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Abstract. Calcium-silicate hydrate (C-S—H) is the main binding agent
in cement and concrete. It forms at the beginning of cement hydration,
it progressively densifies as cement hardens and is ultimately respon-
sible of concrete performances. This hydration product is a cohesive
nano-scale gel, whose structure and mechanics are still poorly under-
stood, in spite of its practical importance. Here we review some of the
open questions for this fascinating material and a statistical physics
approach recently developed, which allows us to investigate the gel
formation under the out-of-equilibrium conditions typical of cement
hydration and the role of the nano-scale structure in C—S—H mechanics
upon hardening. Our approach unveils how some distinctive features of
the kinetics of cement hydration can be related to changes in the mor-
phology of the gels and elucidates the role of nano-scale mechanical
heterogeneities in the hardened C-S-H.

1 Introduction

Cement dissolves in contact with water and a number of different hydration products
precipitate from the ionic pore solution. In particular, the development of an inorganic
cohesive hydrogel, the calcium-sylicate-hydrate (C—S—H), is at the core of cement main
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Fig. 1. Bright-field TEM images of C—S—H gels. Left: two standard textures of the gel:
low-density and fibrous on the left side, high-density, more isotropic on the right side. Right:
blown-up TEM image of high-density C—S—H showing thin crystalline platelets surrounding
nanopores.

function as the binding agent in concrete for buildings and infrastructures. Strength
and several aspects of concrete mechanics depend on the nano-scale features of this
complex and still quite mysterious gel [1]. Moreover, the COy associated to cement
production, mainly due to burning limestone and various minerals in high temperature
kilns, amounts to 5-8% of the global human COs production, because of the huge
volume used. Hence, not only improving and designing the material performances,
but also reducing its environmental footprint challenge the current understanding of
the fundamental physico-chemical mechanisms involved in the development of C-S—-H
morphology and mechanics [2,3].

The C-S—H gel progressively assembles and densifies during cement hydration,
glueing together the final solid product [4-7]. In the early stages of the hydration,
the gel rapidly fills the pore space, growing over a few hundreds of nanometers.
Experimental observations, mainly performed after setting, reveal a disordered and
heterogeneous texture. Figure 1 shows TEM images of C—S—H gels obtained during
hydration of tricalcium silicate — C3S (the main source of C-S-H in Portland cement
and often used as a model system for cement hydration). The left image displays
the coexistence of high- and low-density gels along a sharp interface. This boundary
marks the outline of a resorbed C3S grain (on the right side) which reacted to, and
was mostly replaced inside by, nanoporous high-density C-S-H (HD-C-S-H). Excess
C3S solute exported across the boundary insured supersaturation of the surrounding
aqueous solution with respect to C—S—H so that low-density, fibrous, C-S-H (LD-
C-S-H) crystallized in the free space of solution outside this boundary. A highly
porous nanotexture of the pseudomorphic HD C-S-H is shown in the image on the
right, where C—S—H platelets, a few tens of nanometers in width and a few nanometers
thick, are connected mainly edgewise around pores. One has to recognise that external
conditions during hydration may significantly affect C—S—-H growth and morphology.
Nevertheless, the layered or fibrillar texture in the amorphous C-S—H gel as well
as the presence of structural units (platelets) with a typical size of the order of 10
nm are quite robust features. They are supported by neutron scattering and AFM
experiments [5,8-10]. The typical size 1-30nm of the colloidal nano-scale C-S-H
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Fig. 2. Left: schematics of the time dependence of the heat flow during hydration, typically
obtained in calorimetry measurements. Right: schematics of the shear stiffness as a function
of time in a cement paste during hydration and setting.

platelets and an internal layered structure [4,5,8,10-12] gives a good indication of
the typical size of locally compact calcium-silicate layers [1].

The chemical and physical environment changes as the hydration proceeds and
provides quite unique out-of-equilibrium conditions for the gel growth: the heat flow
associated to C—S—H formation and measured via calorimetry has a non-monotonic
dependence on time, with a hallmark peak separating an acceleration and a deceler-
ation regime in the hydration kinetics [11,13]. Several indirect observations suggest
that such features must be related to changes in the gel morphology (and mechanics),
but a coherent microscopic picture is still missing. Figures 2 shows the schematics of
the time dependence of the heat flow measured via calorimetry during cement
hydration (left) and of the shear stiffness during cement hydration and setting (right),
which has been measured via rheology or ultrasound spectroscopy [14,15]: the transi-
tion from the accelerated to the decelerating kinetics roughly coincides with the final
dramatic increase of the shear stiffness that leads to the cement setting.

