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Abstract. Mechanical behavior of concrete crucially depends on cement hydrates, the “glue” of cement. The

design of high performance and more environmentally friendly cements demands a deeper understanding of the

formation of the multiscale structure of cement hydrates, when they precipitate and densify. We investigate the

precipitation and setting of nano-grains of cement hydrates using a combination of Monte Carlo and Molecular

Dynamics numerical simulations and study their texture from nano up to the micron scale. We characterize the

texture of cement hydrates using the local volume fraction distribution, the pore size distribution, the scattering

intensity and the chord length distribution and we compare them with experiments. Our nano-granular model

provides cement structure with realistic texture and mechanics and can be further used to investigate degradation

mechanisms.

1 Introduction

Concrete is the most used manufactured material as it is

the cheapest and durable, and has outstanding mechani-

cal performances. Cement is the binder of concrete and

calcium-silicate-hydrates (C-S-H) is the main hydration

product of cement which acts as the glue of the material.

Understanding the formation of the multiscale structure of

C-S-H is important for controlling the macroscopic prop-

erties of cement upon chemical modifications.

When water is mixed with cement powder, cement be-

gins to dissolve. Upon saturation of the ionic solution,

C-S-H precipitates in the form of nano-grains. C-S-H is

a nonstoichiometric hydration product with calcium to sil-

icon (C/S) ratio ranging from 1 to 2.2 depending on the

composition of the cement powder [1]. The inner struc-

ture of C–S–H nano-grains is complex, resembling that of

Tobermorite minerals at low C/S and that of disordered

glasses at high C/S. Recent advances of atomistic model-

ing of C-S-H have revealed characteristic of the structure

and mechanical properties of the nano-grains [2]. More-

over they have provided a first description of the interac-

tion potentials between such grains. However cement is

a multiscale material and its macrocopic mechanical re-

sponse relies not only on the chemistry of the nano-grains

but also on the mesoscale structure that they form upon

aggregation.

�e-mail: hekate@mit.edu
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The setting, during which cement is transformed from

a liquid paste to a soft and finally hard solid, is intimately

connected to the hydration process, when C–S–H grains

precipitate [3]. The complicated evolution with time in-

dicates that C–S–H can have very different cohesion and

space filling properties, not only due to initially different

chemical composition but also due to the interplay be-

tween aggregation and arrested kinetics through the hy-

dration and setting process [4, 5].

Here, we present a recent model for C–S–H grains pre-

cipitation and aggregation that is based on the potentials of

mean field extracted at the atomistic scale and accounts for

the structure and the mechanical response of the material

all the way up to the micron scale. We characterize the

nano-granular structure in terms of local volume fractions,

pore size distribution, scattering intensity and chord length

distributions.

2 Methods

2.1 Nano-granular model for cement hydrates

A cement hydrate is described as a spherical nano-grain

of polydisperse size between 3.78 to 9.2 nm. These units

(grains) have been reported in Small Angle Neutron Scat-

tering (SANS) experiments [6, 7]. The nano-grains inter-

act with short range attractive potential, prototypical of ce-

ment hydrates [8]. Recently, a group of such interaction

potential for cement hydration has been investigated [5].
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Here, we investigate cement at late stages of cement hy-

dration when the effective interaction is purely attractive

and described with a generalized Lennard-Jones potential

V(r) = 6ε

[(
σ

r

)2γ
−
(
σ

r

)γ]
, (1)

where r is the inter-particle distance, ε is the well depth

between two particles with diameter σ and we have fixed

the exponent to γ = 12 [4].

The precipitation of nano-grains during cement hydra-

tion is modelled by a combination of Molecular Dynamics

with Grand Canonical Monte Carlo (GCMC) simulations.

GCMC accounts for the interplay between the chemistry,

in specific the free energy gain associated to the produc-

tion of one new cement hydrate, and the attractive inter-

actions between the nanograins. This mechanism drives

the aggregation of grains and densification of the system.

This non-equilibrium scheme can capture several features

of the kinetics of cement hydration [4, 9].

A GCMC cycle consists of NMC attempts of particle

insertion or deletion followed by NMD = 100 MD steps in

NVT ensemble. R = NMC/(NMD · L3 · δt) where L is the

length of the simulation box and δt = 0.0025
√

mσ2/ε,
is the rate of hydrate production and in this work was

R = 25 · 10−9δt−1nm−3. Simulations with higher values of

R bring the system further out of equilibrium [4].Time was

measured by MD unit time
√

mσ2/ε, the reduced temper-

ature was T = 0.15 and the chemical potential μ = −1 in

Lennard-Jones units. The chemical potential is chosen to

promote densification [5]. The simulations have been per-

formed in box size 585.54 nm with particles up to 610000.

Averages have been performed over at least 3 indepen-

dently generated samples and for the error bars of the re-

sults shown we used the standard deviation of the sample-

to-sample fluctuations. The error bars are equal to the

symbol size.

2.2 Characterization of the texture

The mesoscale structure obtained from the precipitation

simulations is characterized using local volume fractions,

the pore size distribution, scattering intensity and the

chord length distribution.

The local volume fraction ηlocal is the volume occupied

in the neighborhood of one cement hydrate and is com-

puted in a spherical region of radius 35 nm around each

spherical grain. The radius of a grain is defined by the

equilibrium distance of two grains ri =
12
√
2σi from Eq.1.

The pore size distribution is computed using the tech-

nique of Ref. [10] by the insertion of a probe sphere in a

point k of the pore. The size of the pore at point k is the

diameter R of the largest sphere that contains k and does

not overlap with the solid grains. We construct a finite grid

and compute the diameter of the largest sphere at each grid

point. The pore size distribution is evaluated via the cumu-

lative histogram of the probability that a point in the pore

volume belongs in a sphere with diameter R greater than

or equal of a pore width s.

