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Abstract: This work aims to highlight the importance of computational 
bottom-up approaches to describe the nanostructure of cementitious C-S-
H gels. To this end two different ongoing studies will be presented. Firstly, 
the dependence of the mechanical properties upon the length of the 
silicate chains will be discussed with help of force -field calculations. 
Secondly, the underlying growth mechanisms which govern the formation 
of C-S-H nanoparticles will be studied by means of ab-initio and Molecular 
Dynamic calculations.  
 
 
Introduction 
 
The C-S-H (Calcium silicate hydrate) gel is definitely the most important 
hydration product of cement based materials. It constitutes about 60-70% 
of the fully hydrated cement paste, and is responsible for most of the 
properties of cement-based materials. From a compositional point of view, 
the C-S-H gel is often characterised by its Ca/Si ratio, which turns to be in 
the range that goes from 0.7 to 2.3. This variable composition explains 
why, though intensively characterised by techniques like SEM, TEM, 
NMR, etc [1], many features of the nanostructure of C-S-H gel remain 
unravelled.  
 
Much of the existing knowledge on the nanostructure of C-S-H gel has 
been gained from structural comparisons with crystalline calcium silicate 
hydrates.  In fact, several models have been proposed so far [1, 3-6] that 
draw structural analogies with tobermorite and jennite crystals.  From 
these models, C-S-H gel can be approximately viewed as a layered 
structure, in which calcium oxide sheets are ribbed on either side with 



 

silicate chains, and free calcium ions and water molecules are present in 
the interlayer space.  
 
This vision based on layered crystal-like structures has served as the 
starting point for the few existing computational works which deal with the 
C-S-H gel [7 -13]. However, the experimental evidence shows that if the 
structure of the C-S-H gel is actually composed of C-S-H crystals, these 
ones should have multiple defects and imperfections. For instance, 29Si 
NMR experiments find only finite silicate chain lengths [4,22]. These 
chains follow the rule m=3n-1, where m is the number of Si atoms and n 
an integer. Although longer chains can exist, it is well established that 
dimers (m=2) and pentamers (m=5) are the most relevant ones [23].  
 
Thus, it is clear that complementarily to the numerical approaches that 
resort on comparisons with perfect tobermorite and jennite species, a new 
one based on small and distorted pieces of them is strongly required.  
   
This works aims precisely to illustrate two ongoing studies where this new 
viewpoint (what we call “bottom-up” approac h) has found to be crucial. 
First, we discuss the consequences of the finite length of the chains that 
make up the C-S-H gel on the mechanical properties of cementitious C-S-
H gels. Second, we go further, and we explore the growth mechanisms 
that lead to the formation of mentioned tobermorite and jennite pieces.  
 
 
 
1. Mechanical properties of short tobermorite and jennite pieces 
 
To the best of our knowledge, only a couple of computational works have 
dealt with the mechanical properties of cementitious C-S-H gels. The first 
one centred its attention into tobermorite-like crystals, and by employing a 
potential minimisation calculations predicted a Bulk modulus of 71.8 GPa 
[1].  The second one used first-principles calculations for  describing  
foshagite crystals [Ca4Si3O9(OH)2] and predicted an average Young’s 
modulus of 110 GPa [3].  
 
Although comparable Young’s moduli to those obtained theoretically are 
obtained by nanoindentation experiments for synthetic C-S-H nanocrystals 
[4], the measurements over actual cementitious samples show much 
lower values. Mechanical experiments over macroscopical samples of 
cement paste showed Bulk modulus of 17-18 GPa [5]. Similarly, ultrasonic 
sound experiments obtained a Young modulus of 18 GPa for mature 
cement pastes [6,7]. In more detail, nanoindentation experiments [8,9] 
revealed similarly that the Young’s modulus of cementitious C-S-H gels 
exhibits a bimodal distribution with centres at ~20 GPa and ~30 GPa. 
Finally, the inverse analyses performed in nanoindentation works [10,11] 



 

for the C-S-H gel estimated Bulk and Shear modulus of 15 GPa and 9.7 
GPa respectively for the C-S-H gel. In other words, the literature values of 
C-S-H crystals overestimate four or five times the experimental results of 
C-S-H gels. 
 
In a recent work [26], we have explained the origin of such a discrepancy. 
In this new paper we will summarise the main conclusions of this work, 
and will provide new data concerning the effect of Al for Si substitutions. 
 
