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Abstract

This review relates to the models describing the structural evolution of calcium silicate hydrate (C-S-H) at the crystal—chemical level as a
function of composition in terms of calcium to silicon ratio. The different models are compared and discussed in the light of recent
spectroscopic and microscopic data. Taking into account the structure and the morphological properties of C-S-H, a surface reaction
thermodynamic model has been proposed and discussed to predict and correlate the chemical and structural evolution of C-S-H with solution

chemistry.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Calcium silicate hydrate (C-S-H) has long been the
object of many studies of its structure and composition.
Taylor made important contributions to the field by inten-
sive study of the crystal chemistry of the phases of the
lime—silica—water system at different temperatures [1—13].
As early as 1950, he had defined the crystal properties of
tobermorite-like C-S-H, C-S-H(I) [1] and jennite-like C-S-
H, C-S-H(II) [9] as well as their thermal decomposition and
stoichiometry [5,9]. More recently, he proposed a nano-
structural model for C-S-H occurring as hydration products
of tricalcium and dicalcium silicates or Portland cement
pastes based on a mix of these two limit phases [14]. Both
tobermorite and jennite have a layered structure based on a
calcium sheet flanked on each side by linear silicate
“dreierketten” chains as demonstrated by 2°Si MAS
NMR measurements [15—17]; that is, the chains are kinked
in such a way as to repeat at an interval of three tetrahedra.
Two adjacent tetrahedra coordinate to the calcium ions of
the layer, while the third, termed a bridging tetrahedron,
bridges two successive dimers. In tobermorite, two oxygens
from nonbridging tetrahedra coordinate to calcium ions
[18,19] while in jennite, only one oxygen of the nonbridg-
ing tetrahedra coordinate to the calcium ions of the sheet;
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the other oxygen is provided by hydroxide ions [13,20]. 14
A-tobermorite may be described by the limiting formula
CayHySi0,5.8H,O (Ca/Si=0.66) and jennite by CagHy
SigO;3(OH)3.6H,O (Ca/Si=1.33). In each case, two pro-
tons are carried by binding bonds of each bridging tetrahe-
dron. According to Taylor [14], to account for dehydration
data, one of these two protons must be substituted by 1/2
Ca"" ion in the interlayer leading to the formulae CasH,
Si5015.8H,O (Ca/Si=0.83) and CagH,SisO;3(OH)g.6H,O
(Ca/Si=1.5) for tobermorite and jennite, respectively.
According to Taylor [14], C-S-H(I) structure and stoichi-
ometry may be derived from a tobermorite model by
eliminating a part or the whole of the bridging tetrahedra
and C-S-H(II) derived from the jennite model; the limiting
formulae should be then CasH,Si4,0,4.8H,O (Ca/Si=1.25)
and CagH,Si4014(OH)g.6H,0 (Ca/Si=2.2), respectively, in
which silicate chains are only dimers. The results of TEM
microanalysis obtained by Richardson and Groves [21]
about the bimodal distribution of Ca/Si in the products
of early hydration of a cement paste centred around 1.2
and 2.3, suggesting that, at early age, C-S-H may be
precipitated either as a defect dimeric tobermorite type,
or as a defect dimeric jennite type. Taylor suggested that as
the paste ages, the bimodal distribution reduces and even-
tually disappears because regions of low and high Ca/Si
ratio slowly interact, producing material of intermediate
composition having mainly a jennite-type structure. In his
last view, contrary to his initial model, Taylor [22] sug-
gested that the tobermorite-like and jennite-like regions
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could be poorly defined and could merge into each other
within individual layers.

Cong and Kirkpatrick [23] apparently disagree with the
Taylor model. They essentially argue that the occurrence of
jennite-type C-S-H(II) is extremely rare. Based on their
extensive study of synthetic C-S-H of variable Ca/Si using
2Si and 'O MAS and CP-MAS NMR, they proposed a
defect tobermorite-like model for C-S-H with Ca/Si ratio
less than 1.5. But in fact, both models are very similar and
differ essentially by the fact they describe different ranges
of stoichiometry: Taylor’s model focused on C-S-H with
Ca/Si>1.5 whereas Cong and Kirkpatrick’s model focuses
on C-S-H with Ca/Si<1.5. In both models, some of the
silicate portions of the structure derive from tobermorite
with missing bridging tetrahedra, others from jennite with
calcium of the main layer charge balanced by OH ~ and a
part of the protons bound as SiOH are substituted by
calcium ions. In Taylor’s model, the jennite-type parts
would have to be preponderant to reach high Ca/Si values,
whereas in Cong and Kirkpatrick’s model, the tobermorite-
type parts would be the most abundant but only relatively
low Ca/Si ratios can be reached. Both also suppose a very
disordered structure.

