly of the model
synthetic pastes seemed to correctly represent the one expected from LAC pastes. To examine
further this issue, the atomic and molecular structure of their C-S-H, as revealed by NMR, was
examined in details and compared to the ones of cement pastes.

[t is common practice to estimate the mean chain length (MCL) of the C-S-H dreierketten silicate
chains from the distribution of the silicate environment obtained by 29Si MAS-NMR. Accordingly,
the MCL was obtained in the synthetic pastes using the C-S-H crystal chemical model of
Richardson [107]. Indeed, the following simplified expression (Equation 1) relates the MCL to the
NMR relative intensities of the Q! and Q2 (Q%" and Q?P) environments:

1,02b,2p
MCL =2 (%) Equation 1

Figure 10 shows the C-S-H MCL of the pastes depending on their targeted C/S, along with
predictions from the Richardson tobermoritic model and some data from literature. In the higher
C/S range (above 1.5), the C-S-H of the pastes demonstrated a chain length variation that was not
fully described by the simple tobermoritic model. This behaviour is similar to what is commonly
observed in cement paste and is rationalized through an additional charge compensation
mechanism, which involved calcium insertion in interlayers [107,108]. However, within the lower
C/S domain (C/S < 1.0), the mean chain length of the C-S-H in the synthetic pastes followed
reasonably well the prediction of a tobermoritic behaviour.
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Figure 10: C-S-H mean chain length of the synthetic pastes (from 2°Si MAS NMR) along with literature data
[12,41,83,89,90,107,109-111]. The MCL obtained for our model pastes correlated well with the MCL of the cementitious
materials reported in the literature

In the crystal-chemical structure provided by Richardson [107], the C-S-H gel is considered as a
structurally defective form of tobermorite. The structural model describes the C-S-H structure
(MCL, C/S ratio) based on the rate of occupancy of the vacant sites. Adopting this structural model,
one can in principle back-calculate the C/S ratio of the C-S-H from the NMR spectrum. Practically
speaking, following Richardson [107], the C/S ratio (Equation 2) and the mean chain length (MCL)
were calculated using:

1—v C 24y Equation 2
and = =
S 1-v

MCL =

where the fraction of vacant sites v (Equation 3) within the C-S-H structure was evaluated by
decomposition of the NMR contributions:

%Ql Equation 3
V=_———
5Q1+Q2+Q°

Excluding the Q3 resonance attributed to a silica gel, the C/S ratio predicted from the Richardson
defective tobermoritic model agreed reasonably well with the bulk C/S ratio of the pastes (Figure
11). This meant not only that the pastes were indeed devoid of portlandite, as seen by XRD and
TGA, but also that their C-S-Hs’ structure behaved identically to the ones encountered in real (LAC)
cement paste where the defective tobermorite structural model is now well established [112].
This confirmed the representativeness of the mineralogy of synthetic pastes’ silicate with respect
to the one of LAC paste of identical C/S.

Finally, it might be useful to stress the fundamental difference between the C/S pertaining to NMR
on the one hand and to SEM-EDS analyses and to the pH of the pore solutions on the other hand
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(Figure 11). NMR analyses account for properties at the molecular scale and thus reflects the local
availability of Ca and Si at the C-S-H scale. In contrast pH is a macroscopic property reflecting
phase equilibria within the sample, namely C-S-H and portlandite. Lastly, SEM-EDS probes the
sample at the micro scale and its mean value is thus expected to reproduce the bulk composition
of the paste within experimental errors. These considerations are illustrated in Figure 11 where
C/S ratios obtained by SEM-EDS and by modelling the 29Si NMR spectra as well as the pH are
compared to the bulk C/S ratio recalculated excluding the silicon incorporated in amorphous silica
(estimated from the 29Si NMR spectra). The latter C/S ratio was taken as being the one of the
C-S-H / portlandite assemblage.
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X NMR
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Figure 11: Comparison of the bulk C/S ratios (excluding the silicon in the amorphous non C-S-H part of the sample,
unreacted products or silica gels, estimated by 2°Si NMR) with the results of SEM-EDS and with the ones expected from
modelling pH measurements (Haas and Nonat model) and NMR ones (Richardson model). Error bars on the SEM-EDS
data correspond to the measured coefficient of variation (see Table 5). The accuracy of the pH measurements are +/-

0.05. This translates into an error of about +/- 0.01 in the C/S values given by the Haas and Nonat model (Figure 7). The
NMR intensities are obtained with an accuracy of about 10% leading to an error of about +/- 0.05 in the C/S values given
by the Richardson model (Figure 10).