The early-stages of the hydration, when the gel is still relatively soft, are particu-
larly important because they offer a unique possibility to control/modify the material
properties at the nanometer scale or at the level of the basic chemical components,
which is far from trivial in a material of such complexity. Nevertheless, how changing
chemical components and/or modifying the hydration conditions affect the devel-
opment of the C—S-H gels is far from being well understood. This is becoming a
compelling question to be addressed, since the forefront of research in cement is in
more sustainable chemical modifications that would allow to reduce the CO5 foot-
print of the material. Recent nano-scale experiments support the general understand-
ing that the meso-scale structure of C—S—H impacts macro-scale properties [16,17].
Hence identifying the physico-chemical origin of such properties of C—S—H could lead
to a real breakthrough into how to design new green formulations of cement without
sacrificing the mechanical performance.

The range of length-scales from several tens to hundreds of nanometers, typical of
soft matter systems, is particularly crucial for C-S—H. The structural heterogeneity
and lack of long-range order that arise over these length-scales have clearly a role in
its mechanical response [17]. This range of length-scales has been hardly addressed by
modeling and computational studies that, so far, have been mostly focused on sub-
nanometer scales or, to the other end, on the micron-scale structure of the C-S—H
phase [18-20]. In this paper, we give a brief overview of recent results obtained specif-
ically for this range of length scales via statistical mechanics models and numerical
simulations. We discuss new ideas for investigating the formation of the gel under



2288 The European Physical Journal Special Topics

out-of-equilibrium conditions of the type associated to cement hydration and for un-
raveling the nano-scale origin of the mechanical properties of C—S—H in the hardened
paste. The results obtained demonstrate that novel, significant insight into the ma-
terial properties can be gained, opening the way towards obtaining a quantitative,
physically grounded microscopic picture of cement.

The paper is organized as follows. In Sect. 2, we review the approach recently
proposed for investigating the hydration kinetics and the formation of C-S-H gels
during the early ages of cement hydration [31]. We use the results of the numeri-
cal simulations to gain new understanding of the possible connections between the
changes in the gel morphology and the different stages of the hydration process. A
direct connection with experimental observations is attempted and the relevance to
different qualitative scenarios suggested in the literature is discussed. In Sect. 3, we
focus on the later stages of cement hydration, where C—S—H gels are highly dense and
cohesive. Through numerical simulations of a polydisperse colloidal model, we show
that the indentation modulus of C—S-H measured in experiments can be understood
in terms of significant nano-scale mechanical heterogeneities.

2 Hydration kinetics and gel morphology

A few aspects of the growth of C—S—H gels during cement hydration can be rationalised
in terms of irreversible aggregation models [21], in particular along the line of DLA or
DLCA of the colloidal units [5,22,23]. Nevertheless, there is little evidence of a fractal
aggregation nor the final gel morphology can be easily related to this type of process
[24,25]. Moreover, a fractal type of growth cannot be immediately related to the
features of the hydration kinetics shown in Fig. 2 (left). A growth mechanism based
on sheets or ribbons of crystalline C—S—H that would branch because of the defects
produced during precipitation, has been proposed as an alternative to the fractal
aggregation of nanoparticles [26,27]. Although the idea has never been translated
into an analytical or computational approach to quantitatively test it, it does capture
many features of the final gel morphology (as shown for example in SEM images
[25] or indicated by NMR studies [28]), in addition to being consistent with the
hydration kinetics: the acceleration can be related to the nucleation and growth of the
elongated structures (that are crystalline or semicrystalline), whose steric interactions,
impingement or branching would eventually determine the deceleration regime and
the final mesoscale amorphous organization of the gel [29,30].

We have recently proposed a new approach where, without imposing a specific
growth mechanism for the gel, the aggregation of the C-S—H hydrates and their
assembly into a gel naturally emerge from the thermodynamics of the hydrates in
solution and the out-of-equilibrium condition imposed by the chemical environment
typical of cement hydration [31]. We focused on a small volume contained in a capillary
pore of the wet paste (as suggested, for example, in [32,33]) and approximated it
to an open system of interacting colloidal particles. The colloidal particles in the
model can be thought of as the C-S—H colloidal units or simply as coarse-grained
elements in our description of the material. In a first approximation, we consider
such particles to be spherical and monodisperse in size. Size polydispersity and shape
anisotropy are certainly important in a material like C—-S—H and will be included in
the model in future work. Because of the gelation and of the strong cohesion that
C—S—H develops, it is clear that the net particle interactions must be attractive. Strong
non-contact attractive forces, more than one order of magnitude stronger than Van
der Waals interactions, are expected indeed in the presence of high surface charges and
of divalent counter-ions Ca?* in the pore solution [1,34-37]. Experiments, simulations
and theory also indicate that a narrow and deep attractive interaction well can be
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Fig. 3. A snapshot of the gel obtained in the simulations of our model for the formation of
C—S-H gels during cement hydration (the data are from Ref. [31]).