Nonat and Lecoq [24,25] proposed a slightly different
model to account for the evolution of Ca/Si in the whole
range from 0.66 to 2. Like Cong and Kirkpatrick’s
model, it is based on data in equilibrium (probably
metastable) obtained from both CaO-SiO, mixes and
fully hydrated C3S samples in solution in which the lime
concentration is maintained constant. Thus, the solid Ca/
Si ratio is fixed by the value of this concentration and
does not change in the course of hydration. Contrary to
either Taylor’s or Cong and Kirkpatrick’s models, it is not
essential to suppose a disordered structure. Over the
whole range of Ca/Si ratios, the X-ray diffraction
(XRD) patterns of C-S-H always resemble the tobermorite
pattern; the d spacing corresponding to the basal plane
changes only slightly even at high Ca/Si ratio close to 2.
The main difference from the two previous models is that
the layers would not contain jennite-like regions; that is,
calcium in the main plane would not coordinate to OH ~ .
To reach high Ca/Si values, Nonat and Lecoq’s model
supposes that most of the interlayer crystallographic sites
of the tobermorite model are occupied by calcium ions
which are charge balanced by OH ™ in interlayer posi-
tions. Indeed, each missing bridging tetrahedron makes
available two crystallographic sites for OH = and allows
for accommodation of one Ca(OH), unit in the structure.
This model is just as consistent with spectroscopic data as
the previous ones including those which evidence Ca—
OH groups because none are sufficiently precise to state
if the relevant Ca ions are in the main plane or in the
interlayer, or both.

These three models essentially differ as follows: Taylor’s
model needs to consider a mix of two phases at a more or
less large scale, whereas Cong and Kirkpatrick’s and Nonat

and Lecoq’s models need only one phase, which, in Cong
and Kirkpatrick’s model, is supposed to be very disordered.
The aim of this paper is on the one hand, to discuss the
relevance of these different C-S-H structural models by
confronting them with recent textural and structural data
and, on the other hand, to unify the structural description
and the evolution of the C-S-H stoichiometry by a predictive
thermodynamic approach.

