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The development of C-S-H (Calcium-Silicate-Hydrate) gels during cement hydration is often

investigated by nucleation and growth models which fit reasonably well with the calorimetric

measurements but predict hydration degrees which grossly exceed the experimental values. Here, a

computational model is presented which explicitly considers the intrinsic nanoparticulate nature of

C-S-H gel. Based on a nucleation and growth algorithm the model reproduces the experimental

calorimetric and hydration degree measurements without invoking to any diffusion mechanism.

The model also suggests that the peak in the calorimetric curves can be ascribed to the percolation

point of the hydrates themselves within the interstitial pore volume. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4838396]

Detailed knowledge of the underlying mechanism for

the hydration of cementitious materials is needed in order to

improve their manufacturing. During hydration, the cohesion

of cement-based materials1 is due to the precipitation of

Calcium Silicate Hydrates, the so called C-S-H gel, where in

cement notation C¼CaO, S¼ SiO2, and H¼H2O. The most

important phase in ordinary Portland cement is a tricalcium

silicate, either called alite or C3S.2,3 The hydration process

of C3S is studied using isothermal calorimetry.4,5 The overall

progress of hydration is divided into four stages as seen in

Figure 1. The first and the second stages correspond to the

initial and induction periods, respectively, where alite rap-

idly dissolves from cement grains and a period of low activ-

ity is followed. The stage III, called the acceleration period,

is related to nucleation and growth of the nanoparticles of

C-S-H gel in the space between cement grains. In the last

stage IV, in the deceleration period, the rate of hydration

decreases and is generally assumed to be controlled by diffu-

sion of these nanoparticles.6 Our topic is the modeling of

these third and fourth stages of alite hydration.

Several nucleation and growth models were recently

developed to explain the third and fourth stages of tricalcium

silicate hydration. The Avrami model7,8 considered that an

isothermal phase transformation occurs within a fixed vol-

ume by nucleation and growth. The nucleation is spatially

random, and the growth is linear in any direction. Each

region of transformed phase is thus spherical. With this

model, it is possible to reproduce the calorimetry curve

before the peak in the region III, but in the region IV after

the peak the rate given by the model deviates from the

experiment. As pointed by Thomas,9 the description of the

hydration rate of C3S was substantially improved by using a

modified form of the boundary nucleation and growth

(BNG) model developed by Cahn.10 In this case, the nuclei

aggregate on planar boundaries that are randomly distributed

within the pore volume between cement grains, which leads

to an improved fit to experiment after the peak. However, the

BNG model predicts a hydrated volume fraction at the peak

that is too high in comparison with experiments.11 This dif-

ference might result from the BNG model neglecting con-

finement in the pores. Then, several nucleation and growth

models were reviewed by Scherer,11 focusing especially on

those that describe growth confined within boundaries. They

are hereafter called confined boundary nucleation and

growth (CBNG) models. By taking into account the confine-

ment within the cement grains, the volume occupied by the

hydrates still overestimates the experimental observation.

This can be easily observed by comparing the degree of

hydration (a). It accounts for the amount of cement con-

sumed and, therefore, it is proportional to the hydrated vol-

ume fraction. The degree of hydration at the peak drops from

�0.5 in Avrami and BNG models to about �0.25 (Ref. 11)

when the growth is restricted to cylindrical pores. This last

value still differs considerably from the experimental value

of 0.071 6 0.007.12 The review concluded that the confine-

ment is insufficient to capture the essential features of the

process and that other factors must be invoked. This discrep-

ancy was rationalized in Ref. 11 as the consequence of a den-

dritic growth followed by in-filling, something similarly was

suggested by Bishnoi and Scrivener.13 These recent works

pointed to the presence of a certain texture in the hydrate and

casted some doubt on the real diffusive origin of the deceler-

ation period.9,11,13

Much recent work focuses on the nanoscale of C-S-H

gel and expands bottom up into larger scales. Numerous ex-

perimental14 and computational15 studies agree that C-S-H

nanotexture can be viewed as a mixture of tobermorite and

jennite structures in which these layered species show multi-

ple imperfections, but the nanoscopic short-ordering struc-

ture (1–5 nm) of C-S-H gel remains elusive.16 At larger

scales, C-S-H gel is adequately described as granular.
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Different experimental17,18 and computational works19 have

shown lately that there are 4–5 nm features in the structure of

C-S-H gel. These features are usually interpreted in colloidal

models20 as the basic building blocks of C-S-H. In essence,

these colloidal models suggest that the morphology of C-S-H

arises from the aggregation of these 4–5 nm sized particles,

giving rise to a colloidal type of gel.21,22 At larger scales,

nucleation and growth models have thus to take into account

implicitly the intrinsic nanoparticulate nature of the C-S-H.