5. Conclusions and perspectives

In this study we prepared a series of synthetic pastes with C/S ratios between 0.8 and 3.0 and
evaluated its potential as a model silicate subsystem for LAC pastes. From a chemical and
mineralogical standpoint, the synthetic pastes appeared as good models, reproducing
satisfactorily the mineralogical assemblage. The structure of the C-S-H and the amount of
portlandite formed, or not, followed what was expected from a LAC paste. Furthermore, the pH of
the pore solutions also conformed very well to predictions with respect to the C/S ratios. This
objective was met by choosing C3S and nanosilica with the appropriate dosage. However, the use
of nanosilica induced a high water demand and the formulation had to be optimized through an
increased w/b ratio and high superplasticiser dosage. Consequently, the synthetic pastes had a
higher pore volume. All the while, the evolution of the PSDs of the synthetic pastes with the C/S
ratio was similar to those of the reference pastes. The protocol proposed in the present work thus
constituted an interesting route to design synthetic pastes to model the silica subsystem of LAC
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pastes. This might be particularly useful to model experimentally complex reactive transport
within low-pH cements, such as carbonation. In addition, since a narrow variation of C/S ratios
was obtained for each targeted value, this series could be suitable for studying the influence of the
C/S ratio on various properties of cementitious materials, such as the C-S-H gel mechanical
properties. Such studies will have to factor in however, the fact that the pore volume of the model
pastes were much higher than those usually encountered in real cement pastes.

The present work intended to study specifically the role of the C/S ratio of the silicate phases but
it is understood that real pastes, and in particular LAC formulations [22, 29], include significant
amounts of aluminium. The influence of aluminium on low-pH pastes will thus have to be
investigated.

Finally, to be complete, it must be emphasised that one of the main shortcomings of these model
synthetic pastes was their tendency to crack; the density of cracks increased when the C/S ratio
decreased. This was assumed to be an intrinsic property due to the polymerisation of the C-S-H
induced by incorporation of silicate in the C-S-H during the pozzolanic reaction. Indeed, chain
length variation is known to generate change in volume [27]. Yet the reader should keep in mind
that the unusually high superplasticizer dosage might have also played a significant role in the
brittleness of the model pastes. Shaping test samples for transport studies will thus require
particular care.
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Supplementary materials

Appendix A: details of the batching sequence.

The final batching sequence obtained for the model pastes including nanosilica was as follows:

W=

Addition of C3S in the planetary mixer (mixing speed at 95 rpm).

Addition of all the water, including half of the total amount of SP.

Mixing at 250 rpm for 30 s.

Slow incorporation of nanosilica (at 400 rpm) while monitoring the fresh mix rheology
to avoid flocculation and a viscosity increase that could eventually make it irreversibly
unworkable. Addition of SP to maintain the workability of the fresh mix. The duration of
this step depended on the amount of nanosilica added (Table 1).

Preparation of the test specimens: the paste was poured into polytetrafluoroethylene
(PTFE) moulds (@30 x H110 mm) and vibrated. This phase proved complicated due to
the strong thixotropic behaviour of the fresh mix, which worsened when the silica
content was increased.

The specimens were kept one month in their sealed moulds at ambient temperature.
After unmoulding, they were cured for two more months under a batch of water to
which small amounts of crushed samples were added to ensure that chemical
equilibrium was reached in the curing solution.