2. One C-S-H phase or more?

Analytical results [26,27] and NMR data [28] from
previous studies suggest the existence of an invariant point
in the CaO-SiO,—H,O diagram corresponding to an
equilibrium between two C-S-H phases with, respectively,
Ca/Si<1 and Ca/Si>1.1. Recent NMR data from enriched
samples perfectly confirms the evidence of equilibrium
between two phases from the discontinuity in the evolu-
tion of most of the physical properties versus Ca/Si, i.e.,
XRD d spacing, Q" chemical shifts and proton T, values
[29]. The highest values of Ca/Si ratio of C-S-H in the
reported experiments are generally lower than 1.5 when
the sample is free of portlandite. These values are always
lower than those found in a cement paste where portlan-
dite is typically precipitated along with C-S-H. Thus, it
appears that having a supersaturated aqueous phase with
respect to calcium hydroxide, even for a short period, is
required to reach the highest Ca/Si ratios. Indeed, a *°Si
NMR study of the products obtained by Ca;SiOs hydra-
tion in, respectively, undersaturated and supersaturated
solutions with respect to portlandite, reveals a discontinu-
ity of the variation of the silicate chain length, suggesting
the existence of a third C-S-H phase at high lime
concentration [30]. This result has been confirmed by
obtaining pure C-S-H samples by full hydration of
Ca3SiOs in different calcium hydroxide solutions in which
the concentration is kept constant by a specific device
[25]. The variation of the Ca/Si ratio versus lime concen-
tration exhibits a discontinuity between 1.5 and 1.8 close
to [CaO]=22 mmol/kg characteristic of another invariant
point at which two solid phases are in equilibrium with
the solution. The author then proposed the existence of
three different C-S-H phases: a-C-S-H (0.66 <Ca/Si<1),
B-C-S-H (1<Ca/Si<1.5) and y-C-S-H (1.5<Ca/Si<2).
«-C-S-H is probably typically 14 A-tobermorite and B-
C-S-H is the same as Taylor’s C-S-H(I) and corresponds
to the solubility curve of C-S-H (A) identified by Jennings
[31]. However, in the experiments reported here, y-C-S-H
always presents a tobermorite-like XRD pattern and is
different from Taylor’s C-S-H(II) and does not correspond
to the solubility curve of C-S-H (B) identified by Jen-
nings, because this curve is unlikely to be a solubility
curve [32]. That is why I chose the «, p and vy prefixes, to
avoid confusion. Hence, except at invariant points, in
equilibrium conditions, it is not likely that the Taylor
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model considering a mix of tobermorite-like and jennite-
like phases would be relevant. This assumption is con-
firmed by NMR data: homonuclear and heteronuclear
correlation NMR experiments allow the neighbouring sites
in the structure to be identified and reveal the sites
belonging to the same phase. There are rather sophisticat-
ed and lengthy experiments requiring >’Si-enriched sam-
ples. The first systematic Si—Si and H-Si correlation
study on C-S-H samples made by Klur et al. [29]
identified different silicon sites of the silicate chain. They
found that all the Q' and Q* ' silicon sites belong to the
same phase over the whole range of Ca/Si. On the other
hand, the dreierketten structure of the chains was con-
firmed by identifying the bridging tetrahedra. Differences
in chemical shifts for tetrahedra bearing either protons or
calcium ions were revealed for both bridging and non-
bridging tetrhedra. The possible substitution of protons of
silanol groups by calcium was then structurally evidenced.
They also confirm the existence of SiOH and CaOH
environments. These results were recently confirmed by
Brunet et al. [33] using different correlation methods:
double quantum Si—Si correlation and 2D H-Si HECTOR
experiments. The Si—Si correlation maps allow a distinc-
tion between Q' arising from dimers from end of chain
tetrahedral and show the decrease of the length of silicate
chains longer than dimers as Ca/Si increases which dis-
agrees with the bimodal hypothesis of Cong and Kirkpa-
trick. On the other hand, H-Si correlation maps show that
protons in a CaOH environment are correlated with all Q"
sites; because the intensity of correlation peaks is not
proportional to the site abundance, due to cross polar-
isation, it is not possible until now to conclude the
location of CaOH with respect to silicate chains and to
decide if Ca ion of the main sheet are only charge
balanced and coordinated by oxygen of silicate or also
by OH .

3. Is C-S-H necessary a very disordered material?

One often writes about C-S-H gel. Many people asso-
ciate an amorphous material with this term. Taylor [22]
reminded us of Everett’s definition of gels as “dispersions
in which the attractive interactions between the elements of
the disperse phase are so strong that the whole system
develops a rigid network structure and, under small
stresses, behaves elastically”. C-S-H in hydrated tricalcium
silicate paste exactly fits this definition. Atomic force
microscopy (AFM) imaging of a flat surface of hydrating
alite [34—36] shows that the elements of the disperse phase
occur in the form of identical aggregated nanoparticles of

' Q' designs the silicon sites corresponding to the dimeric and end of
chains tetrahedra and Q7 the silicon sites corresponding to the middle
chains tetrahedra.

C-S-H. The dispersion of course is very concentrated; the
dispersion medium in the experiment was a saturated lime
solution. One can argue that the conditions of observation
are far from a real cement paste and do not reflect reality.
High resolution can only be obtained using AFM with a
very flat surface: the roughness has to be lower that the
objects to be imaged. However, the same type of image is
obtained when the surface of a real cement paste in contact
with a single crystal of calcite is imaged (Fig. 1). Thus, C-
S-H gel in a hydrated cement paste, consists of a network
of nanoparticles; the dimensions have been measured by
AFM and those of small lamellae are 60 x 30 nm? and 5
nm thick. Dynamic rheology tests show that this network
has an elastic behavior for very weak strains [37,38]; the
critical strain beyond which the network is broken does not
exceed 0.02%.