In this work, we propose a computational model to

simulate the formation of C-S-H through a random sequen-

tial addition (RSA)23 of the nano-colloid C-S-H nuclei,

which grow hierarchically. The model captures the growth

of C-S-H and its evolving texture on an equal footing, and

accounts simultaneously for the calorimetric and hydration

degree results.

In essence, we develop a computational scheme for the

nucleation and growth of the 5 nm sized colloid C-S-H units

in the interstices between cement grains, as seen schemati-

cally in Fig. 2. For our purpose, the nucleation and growth

confined between boundaries is assumed to be insensitive to

details of the pore shape,11 and the pore space is approxi-

mated by a cubic box for simplicity. For the box size, a char-

acteristic length L� 50 nm was taken for the pore space.

This length results from consideration of the mean nearest-

neighbour distance23 between randomly positioned cement

particles with typical diameter of few microns and a packing

volume fraction around 0.5.24

The evolution of C-S-H texture is simulated by a process

which combines rate-dependent nucleation with a hierarchi-

cal growth mechanism. The nucleation is simulated by ran-

dom insertion of 5 nm sized C-S-H units in the simulation

box. These nuclei appear in time according to the relation

gðtÞ ¼ g0ð1� e�t=sÞ; (1)

where g(t) is the density of nuclei present inside the box at

simulation time t and g0 is the target final density of nuclei.

The value of s defines a characteristic time for the appear-

ance of nuclei inside the box. A hard sphere potential is used

to describe the interaction of the fresh C-S-H nuclei with the

already existing C-S-H particles, regardless of whether they

are grown particles or bare nuclei. During nucleation, the

new C-S-H units are randomly placed without overlapping

others, a filling that follows the non equilibrium physics of

RSA processes.25 On the other hand, the growth around each

nucleus is modeled by a hierarchical packing scheme,26,27

which gives textural details in agreement with the pictures of

C-S-H gel as drawn by Jennings’ models.20,28 Clusters grow

by forming successive layers of C-S-H units around previous

ones, starting from the C-S-H nuclei. Each cluster grows fol-

lowing an “Avramian growth,” in the sense that the radius of

each cluster grows linearly with time. Excluded volume con-

strains have been superimposed to the growth protocol.

Particles are randomly inserted in contact with at least one of

the earlier deposited layers, while avoiding overlap with the

rest. When a layer is formed around a randomly chosen

nuclei the simulation time step is increased by 1/g(t). This

time step is scaled according to the number of added C-S-H

nuclei so that all the growing C-S-H clusters have the same

opportunity to growth. Because we arbitrary set the growth

time step to one, the characteristic time s defines also the

rate between nucleation and growth processes. We alternate

these nucleation and growth processes until there is no space

left. Different structures and textures can be grown by chang-

ing the parameters g0 and s. This pair of parameters fully

specifies a configuration of C-S-H gel. Simulations are

repeated at least one hundred times to get meaningful statis-

tical averages.

A typical curve obtained from our simulations for the

rate of growth versus time is plotted in Fig. 3 (left panel).

The particular system shown in Fig. 3 corresponds to the one

with a density g0¼ 1.088� 10�3 seeds/nm3 and a character-

istic nucleation time s¼ 1. As can be seen the rate increases

up to a maximum, where it starts to fall slowly decelerating.

In all our simulation, we find that the peak corresponds to

the percolation of nanoparticles in the hydrate between

pores. Some snapshots taken during the simulation are also

presented in the right panel of Figure 3, corresponding to the

(a)–(f) points in the plot. The simulation starts with a certain

number of nuclei inside the simulation box following

FIG. 2. Scheme for pores space between cement grains. The shape of the

pores space is approximated by a cubic box in which the simulations are

performed.11

FIG. 1. Typical heat evolution curve for the hydration of tricalcium silicate.

Roman numbers indicate different stages. This work focuses on stages III

and IV.
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Eq. (1). Snapshot (a) shows the initial nucleation seeds.