To assess the influence of the silicate chain length on the mechanical 
properties of cementitious C-S-H gels we have introduced defects in the 
crystalline structures of tobermorite 14 A (T∞) and jennite (J∞) so that their 
silicate chains have a finite length. We have limited ourselves to the cases 
of dimers (T2 and J2) and pentamers (T5 and J5). 
  
From a computational point of view, we have followed the same scheme 
employed in Ref. [27] to describe atomic interactions and to simulate 
lattice dynamics. These calculations were done with parameterised two-
body and three-body potentials [27] as implemented in the GULP code 
[28].  
 
The elastic constant tensor was calculated from the second derivative 
matrix at the optimised structures. Then, the Bulk (K) and the Shear (G) 
moduli were determined from the elastic constants. From them and 
following the experimental procedure, both the average Young’s modulus 
(E) and the Poisson’s ratio (ν) were determined through the standard 
relations 
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Table 1.- The calculated mechanical properties for T2, T5, T∞, J2, J5 and J∞. In 
parenthesis we write the results after the Mori-Tanaka scheme (see text for further 
details). 
 

Specie K (Gpa) G (Gpa) E (GPa) 
T2 29 (14) 14 (8) 36 (19) 
T5 21 (10) 10 (5) 25 (14) 
T∞ 46 (25) 39 (21) 91 (49) 
J2 29 (13) 11 (6) 29 (16) 
J5 29 (15) 19 (10) 47 (25) 
J∞ 43 (22) 26 (22) 64 (35) 



 

 
Our calculated mechanical properties are given in Table 1. Note that there 
is a large dependence of the mechanical properties on the length of the 
silicate chains. The mechanical properties of T2 and J2 are approximately 
50% lower than those of their perfect crystalline counterparts (T∞ and J∞). 
Nevertheless, these K, G and E values fail to reproduce the magnitude 
found experimentally. Our computed values of the Bulk, Shear and 
Young’s modulus lay in the range 21-29 GPa, 9-19 and 25-47 GPa 
respectively, and they overestimate slightly the experimental results, K=18 
GPa, G=9.7 GPa and E=20-30 GPa.  
 
We have achieved to rationalise this disagreement with the experimental 
values by taking into account the intrinsic gel porosity. Following the 
recipe found in Ref. [23,29], we employed a Mori-Tanaka scheme [30] to 
account for the void space. In this approach the Bulk and Shear modulus 
of the C-S-H gel (KC-S-H gel and GC-S-H gel ) were written as KC-S-H gel =  
φ(1−α)/(1−αφ) K ;  GC-S-H gel =  φ(1−β)/(1−βφ) G ,  where φ is the packing 
factor, α = 3K/(3K+4G), β = (6K+12G)/(15K+20G) and K and G stand for 
the Bulk and Shear modulus of the C-S-H crystals respectively. The 
respective Young’s modulus and the Poisson’s ratio of the C-S-H gel can 
be calculated with Eq. 1. The results of Table 1 presented in parenthesis 
stand for the values obtained by such a Mori-Tanaka scheme with a 
packing factor of 0.7.  The first thing that is worth noting is that for perfect 
structures the computed values are again larger than the experimental 
values. However, when the finite length of the silicate chains is taken into 
account this discrepancy disappears.   
 
Encouraged by the ability of this computational scheme to estimate and 
predict the mechanical properties of cementitious C-S-H gels, we have 
committed ourselves to extend this study to the case of C-S-H gels with 
high Aluminium content. In fact, our research is currently devoted to study 
the effect of substitutions of Si by Al on the mechanical properties of the 
C-S-H gels.   
 
Since such substitutions are known to occur mainly at the bridging sites 
[31-35] only these replacements will be considered. Furthermore, and as 
starting point for ulterior calculations, we will assume that  the bridging 
sites are always occupied by Al ions.  Our simulations have followed the 
same force-field procedure presented in Ref.  [ 26].  Some  preliminary 
results are presented in Table 2. It is interesting to note that, in general, 
the mechanical properties of the jennite-like structures a re almost no 
affected by the substitutions. Differently, tobermorite-like species present 
a curious behaviour. For infinite chains (m=∞) the substitution entails a 
marked fall for the mechanical properties. Compare for instance the 
Young modulus of T∞,  E =91 GPa , with the one of T(Al)∞,  E =61 GPa. 
However, the values found for T5 species, i.e. K=21 GPa, G= 10 GPa, 



 

and E= 25 GPa, are clearly exceeded by those of  T(Al)5 species, namely 
K=27 GPa, G=13 GPa and E= 35 GPa.  This result suggests that the 
substitution of Si by Al ions favours the cohesion of short tobermorite-like 
structures. 
 