Thus, C-S-H may be considered to be gel-like, but it is
not necessary amorphous. It is crystallised because one
always gets a defined diffraction pattern when the sample
is only composed of C-S-H obtained either from CaO—
SiO, mix or from C;S hydration (Fig. 2). All the
reflections are broad. The broadening of diffraction lines
has generally two different causes: the small size of the
coherent domains, the presence of microdefects, or both
[39]. C-S-H particles are very small and even if they are
single crystals, the thickness of 5 nm means that this
dimension corresponds to only two crystalline cells
according to the hypothesis in which the basal plane of
lamellae corresponds to the layer plane of a tobermorite-

800

Fig. 1. AFM image of the surface of an hydrated cement paste in contact
with a calcite single crystal. In this condition, the surface of the paste is flat
enough to get high resolution after removing the calcite crystal. C-S-H
nanoparticles are clearly identified. The darker zones corresponds to pores.
(courtesy of J.-P. Perez and E. Liesniewska).
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Fig. 2. XRD patterns (NCug,) of C-S-H obtained (a) in diluted suspension
from a mix of CaO and SiO, (w/c=20), (b) by hydration of a mix of fine
C3S and SiO, in paste (w/c=1.5). In both cases, Ca/Si=1.4 (after Ref.
[42)).

like structure. The XRD pattern calculated with the aid of
these hypotheses, taking into account the size of the
nanoparticles, is close to the experimental one (Fig. 3).
It shows that, first, the structure of C-S-H is not very
different from that of tobermorite structure, second, C-S-H
nanoparticles are practically single nanocrystals, and third,
they are not necessary defective; the line broadening of
the XRD pattern can be explained on the basis of domain
size.

Other experimental results do not support the idea of a
very disordered structure to account for the variation of
Ca/Si. It was recently observed that, according to Oswald
ripening, small C-S-H nanocrystals initially formed on
calcite single crystals, dissolved and crystallised again in
one new single crystal under equilibrium conditions.[40].

10 nm

Fig. 4. Atomic scale AFM image of a C-S-H (Ca/Si=1.5) crystallised on a
calcite single crystal. One can notice the well-organised structure on a large
scale (courtesy of C. Plassard and E. Liesniewska).

C-S-H of different Ca/Si ratios, ranging from 0.7 to 1.5,
were crystallised by ripening in solutions of calcium
hydroxide of concentrations ranging from 1 to 20 mmol/
1 and saturated with respect to C-S-H. In each case,
coherent domains of several pm? were observed. AFM
imaging at the atomic resolution level of the sample shows
a well-ordered structure over a relatively large scale (Fig.
4) and Fourier transform of the image allowed the evolu-
tion of the surface cell parameters (a, b and o, the angle
between a and b) of C-S-H to be measured as a function of
Ca/Si (Fig. 5) [41]. It would be difficult to explain the
crystallisation in different ordered structures for each value
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Fig. 3. Experimental and calculated XRD pattern of C-S-H (ACug,), Ca/Si=0.9 using the FULLPROF program. The calculation is made assuming a structure
deriving from the monoclinic structure of 11 A tobermorite proposed by Hamid [18] with a lamellar crystal shape of 50 nm in diameter and 5 nm thick. The
structural model (P1, ¢=0,674 nm, »=0.761, ¢=24.310 nm, y=123.74) does not fit exactly the C-S-H structure as revealed by the difference between the
experimental and calculated pattern but the line broadening is accounted for by the size of the particles.
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Fig. 5. Evolution of surface crystal parameters of C-S-H crystallised on
single crystals of calcite determined from Fourier transform of AFM images
at the atomic scale. « is the angle between a and b surface cell parameters.
(after Ref. [41]).

of Ca/Si if a disordered structure was needed to achieve
these Ca/Si ratios.