After a time, the C-S-H nanoparticles start to grow around

the nucleation sites, as given in the (b) and (c) panels. The

formation of C-S-H continues until all the nanoparticles per-

colate in three dimensions. The percolated structure shown

in the (d) panel is coloured differently. This point corre-

sponds to the maximum in the hydration rate versus time

graph. Note that the percolation of the whole cement paste

including cement grains is known to occur much earlier, at

the initial setting point.24 The initial setting defines the start-

ing point of the acceleration period (Stage III) and is gener-

ally rationalized as the point at which a negligible amount of

hydration product is capable of linking the clinker particles,

leading to the formation of a continuum and elastic porous

skeleton. Our simulations reveal that there is a second perco-

lation process by which the hydrates themselves percolate

the volume of the mentioned continuous pore skeleton and

that this percolation process can be ascribed to the peak in

the rate of C-S-H formation. This result justifies the naming

of the peak in the calorimetry curve as the final setting.29

After the peak, the C-S-H clusters continue growing new

C-S-H particles on their surfaces and new C-S-H nuclei

might eventually appear (as shown in the (e) panel). This

nucleation and growth process continues until there is space

for no more C-S-H particle (snapshot shown in the (f) panel).

A comparison with the experiment is possible by

employing s and g0 as fitting parameters and rescaling the

theoretical predictions to the experimental ones. To compare

our model to the calorimetric measurements, the simulation

time and the rate of occupied volume dX(t)/dt have been

multiplied by appropriate scaling factors so as to make the

experimental and theoretical values coincide at the peak. A

detailed study about how these parameters can be used to fit

different cement systems is beyond the scope of this work,

and will be presented elsewhere. Here, we focus attention on

the hydration of tricalcium silicate and compare the results

of the simulation with the observed calorimetric curve.4

The best fit to experiments is for simulation parameters

g0¼ 4.0� 10�3 seeds/nm3 and s¼ 1, and is presented in

Figure 4. The calculated rate of heat versus time is denoted

by the small black dots and experiments by open-red marks.

Our simulations are in excellent agreement with the experi-

ments. The results of fitting Avrami and BNG models to

experiments are shown as dashed and solid lines, respec-

tively. As a measure of the degree to which models describe

the experimental data, Thomas9 defined the ratio tdev/tpeak,

where tdev is the time when the fit deviates from the data, and

tpeak is the time at the peak. For Avrami and BNG models,

the tdev/tpeak ratios are about 1.23 and 1.86, respectively,

whereas our model fits the experimental data in the whole

analysed range. This agreement suggests that our nucleation

and growth scheme captures the kinetics of C-S-H formation.

This finding supports previous works,9,11,13 which cast doubt

on the “diffusive” origin of the deceleration regime.

While accounting for the calorimetric profiles is a basic

requirement of the models, the real challenge lies on explain-

ing the low hydration degrees (a) found experimentally at

the calorimetry peak.12 Note that there is direct relationship

between X and a11

a ¼ X
qCSHRwcqc=qw

qc 1þ mw

mc

� �� qCSH

; (2)

FIG. 4. Rate of occupied volume versus time fitted to alite. Black dots

denote our simulations corresponding to alite with a density g0¼ 4.0� 10�3

seeds/nm3 and a nucleation characteristic time s¼ 1. The experimental calo-

rimetric curve9 for the hydration is the red line. Are also plotted in blue solid

and orange dashed lines results for the Avrami model8 and the BNG model,9

respectively.

FIG. 3. Typical curve for rate of growth versus time obtained from the simulations. The particular system shown corresponds to the one with

g0¼ 1.1� 10�3 nm�3 and s¼ 1. Black dots correspond to the (a)–(f) snapshots taken during the simulation. Nuclei are coloured as blue spheres. During

growth, the C-S-H formed by linking nanoparticles is coloured with pink spheres. When the percolation takes place (d) the percolated C-S-H skeleton is col-

oured in yellow. After percolation C-S-H continues growing. To illustrate this point, the new C-S-H particles that appear after percolation are coloured in pink.

(panels e and f).
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where Rwc (¼0.5 in this study) is the water/cement mass ra-

tio, mw/mc (�0.45) is the average water/cement mass ratio

of the hydration products, qc (3.15 g/cm3) is the density of

cement particles (alite in this study), qw (1 g/cm3) is the den-

sity of water, and qCSH stands for the average density of

C-S-H gel. It is worth noting that our model naturally

accounts for a progressive densification of C-S-H gel and the

average density of C-S-H is obtained from

qCSHðtÞ ¼ XðtÞqP þ ð1� XðtÞÞqw; (3)

where qP is the density of the dried colloid unit

(2.8 g/cm3).28 The presence of C–S–H with increasing den-

sity is not explicitly present in previous nucleation and

growth models, where the average density of C-S-H is usu-

ally fixed to a value of 2.0 g/cm3. Interestingly, this densifi-

cation process agrees well with the microstructural picture

drawn in Ref. 13 for the early hydration product formation.

