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Abstract 
The interactions between calcium silicate hydrates and pore solution at the nanoscale are 
crucial in physical phenomena related to the thermo-hydro-mechanical behaviour of cement-
based materials. In this paper, these interactions are studied using grand canonical Monte 
Carlo simulations according to various temperatures and pressures. A nanocrystalline 
structure of calcium silicate hydrate (tobermorite) is considered. Micro-instabilities of snap-
through type are identified. The corresponding potential of mean force, accounting for the 
interactions of the solid layers in drained conditions, is provided, which leaves rooms to 
upscale the behaviour of calcium silicate hydrates to the mesoscale. 
 
1. Introduction 

 
Adsorption related phenomena is reported to be at the heart of important features of cement-
based materials behaviour such as drying shrinkage and hysteresis [1], creep [2], thermal 
expansion [3] and transmission of stresses between solid and liquids phases [4]. Adsorption 
takes place at the molecular scale and is recognized to be pressure and temperature dependent. 
The main product of cement hydration processes is calcium silicate hydrates, a microporous 
adsorbing material. Cement-based materials are generally subjected to variations of 
temperatures during their service life. Under temperature rise, fluid molecules are expected to 
desorb whereas the entire system is expected to show thermal expansion.  
 
Simulations at the molecular scale are well suited to investigate adsorption phenomena in 
details. These simulations allow assessing water structuration as a function of confinement 
and the presence of ions in microporous materials [5]. Such approach have been use to 
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evaluate the intermolecular forces between solids layers of calcium silicate hydrates in 
drained conditions [6, 7]. Even if a macroscopically a nanoporous material, as calcium silicate 
hydrates, is not under drained conditions, at the nanoscale, due to the exchange of fluids 
between interlayer pores and gel pores the former class of pores can be seen as in drained 
conditions with respect to the fluid reservoir in gel pores. Experimental evidence [8] showing 
instantaneous changes in water population in these pores under temperature change 
corroborates this assumption regarding the internal migration of water. In this context, the 
thermodynamic ensemble adapted to study adsorption phenomenon is the grand canonical 
ensemble for the fluid combined with canonical ensemble for the solid layers: the total 
volume 𝑉 and temperature 𝑇 are fixed (while the total pressure 𝑃 and entropy fluctuate), the 
chemical potential of the fluid 𝜇% is fixed (while the number of fluid molecules 𝑁% 
fluctuates) and the number of atoms in the solid as well as counterions are fixed. This 
ensemble minimises the mixed thermodynamic potential Λ(𝑉, 𝑇, 𝜇%). For a layered materials, 
the confinement pressure (in the direction orthogonal to the basal plane) 𝑃 = − -.

-/ 0,12
 can de 

defined in terms of Λ per unit area 𝜆 𝑑, 𝑇, 𝜇% ≡ Λ(𝑉, 𝑇, 𝜇%)/𝐴, where 𝑑 is the basal spacing. 
The energy profile for a system controlled by the volume is 𝜆 = 𝜆8 𝑑8, 𝑇, 𝜇% − 𝑃	𝑑(𝑑)/

/:
. 

The convex hull of 𝜆, resulting from the integration of 𝜆 over a Representative Volume 
Element (RVE) represents the energy associated with all stable states of stacks under 
displacement control. The corresponding energy profile for a system controlled by the 
confining pressure is the Legendre transform of 𝜆: 
 
𝜆∗ = 𝜆 + 𝑃	𝑑 = Λ∗(𝑃, 𝑇, 𝜇%)/𝐴  (2) 
 
This is what is called the free energy of swelling in clay science [5, 9]. This energy profile 
informs on the prevalence and stability of specific basal spacings. 
 
In this paper, the dependence of adsorption, disjoining pressure isotherms and free energy of 
swelling on temperature and pressure is investigated by means of grand canonical Monte 
Carlo molecular simulations (GCMC).  
 
 
2. Molecular simulation of crystalline calcium silicate hydrates  
 
Classical Monte Carlo simulations in grand canonical ensemble are run as a function of the 
confinement (i.e. for different centre-to-centre or basal distance with respect to solid layers) 
and temperature. Interactions between the species are described by CSHFF force field [10] 
and SPC water model. The chemical potential of SPC water as a function of the temperature 
is obtained by means of thermodynamic integration of Gibbs-Duhem equation. Calcium 
counterions are added to the interlayer space in order to ensure the electroneutrality of the 
system. For each temperature and basal spacing, a simulation is run with Towhee [11] 
package using configuration bias methods. Each simulation is run during 30 million Monte 
Carlo steps (10 million steps for equilibration and 20 million for sampling). The convergence 
criterion adopted is a stable energy system (with the standard deviation of the total energy 
below 0.02 % of the mean value). The atomic structure of calcium silicate hydrate is derived 
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from Hamid’s [12] structure of tobermorite 11 Å with molar Ca/Si ratio of 1:  
Ca6[Si6O18].2H2O. The cell parameters of the resulting monoclinic cell are a = 6.69 Å, b = 
7.39 Å, c = 22.77 Å and γ = 123.49° [12]. Figure 1 shows snapshots of configurations at 
equilibrium associated to three basal spacings. 
 