4. Towards a predictive model

All the models reported here are structurally descriptive;
they account for a global evolution of the Ca/Si ratio
observed in the samples in relation to the evolution of the
structure but in any event they are able to predict the
structure and the stoichiometry of the product obtained in
given equilibrium conditions.” A phenomenological model
has recently been proposed on the basis of Nonat and
Lecoq’s structural model by taking into account textural
data [42,43]. According to this model, the structural unit of
C-S-H may be described as following:

— the main layer consists of a silicate dimeric unit charge
balanced by two calcium ions and the two free
extremities bear two protons, Ca,H,Si,07;

— two successive dimeric units may be bridged by a silicate
tetrahedron; if so, the bridging tetrahedron bears the
protons and we have on average Ca,H,Si,O-(SiO,),,
where x<1

— silanol may be partially ionised and charge balanced by
calcium in the interlayer, giving Ca,H, _ ,Si,04(SiO,),
Cap/z or Casz — pSi207(SiOZ)x(CaOH)p

— finally, Ca(OH), units may be accommodated in place of
missing bridging tetrahedra, giving as the constitutional
formula: Ca,H, _ ,Si,07(810,),Cayn, (Ca(OH),),.

2 The equilibrium conditions are restricted here to metastable equilibria
between nanocrystaline C-S-H solid phases and solutions. This approxi-
mation may be used because the rate of transformation in crystalline C-S-H
is very slow and no change are observed during several weeks.

This elemental description of C-S-H is chemically
equivalent to that given by Richardson and Groves [44],
but the formulation is directly related to the structural
model. A thermodynamic development of this model has
been performed on the basis of bulk and surface mass
action laws that should be predictive and reliable in
different conditions.

The first mass action law is relative to the bulk solubility
according to Eq. (1)

CayH,S1,07 + 4HtS2Ca™t + 2H4S104

(Ca++)2 (H4Si04)2
(H)*

K = (1)

where (X) is the activity of the X species in solution.

The bridging of two successive dimers may be de-
scribed as a surface reaction between silanol sites of two
adjacent dimers and a silicate ion in solution according to

Eq. (2):
2 — SiOH + H4Si04 — SiOSi(OH),0Si- + H,0

a_Si0Si(OH),0Si-

K, = -
? (H48104)a_sion

(2)

where 4_Si0Si(OH),0Si- and d_sijoy are the activities of the
surface sites -SiOSi(OH),0Si- and —SiOH, respectively.
This surface reaction may occur at the external surface of
C-S-H particle as well as in the interlayer.

Concerning the partial substitution of protons by calcium
ions, two cases have to be considered depending on the
location of silanol, at the external surface or in the interlay-
er: At the external surface, to account for the surface charge
of C-S-H, the ionisation of silanol groups and the complex-
ation of calcium may intervene according to Egs. (3) and
(4), respectively

o (H p
—SIOHSSIO™ + HY  K; Luexp< ¢ 0)

asion kT
(3)
—SiOH + Ca™"SSi0Ca™ + HT

("t
K,y = dsioca* (H )exp (e'PO) (4)

ASiOHA 2+ kT

In those equations, ay represents the activity of the X
surface species), and P, is the surface potential. The factor
“S‘gs’iélj) is the intrinsic equilibrium constant for the
reaction; exp (%) is a factor that accounts for the work
involved in moving a charged species (H ") away from a
charged surface; the basic theory for surface complexation
reactions, including electrostatic potential, is presented in
Ref. [45]. The balance between these two equilibria fixes

the surface charge of C-S-H. The same reactions cannot be
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written at the internal surfaces, because the interlayer must
be electrically neutral: to preserve charge balance, the
equilibria in Egs. (5) and (6) in the interlayer have to be
formulated as

2 — SiOH + Ca’*$5-Si0Ca0Si- + 2H™

a_sioca,0si-(H')
Ksy=——"7""—"+- 5
° (Ca**)a_sion ®)

—SiOH + CaOH"-Si0OCaOH + H*

, (It

K, = -siocon (H+) ()
a,SiOH(CaOH )

The equilibrium Eq. (6) may be considered to represent

both the external and internal surfaces because the resulting

surface species are electrically charge balanced.