Finally, the samples were left to dry in a glovebox at 20°C and 55% RH. It is presumed
that under these conditions, hydration did not proceed significantly anymore.
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Appendix B: decomposition of NMR spectra.

-60 -70 -80 -90 -100 -110 -120 -130
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(a) CsS paste
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8 (ppm) 2°Si
(b) C/S =0.80 paste
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8 (ppm) »Si
(c) C/S=CEM I paste
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(d) LAC paste

Figure S 1: Examples of decomposition of 2°Si NMR spectra.

Table S 1: Parameters of the decomposition of the 29Si NMR spectra of the synthetic pastes.
No QY peak was considered for the CsS paste as its contribution was of the order of the noise.
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C/S ratio 0.8-3.00

S (ppm) -79.2
Q! FWHM (ppm) 2.9
Ratio L/G 1.0

GB 1.02

6 (ppm) -83.1
0 FWHM (ppm) 2.9
Ratio L/G 0.5
GB 1.1

6 (ppm) -85.4

Q2 FWHM (ppm) 2.21
Ratio L/G 1.0
GB 0.5

S (ppm) -92

FWHM (ppm) 11.3
Q@+ Qgel Ratio L/G 0.5
GB (ppm) 4.7

G = Gaussian lineshape
L = Lorentzian lineshape
GB = Gaussian enhancement




785  Appendix C: diffractogram of the reference system

786
¢:C-S-H m : mullite
p Aft : ettringite p : portlandite
C,S : dicalcium silicate q: quartz
C4AF : aluminoferrite
p
C,S
AFt AFt
¢ T, (LAC)
5 10 15 20 25 30 35 40 45 50 55
787 °(26) Cu-Kal
788 Figure S 2: Diffractograms of the two reference pastes. For the OPC (CEM I) paste, besides aluminates, C-S-H and

789 portlandite signals were observed. No portlandite reflections were present in the LAC (CEM I + SF + FA) paste. Besides the
790 C-S-H signal, an intense diffuse background located between 20-28 °(20) typical of unreacted silica and small reflections
791 of quartz occurred. ICDD CH: 44-1481; AFt:41-1451; mullite: 15-0776; C4AF: 30-0226; C2S: 31-0302.
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Appendix D: Chemical composition of the components of the synthetic model and
reference pastes

Exp. diffractogram

ICCD PDF 31-301

5 10 15 20 25 30 35 40 45 50 55
°(26) Cu-Kal

Figure S 3: diffractogram of the CsS used for the preparation of the synthetic model pastes

Main properties of the colloidal silica suspension (Rheomac AS 150):

* density =1.40 £ 0.02 g.cm3;
* pH=10%1.5;

e C(Cl<0.1wt%;

*  Naz0eq < 1.0 wt%

Table S 2: chemical composition of the LAC reference pastes’ components, reproduced from [20]

wt% of the compounds Wt% of the
Compounds CEMI152.5 Silica fume Fly Ash blend (LAC)
Lafarge Le Teil | Condensil S95 DM | EDF Cordemais
CaO 67.41 0.40 5.52 27.0
Si02 22.84 95.00 49.48 54.3
Al203 2.70 0.60 29.17 10.0
Fe203 1.84 <0.05 6.23 2.6
MgO 0.81 0.30 2.08 1.0
MnO - - 0.08 -
Naz0 0.14 <0.20 0.58 0.3
K20 0.23 0.29 1.22 0.5
SOs3 2.23 <0.20 0.64 1.1
Sz <0.01 <0.10 -
P20s - - 0.70
TiO2 - - 1.61
LOI 1.72 3.10 2.20
LOI =loss on ignition (1000 °C)

Table S 3: chemical composition of the OPC used for the preparation of the OPC reference paste



811

CEM152.5

Compounds Lafarge Val d’Azergues
Ca0 65.0
SiO2 21.0

Al203 3.4
Fe203 4.5
MgO 0.62
MnO -
Naz20 0.09
K20 0.72
SOs3 2.71
Sz <0.01
P20s 0.50
TiO2 -
LOI 1.30

LOI = Loss on ignition (1000 °C)