The small angle scattering intensity I(q) was computed

from a digitized 3D image of the structure with a voxel size

of 0.571 nm, much smaller than the minimum particle di-

ameter 3.78 nm and well below the box size L = 585.54
nm. The two point fluctuation autocorrelation function

η2(r) was first evaluated and then I(q) is given by

I(q) = −2π(Δρ)2

q
d(Re(η̃2(q))

dq
(2)

where q is the wave vector, Δρ is the scattering length den-

sity contrast and η̃2(q), the 1D Fourier transform of η2(r)
[11].

The pore chord length distribution is obtained by prop-

agating lines with random direction from random origin

points in order to accumulate the histogram of the lengths

in the pore [12]. Chord length distributions are sensitive

to the surface roughness and have been proven effective in

characterising porous media [13].

3 Results

The out-of-equilibrium aggregation of the nano-grains re-

sults in heterogeneous morphology of the solid at the

mesoscale. Capillary pores separate the strands of the

dense network of polydisperse cement hydrates. Here,

we characterise the structure of the solid and the pore of

a nano-granular C-S-H configuration at hardened cement

paste.

The total volume fraction η of the system represents

the fraction of the simulation box volume filled by spher-

ical nano-grains. Figure 1 shows the local volume frac-

tion distribution ηlocal of cement hydrates of a configura-

tion with η = 0.52. The distribution displays a distorted

Gaussian shape with maximum value at ηlocal = 0.68. This
maxima can be used to estimate the volume fraction of

the capillary pores as η/ηmax. This is in agreement with

X-ray tomographic experiments [14]. According to Pow-

ers and Brownyard model [15] that links the volume of

the capillary pores to the initial water (w/c) to cement ra-

tio our configuration corresponds to a cement paste with

w/c � 0.45.
Figure 2 shows the distribution of the pore sizes in the

same cement configuration. There are nanopores of 0-3

nm, called gel pores in the cement literature, and meso-

pores of 3-30 nm, called capillary pores. The abundant

amount of nanopores is the result of the local packing

of grains. The larger pores have a broad distribution in

sizes and result from the out-of-equilibrium aggregation

of the nano-grains. The mesopores form a connected net-

work which is crucial for the transport properties in ce-

ment. The pore size distribution of our configuration has

all the characteristic reported by experiments of N2 ad-

sorption/desorption and NMR [1, 15–17].

SANS is a commonly used experimental technique to

characterize the texture of hardened cement pastes [7, 18–

20]. Figure 3 shows the SANS data from [21] compared

with the scattering intensity computed for our configura-

tion. The two curves have a good agreement especially

for most of the range of q values. The plateau at low
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Figure 1: Local volume fraction distribution of hardened

cement paste of total volume fraction η = 0.52.
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Figure 2: Pore size distribution of cement configurations

of total volume fraction η = 0.52.

wave vector q, where the simulation data are restricted

by the system size, is associated to a correlation length

of about π/q = 40 nm, ten times smaller than the box

size (585.54 nm). The shift in the intensity axis arises

from the fact that we compare simulation data of pure C-

S-H with experimental data of Ordinary Portland Cement

(OPC) where other hydration products such as ettringite,

portlandite etc. are present. At large q values we find a

dependence I(q) ∼ q−4 typical of a Porod regime [22] in-

dicating that the nano-grain surfaces have a sub-nano met-

ric roughness [23]. At smaller q, I(q) follows q−3 depen-

dence for more than one order of magnitude in length as

reported and discussed in the literature [6, 20, 24]. The

low q regime indicates long range spatial correlations and

heterogeneities over lengths of 3 − 40 nm pointing on the

crucial role of the mesopores at the same length range.

The mesoscale structure of cement hydrates was fur-

ther characterized by chord lengths that are sensitive to

surface roughness. The comparison of the pore chord

length distribution for our sample with that obtained from

SEM images of a neat OPC paste in [13] is shown in Fig.

4). The pixel dimension in the experiments is assumed to

be of � 0.56 nm. The comparison shows good agreement
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Figure 3: Scattering intensity computed from configura-

tions of total volume fraction η = 0.52 (Sim), compared

with SANS data from [21]. The Porod regime q−4 and q−3
dependence are depicted by dashed lines.

until lengths of few tenths of nm and the limitation of the

simulation system size.
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Figure 4: Pore chord length distribution of configurations

of total volume fraction η = 0.52 compared with the pore

chord length distribution computed from SEM images of

Ref. [13].

4 Conclusions

In this work, we present a nanogranular model for pre-

cipitation of cement hydrates that is able to capture the

complex structure of solid and pore of hardened cement

paste. Cement hydrates precipitate, aggregate and den-

sify to form a solid network of a continuous distribu-

tion of packing fractions with a connected mesopore net-

work. An extensive comparison of our simulated structure

with experiments reveals the crucial role of structural het-

erogeneities that arises during precipitation of the nano-

grains.

Moreover, variations of the local density in hardened

cement pastes have been reported in nanoindentation ex-

periments [25] with most of the experiments reporting val-

ues > 0.55 for local packing as nanoindentation cannot de-

tect the softer areas. Here we find that areas of even lower
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packing fraction coexist with the denser ones. However

in agreement with nanoindentation experiments the perco-

lated dense areas carry the mechanical load [26].

Finally we note that our model is also able to repro-

duce the mechanical response of cement as reported by

nanoindentation experiments [26]. The realistic descrip-

tion of both structure and mechanics of cement hydrates

in our nano-granular model provides a model for investi-

gating degradation mechanisms in cement such as fracture,

creep, freeze-thawing etc.
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