The values of the equilibrium constants have been
adjusted to fit the experimental data relative to the chemis-
try, the structure and electrokinetic surface properties of C-
S-H as revealed, for example, by plotting the evolution of
the silica concentration in solution (solubility), the Ca/Si
ratio (stoichiometry), the Q'/Q? ratio (silicate chain length)
and inversion of surface charge as a function of lime
concentration in solution [46,47]. The calculated evolutions
(line) are compared to experimental data on Fig. 6. For the

A
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calculations, the density of surface sites used for the surface
reactions may be estimated from the cell parameters and the
size of the C-S-H nanoparticles.

The model fits the equilibrium state of samples prepared
either in diluted suspensions or as paste. As a consequence,
whatever the initial starting materials, the hydration prod-
ucts formed during bottle or paste experiments are similar,
provided the same equilibrium state is achieved. When
equilibrium is reached, there are no differences between
C-S-H having the same Ca/Si ratio but synthesised by
different methods.

The reported model has been best developed for 3-C-S-H
when 1<Ca/Si<1.5 because there are more experimental
values in this range. However, the model does not fit lower
and higher Ca/Si values well. It could probably be easily
extended to these cases by changing the bulk solubility
equilibria by considering the dissolution of Ca H4SisO;5
(Ca/Si=0.8, a-C-S-H) in the lower range of Ca/Si. In the
highest range of Ca/Si (y-C-S-H), the bulk phase should be
formulated as:

— Ca3HSi,0,(OH) (Ca/Si=1.5); one silanol proton is
replaced by CaOH " in interlayer,

— Ca3H,Si,04(OH), (Ca/Si=1.5), one silicate bridging
tetrahedron is be replaced by Ca(OH), (tobermorite-like
structure) or a nonbridging tetrahedron is be replaced by
2 OH ™ (jennite-like part).

(B)
1,8
16 F A

14 | A

Ca/Si
o

0 0,01 0,02

¢

[CaO] mol/kg

Fig. 6. Comparison of calculated properties of C-S-H with the help of the surface reaction thermodynamic model with experimental data: (A) solubility; (B) Ca
to silicon ratio; (C) Q1/Q2 ratio characteristic of the length of the silicate chains; (D) calculated surface potential compared to experimental zeta potential: the
important point to notice is the composition at which the charge inversion occurs. (after Ref. [50]).
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5. C-S-H in hydrating cement paste

When the model described in Section 4 is an equilib-
rium model, it may probably also be reliable in a
hydrating system in which local equilibria may be con-
sidered. According to the model, Ca/Si and structure of C-
S-H are fixed by the lime concentration with which it is
in contact and it should be possible to explain the
observed evolution of stoichiometry and structure of C-
S-H through the evolution of lime concentration during
hydration. At early age, the solution from which C-S-H
precipitates has a low lime concentration (6 mmol/kg); C-
S-H should have a low Ca/Si ratio and long chains. But
during the so-called induction period, the solution
becomes supersaturated with respect to portlandite; as a
result of which, Ca/Si of C-S-H increases and chains
shorten drastically. During the accelerating period of
hydration, the concentration gradients are probably the
greatest between the pore solution and the solution
directly in contact with the surface of tricalcium silicate;
C-S-H which grows near or far from alite surfaces does
not probably have the same composition and structure and
could help to explain the bimodal distribution of Ca/Si
observed by EDX. During the decelerating period of
hydration, the gradients trend to equilibrate as do numer-
ical values of the Ca/Si ratio and average silicate chain
lengths. With ageing of the paste, lime concentration
decreases to reach the solubility of portlandite (or lower
if carbonation occurs) and as a result, the average silicate
chain length increases.

6. Conclusion

The lamellar character of C-S-H has long been recog-
nised. This textural characteristic has many consequences
on several properties, such as crystal structure and chemical
properties, because the surfaces (internal and external) are
extremely extended. The surface chemistry is probably more
important than crystal structure; it controls interactions with
cations, anions, polyelectrolites and other molecules and is
the origin of cohesive forces between particles [40,48,49].
However, full understanding of these properties requires
investigations and simulations at the atomic level. These last
tasks can only be achieved with the exact knowledge of the
atomic structure of the surface of C-S-H. Much work has
already been done but much more has to be done by
integrating results obtained from different investigation
techniques.
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