In Fig. 5 are plotted the rate of occupied volume (dX/dt)

as a function of the volume transformed (X) for the models

(left panel). To facilitate comparison with experiment, the

rate is also shown in terms of the degree of hydration, a
(right panel). Fig. 5 shows that the values obtained at the

peak for the Avrami model are X� 0.5 and a� 0.44, corre-

sponding values for the BNG model are X� 0.4 and

a� 0.36. These grossly overestimate the experimental value

of a� 0.071,12 which is shown in the figure by a vertical

dashed line. For the sake of comparison Fig. 5 also shows

the predictions of a CBNG model employed in Ref. 11 for

fitting the chemical shrinkage data of Class H cement at

25 �C, Rwc¼ 0.35. As can be seen, the confinement allows a

drop in the values to X� 0.23 and a� 0.2, but they are still

far away from the experimental value. Finally, our simula-

tions predict that X¼ 0.1 6 0.06 and a� 0.075, values which

agree extremely well with the experiments.

We note that according to our simulations, the volume

transformed at the peak corresponds to the volume when the

pore space percolates. The low value obtained for this perco-

lation threshold (X¼ 0.1) is in good agreement with the ones

found using RSA models.23 The average density of the C-S-

H gel at the peak, qCSH(peak), is obtained from Eq. (3). Our

model predicts the average value qCSH(peak)¼ 1.2 g/cm3,

density which matches extremely well with the value

obtained by Bishnoi and Scrivener (1.19 g/cm3) when fitting

experiments on alite with lic model.30

While current model concurrently provides a satisfac-

tory explanation of the early C-S-H formation, the value of

the maximum occupation fraction for our model

(Xmax� 0.4) differs from the one found in mature cement

pastes, where C-S-H gel is known to reach values consistent

with random close packing (Xmax� 0.64). Several factors

could account for this difference. First, our model follows

RSA scheme where the C-S-H clusters grow frozen at their

initial positions. The so formed systems are not in an equilib-

rium state. Allowing the C-S-H clusters to move and explore

the sample configuration would free space at longer times

than in these simulations and allow further growth, so that

the value of the maximum volume fraction would increase.

It is worth noting that our simulations indicate that the char-

acteristic time required for the system to relax and reach

equilibrium should be much longer than the characteristic

times that govern the early stages of C-S-H growth, i.e., the

nucleation and growth characteristic times. Second, the

growth proposed in our model is isotropic in the sense that

the radius of each cluster (Rc) grows linearly with time.

Introducing anisotropy during growth would allow the maxi-

mum volume fraction to increase.31 The effects of anisotropy

can easily be included in the model by assigning preferential

growth directions to each C-S-H cluster; i.e., the sizes along

the preferential directions (Rk) and the sizes along the per-

pendicular ones (R?) grow at different rates. A preliminary

study has been carried out. The simulations confirm that a

slight anisotropy can increase the packing efficiency.

Finally, other effects such as creep and shrinkage should also

be taken into account. They rightly belong to processes that

take place over time scales much longer than these presented

here, and are beyond the scope of this work.

In summary, a nucleation and growth model has been

developed based on a spatially random but rate dependent se-

quential addition of (mono-sized) nano-colloid units which

grow hierarchically. The model has been applied to study the

early hydration of alite and has allowed us to include the tex-

ture at the nanoscale of C-S-H gel. By an appropriate elec-

tion of the simulation parameters (g0¼ 4.0� 10�3 seeds/nm3

and s¼ 1), the simulated rate of C-S-H growth matches

extremely well with the experimental calorimetric curve

of alite in the whole measured time interval. It should be

noted that although the model is not diffusive, the region

after the peak is modeled with great accuracy. Furthermore,

the value for the degree of hydration at the peak was found

to be about 0.075, in fairly good agreement with the experi-

mental value, 0.071.12 This low occupation fraction at the

peak, largely overestimated by previous models, has found

to correspond to the point where the growing C-S-H struc-

ture percolates the pore interstitial volume. At this point,

the value for the predicted mean density of the formed gel is

qCSH(peak)¼ 1.2 g/cm3, also consistent with Ref. 30.

Developed to describe the early growth stages, the model

does not capture the physics of the hydration process at lon-

ger times and its concurrent C-S-H densification. This will

surely require a detailed analysis of the relaxation processes

of the C-S-H colloids. It is clear that an in-depth work is

needed in such a direction.

FIG. 5. Rate of occupied volume fraction versus the hydrated volume X (left

panel) and the degree of hydration (right panel). Our simulations are given

with solid points. The values for the Avrami,8 BNG,9 and CBNG11 models

are also given with a solid, dashed, and dotted line, respectively. The experi-

mental degree of hydration at the peak (0.071) is shown by a vertical dashed

line.
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