accompanied by a medium range repulsive shoulder [35,38-41], whose strength is
mainly determined by the lime concentration [10], which in general changes with
time during cement hydration, hence changing the effective interparticle potential
over time. Using the experimental measurements of Ref. [38] as guideline, we have
included this information in the interaction potential between the colloidal particles in
Molecular Dynamics (MD) simulations of our model hydrate suspension and studied
different cases corresponding to different lime concentrations (and hence different
stages of the hydration process), as discussed in detail in Ref. [31].

The assembly of C—S—H gels during cement hydration is quite different from most
gelation processes investigated in other soft matter systems because of the under-
lying hydration kinetics that produces the material as gelation proceeds. We have
included these specific out-of-equilibrium conditions for gelation by coupling the MD
simulations with a Grand-canonical Monte Carlo scheme (GCMC) that mimics the
precipitation of C-S—H, with the chemical potential representing the free energy gain
corresponding to the formation of the C—S—H hydrates (i.e., its value sets the equi-
librium density of C—S—H that can be reached in the pore). The number of GCMC
attempts Ny ¢ over the number of MD steps Njsp defines the rate R = Ny¢ /Ny p,
i.e., the rate of producing hydrates which is determined by the chemical environ-
ment. By varying R, we can investigate how the gelation process may change due to
a fast/slow precipitation of C-S—H. A full account and details of the simulations can
be found in Ref. [31]. Here, we would like to focus on a few specific results and on
the new insight that they allowed us to gain.

Figure 3 shows a snapshot of the gel formed in the simulations just described:
one can recognize that the mesoscale organization of the gel is disordered and char-
acterized by large pores, in spite of the fact that, more locally, particles can be quite
densely packed, with a certain degree of local order and anisotropy. This type of gel
structure is quite common when short range attractive interactions compete with a
medium range repulsion and results from the interplay between the thermodynamics
that tend to favor large and anisotropic self-assembled structures such as fibrils and
lamellae and the emergence of gelation [42,43]. This combination of a certain degree
of local order and anisotropy with long range disorder is consistent with several obser-
vations in C—S—H gels [25,28,44]. Varying the rate R in the simulations proves that
varying the chemical environment changes the out-of-equilibrium conditions under
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Fig. 4. The rate of hydration, computed as ¢(t) in the simulations of the model described
in Sect. 2, plotted as a function of time for different precipitation rates R (the data are from
Ref. [31]). The data display a peak separating the accelerating and the decelerating regimes
of the hydration kinetics, similar to the hallmark of cement hydration.

which the C—S—H gel develops and may significantly affect the development of the
gel morphology. The fraction ¢(t) of the volume of the simulation box that is pro-
gressively occupied by C-S—H can be related to the degree of hydration and the rate
at which it changes, é(t), to the hydration rate measured in calorimetry experiments
(Fig. 2, left). In Fig. 4, we plot ¢(t) as a function of the MD time: the non-monotonic
behavior is strongly reminiscent of the one typical of cement hydration, with the peak
allowing us to clearly identify the accelerating and decelerating regimes of the kinet-
ics. The time evolution of the ¢(¢) obtained from the same simulations is plotted in
Fig. 5, displaying indeed the same type of sigmoidal curve typically obtained for the
degree of the hydration in experiments [10]. We attempt a comparison with the exper-
imental measurements performed on macroscopic samples, by considering that each
Monte Carlo cycle, performed over the duration of the MD simulation time window,
does not correspond to an instantaneous process but indeed to the finite time lapse
75 needed to produce a certain amount of hydrates. Hence an increment in real time
of the experiments dt, should be compared with an increment (dts/7s)7p in the sim-
ulation time (width 79 the MD unit time). The time lapse 75 is expected to increase
as dissolution and hydration proceed, because the increasing density of ions p; in the
pore solution that leads to the increasing amount of hydrates will tend to slow down
ion diffusion and hydrate formation. If, for small enough time increments, we assume
that 74 < p; and that p; increases linearly with ¢4, we obtain that dt, ~ (dts/ts)7o and
that the elapsed real time ¢, should be compared with the logarithm of the simulation
time lapse t,, < Ints. We have used this argument to rescale the real time in compar-
ing the experimental data to the simulation results in Fig. 5, where the black symbols
have been obtained from Ref. [10], confirming the agreement between simulations
and experiments. This comparison is obviously meant to be qualitative, because the
experimental data refer to macroscopic samples of C3S, whereas the numerical data
refer to C—S—H gel in the range of few hundreds of nanometers. Interestingly enough,
once we fix the rescaling factors (i.e., we fix the amount of hydrates in the simulations
corresponding to the degree of hydration at time 0 in the experiments) for a fixed
lime concentration, we can change the lime concentration (i.e. the parameters used
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Fig. 5. Evolution of volume fraction ¢ for one of the models described in Sect. 2 over the
simulation time, for different precipitation rates R (the data are from Ref. [31]). The black
dots are data from experimental measurements of the degree of hydration in Ref. [38] as
explained in the text.