 
Figure 1: Snapshots of the (monoclinic) structure of Hamid’s 11 Å tobermorite with Ca/Si = 1 

and equilibrium configurations at three basal spacings d.  
 

 

Figure 2: At left, disjoining pressure isotherms as a function of basal spacing for three 
temperatures. The inset shows the details of oscillation corresponding to the first hydration 

states. At right, adsorption isotherms as a function of basal spacing for the same temperatures.  
 
 
4. Results and discussion 
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Figure 2 (left) shows the disjoining pressure isotherms according to the three temperatures. 
The disjoining pressure is the difference between the confining pressure and the fluid pressure 
Π = P − P@. The effects of the temperature, in the temperature range considered, is not very 
pronounced. The confining pressure isotherms at 300 K are in agreement with other pressure 
isotherms reported in the literature [6, 7]. For small basal spacings, it is possible to identify 
the quasi-dehydrated (some water molecules remains trapped in the calcium silicate pores 
even for small basal spacings), in which the confining pressure strongly increases with the 
decrease in d as a result of the steric repulsion between the solid layers, counterions and the 
remaining water molecules. The oscillations corresponds to the various possible hydration 
states nW with water structuring in discrete n layers up to the state of pore water ∞W. The 1W 
hydration state can be clearly distinguished, as can be seen in the inset of Fig. 2. The distance 
between the oscillations (taking, for example, the minimum values in the inset of Fig. 2 as 
reference) is circa 3 Å, which roughly corresponds to the Lennard-Jones diameter of the 
oxygen in SPC water model. The portions of the curve in which the pressure increases with 
the basal spacing are instable. Therefore, the system is subjected to micro- or snap-through 
instabilities [13], which are reported to be at the heart of important phenomena in nanoporous 
materials such as shrinkage and creep. Figure 2 (right) reports the adsorption isotherms for the 
three temperatures. Again, the effect of the temperature in the range considered is not very 
pronounced.  
 
Some key physical properties can be computed from the pressure isotherms. This information 
can be used to validate the output of the simulation [6]. Table 1 shows the out-of-plane elastic 
modulus 𝐸BB = −𝑑CD

-.
-/ /EF

, surface energy 𝛾H = − I
J

𝜆	𝑑(𝑑)K
/EF

 and cohesive pressure 

𝑃LMNCHOPC (i.e. the pressure needed to disjoin two solid layers, which corresponds to the 
minimum in the pressure isotherms) computed at different temperatures. The estimates are 
compared against results from experiments and simulations reported in the literature and a fair 
agreement is observed. 
 
Table 1: Physical properties computed from the confining pressure isotherms: validation 
against experimental and simulation results from the literature. 
 Out-of Plane elastic 

modulus, 𝑬𝒛𝒛 (GPa) 
Surface energy, 𝜸𝒔 

(J/m2) 
Cohesive pressure, 
𝑷𝒄𝒐𝒉𝒆𝒔𝒊𝒗𝒆 (GPa) 

This work: 
 
 

79.7 (290 K) 
77.7 (300 K) 
79.9 (310 K) 

1.07 (290 K) 
1.07 (300 K) 
1.05 (310 K) 

4.18 (290 K) 
4.16 (300 K) 
4.22 (310 K) 

Others 77.6 [6]; 61 [14] 
89 [15]; 68.4 [16] 

0.67 [6]; 1.15 [19] 
0.32-0.4 [17, 18] 

6.5 [6] 
5.0 [20] 

 
Figure 3 shows the free energy of swelling as a function of the basal spacing: according to the 
temperature (left) and control pressure (right). The effect of temperature, in the range 
considered, is minor. The control pressure affects the depth of the potential well, or the total 
surface energy. The energy barriers associated with hydrate state transitions can be measured 
directly on these energy profiles. The energy profile concerning the system at 300 K was 
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fitted using the of generalized Lennard-Jones potential: 𝑈O(𝑑) = 4𝜖 _
/

J`
− _

/

`
, with 

𝜎 = 21.81 Å, 𝜖	 = 	60.1×103 kJ/mol and 𝛼 = 7.01. This potential can be used to upscale 
calcium silicate hydrates behaviour at the mesoscale. 

 

Figure 3: Free energy of swelling as a function of the basal spacing: according to the 
temperature (left) and control pressure (right). At left, the energy profile at 300K is fitted 

using the generalized Lennard-Jones potential. 
 
4. Conclusion 

 
In this article, the intermolecular interactions between crystalline calcium silicate hydrates 
were reported. These interactions result from the interplay between steric repulsion, attractive 
forces and depletion forces or entropic solvation, which lead to an oscillatory (non-convex) 
energy profile susceptible to manifest (snap-through) micro-instabilities. Here, these 
interactions were presented in terms of disjoining pressure isotherms and free energy of 
swelling. The convexification of the energy profile leads to the mesoscopic energy profile of a 
stack of solid layers in drained conditions. These results leave room to a better understating of 
the nature of water confined in calcium silicate hydrates nanopores (i.e. interlayer and gel 
pores). The derived energy profiles can be used to compute the interparticle interactions at a 
mesoscale (gel scale).  
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