in the interaction potential) and recover the same variation of the hydration curve
which is displayed by the experimental data [31], i.e., we recover the agreement with
the experiments performed in the new conditions. This finding, together with the fact
that the changes in the gel morphology detected upon changing the lime concentra-
tion in the simulations are consistent with the ones reported in the experiments of
Ref. [10], support the idea that our model and approach capture a few fundamental
physical mechanisms in the formation of C—-S—H gels.

Starting from these encouraging results, we gain some new insight by analyz-
ing the local packing and the gel self-assembly at different stage of the hydration
process. At the very early stages, corresponding to a high lime concentration, the
acceleration regime of the hydration kinetics can be directly related, in our model, to
reaching the optimal local packing that allows for large fibrillar aggregates to grow.
This part of the kinetic is clearly controlled by thermodynamics (i.e., it changes qual-
itatively upon changing the interaction potential and is pretty insensitive to the rate
R) whereas the deceleration is controlled by the precipitation rate R: the more chem-
istry favors hydrate precipitation, the faster the densification and the more dramatic
the deceleration. A detailed analysis of the gel morphology shows that, due to the
effective interactions between hydrates, the growth of the gel happens via the growth
of elongated aggregates that are locally crystalline or semi-crystalline and branch
(or impinge) as precipitation proceeds. Such emerging picture is consistent with the
model proposed in [26], in spite of the fact that our model is based on colloidal units,
reconciling two different views of the material that have been traditionally considered
incompatible with each other. Finally, we find evidence that the change in the inter-
action potential due to the evolving chemical environment during hydration might be
key for the further densification of the material, in spite of the decelerating kinetics,
by thermodynamically favoring local packing with higher coordination and density.
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Fig. 6. Indentation moduli vs packing fraction (the data are from Ref. [46]). The data show
the comparison between the numerical simulations of the model described in Sect. 3 and
nano-indentation experiments [18].

3 Mechanical heterogeneities in the hardened paste

By the end of the hydration process, a dense cohesive C-S-H gel is formed.
Nanoindentation has been used to measure the mechanical properties of C-S-H at
the sub-micron scale [16]. The experiments consisted of probing the sample surface at
different locations, with a needle of diameter ~ 100 nm, in a hardened white cement
paste. The indentation modulus M and the hardness H are measured directly for
each location. By means of a self consistent analysis to associate the measured values
of the indentation modulus M to the packing fraction ¢y of a random assembly of
spherical nano-scale grains, the experiments indicate that, within the same sample of
C—S—H, such packing fraction varies significantly with location. Moreover, ¢g ranges
between 0.5 and 1, with values clustering between 0.6 and 0.8. M increases linearly
with ¢g, as shown in Fig. 6, and extrapolates to zero at ¢g ~ 0.5.

In order to rationalize these experimental observations, we have considered that,
in the hardened paste, the dense C—S—H gel can be well represented by a disordered
assembly of colloidal hydrates. We produce disordered sub-micrometer structures us-
ing a Monte Carlo space filling algorithm that minimizes the interaction energy [45],
where for the effective interactions between the colloidal particles we use a simple
well potential as discussed in detail in Refs. [46]. The internal, sub-nanometric struc-
ture of C—S—H hydrates is known to be anisotropic, as it is characterized by silicate
chains and calcium oxide layers with water layers in the interlaminar spaces between
them [47-49]. For the moment, and for sake of simplicity, we assume that anisotropy
is lost, on average, over distances of few nanometers, due to random orientation of the
layers and spherical colloidal units are again a good approximation, leaving the shape
anisotropy for future work. We consider that the hydrates get strongly bonded in the
gel through the calcium-silicate layers and therefore the interaction strength must
depend, among other factors, on the contact area between pairs of particles, viz. the
size of the interface between them. We account for this by considering polydisperse
particle size and a size dependent interaction strength. We have characterized the
elastic properties of the model C—S—H structures in terms of the tensor of elasticity,
computed keeping fixed the simulation box after equilibration to zero stress, and us-
ing the stress fluctuation method[50]. Increasing the degree of polydispersity leads to
higher stiffnesses, due the higher packing fractions and different stress distribution
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Fig. 7. Snapshots from simulations for C—S—H gel microstructures corresponding to different
volume fractions, obtained with different size polydispersity. The color code indicates the
particle size that in the model is indicative of the strength of cohesion.

attained. For an isotropic material, we can use the Voigt formulas to compute the
bulk (K) and shear (G) moduli from the components of [C] and obtain the indenta-
tion modulus M [16,51] M = 4G 3311((:4%. The results of numerical simulations from
Ref. [46] are shown in Fig. 6: a good quantitative agreement with the experiments
can be obtained only by considering a sufficiently high degree of polydispersity (up
to 50%). Because of the assumptions made in our model, this finding indicates that
the different values of the indentation modulus detected in the experiments should
be related to a high degree of mechanical heterogeneities in the material. The higher
local densities that lead to a higher modulus (as to be expected) are reached only
thanks to the presence of a wide distribution of local densities and local mechanical
strengths. As a result, the emerging picture is that in the hardened paste C-S—H must
be characterized by the coexistence of relatively soft domains within stiffer regions
and that such heterogeneities do affect the mechanical response of the material up to
the sub-micrometric domains tested by nanoindentation.

In Fig. 7 we show two snapshots from the simulations, where the shade of grey
allows us to distinguish the softer and stiffer domains. The findings obtained through
this simple statistical physics approach have important consequences: the informa-
tion on mechanical nano-scale heterogeneities whose effects extends nearly up to the
micrometer scale are crucial for cement constitutive models and could be included
in models aimed at elucidating the mechanical response detected at the micrometer
scale [52]. The numerical simulations briefly reviewed here allowed us also to eluci-
date how the soft domains are significantly more liable to local rearrangements, while
the strongly cohesive large particles constitute the high stiffness backbone of the
microstructure [46]. Hence the size polydispersity or the mechanical heterogeneities
apparently control the arising of irreversible structural rearrangements under defor-
mation, which are good candidates as nano-scale mechanisms underlying mechanical
aging and slow structural relaxation in the C—S—H gels. Nevertheless, we find that
large particles behave as inclusions that hardly move and that need to be “excluded”
by the rearrangement of the rest of the system in order for yielding to occur, suggesting
that a high degree of size polydispersity or of mechanical heterogeneity may also even-
tually result in a broader elastic regime in the mechanical response of the material.
Local densities, stiffness and size of the harder/softer domains could in principle be
tuned via the chemical environment and the kinetics during the hydration process.
The results just discussed therefore suggest a possible path to eventually change or
even design the mechanics of the material.
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4 Conclusions

In spite of its practical relevance to the material properties of concrete, the most used
building material, the formation of calcium-silicate-hydrate gels during cement hydra-
tion is still poorly understood. The underlying physics entails considerable complexity
and possibly shares several intriguing aspects with other soft materials in presence of
thermodynamic gradients or out-of-equilibrium processing conditions. Here, we have
briefly reviewed a few open questions that are related to technological developments
and environmental sustainability. They all point to the necessity of deeper under-
standing of the fundamental physical mechanisms controlling the formation and the
mechanics of the nano-scale C—S—H gel. We have given an overview of a few recent
results obtained via statistical physics numerical simulations and new soft matter
approaches for this problem. Using particle based statistical physics coarse-grained
models, we were able to investigate the coupling between the gel morphology and the
kinetics of the hydration process in the early stages of cement hydration and the role
of mechanical heterogeneities in the hardened cement paste. The findings discussed
here demonstrates how significant new insight can be obtained over lengthscales and
phenomena that are observed in experiments and can be important for the techno-
logically and environmentally relevant questions. These studies open the way to a
new quantitative understanding of the physico-chemical complexity of this important
material.
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