 

Specie K(GPa) G(GPa) E(GPa) 
T(Al) ∞ 38  25  61  
T(Al)5 27  13 35  
J(Al) ∞ 38  24  60  
J(Al)5 36  18  48  

 
Table 2.  Mechanical properties for tobermorite (T(Al) ) and Jennite (J (Al)) with Al ions at 
the bridging sites. Both infinite (m= ∞) and short (m=5) chains are considered.  
 
 
2. Formation of T-like and J-like pieces. 
 
This section aims to shed light on the mechanisms that take place in the 
formation of T-like and J-like unities, and combines some ab-initio 
simulations presented elsewhere [36] together with new molecular 
dynamic calculations.  
 

 
Figure 1. Ground state geometry of the inferred precursor (P) of tobermorite-like and 
jennite-like structures 
 
 
As a first step to study the formation of small C-S-H pieces, an educated 
guess of a precursor (hereafter denoted by P) of both tobermorite-like and 
jennite-like dimeric structures has been selected. This structure is 
composed of two silicate chains sandwiched by a single calcium oxide 
layer, as seen in Fig. 1. From this P unit, increasingly complicated 
structures have been studied by aggregations of these units with Calcium 
ions. Basically two limit cases will be discussed. The first studied case 
(Subsection 2.1) corresponds to the aggregation of two P units with a 



 

single calcium ion. This system, due to its Ca/Si=1.125 ratio, should lead 
to the appearance of T2 units [18]. The second case (Subsection 2.2) aims 
to reproduce the formation J2 units, so three more calcium ions have been 
incorporated into the simulations. The so formed system exhibits a Ca/Si 
ratio equals to 1.5. In both systems, hydrogen atoms have been 
conveniently removed to ensure electrical neutrality. Finally, Subsection 
2.3 presents some preliminary molecular dynamic calculations which 
attempt to simulate the polymerisation of silicic acids (Si(OH)4) in 
presence of calcium ions.  
 
 
2.1  Formation of T2-like units 
 
To study the aggregation of two P(-) units and a single Ca++ ions, we have 
performed ab-initio calculations at the Hartree-Fock (HF) level with a DZV-
d basis set and by means of GAMESS code [20].   
 

 

 
 

Figure 2.  (a) Found relaxed geometry for the self-assembly of two P(-) units and one 
calcium ion. To stress the dipole-dipole origin of the so-formed structure, the dipole 
moments of the P units are indicated by arrows. (b) Schematic representation of a 
tobermorite crystal, where a piece as the one calculated in (a) is marked.  
 
 
Ours simulations have revealed that, independently of the initial 
configuration, the reached stable morphology is the one showed in Fig. 
2a. Different points should be discussed in view of it. First, we would like 
to draw the attention to the fact that the so formed structure reproduces 
indeed the basic morphology of a T2 unit (see the schematic 
representation showed in Fig 2(b)). Secondly, it is remarkable that the 
existence of such a structure can be explained in terms of dipole- dipole 



 

interactions. Both P(-) units have a quite large dipole moment (10.75 
Debyes). Therefore, substantial energy gain can be obtained by forming a 
bigger structure with vanishingly dipole moment. In fact, the dipole 
moment of the T2-like structure is 3.8 Debyes  
 
2.2 Formation of J2-like units 
 
But what does it happen when more calcium ions are present? It seems 
reasonable to suppose that in this case, the possibility of larger numbers 
of bonds could overcome the energetic cost in terms of dipole-dipole 
interaction. This is indeed what our ab-initio simulations have shown. 
Following the same scheme employed above (i.e. HF calculations and 
DZV-d basis set) the most stable configuration that our calculations have 
found for two P(-4)units and four Ca++ ions is the one represented in Figure 
3 (a).  Comparing that configuration with the schematic representation of 
jennite crystal showed in Figure 3(b) it is easy to observe that the resulting 
structure actually corresponds to a single layer of a J2 structure. Finally it 
is worth noting that the growth mechanism is in this case just bond-
formations, since the formed piece of jennite exhibits a very large dipole 
moment (above 25 Debyes).  Thus, it seems reasonable to think that 
ulterior dipole-dipole interactions between the J2 units could yield still 
bigger structures. Ongoing research is currently in such a direction.  
 

 
 
 
Figure 3. (a) Found relaxed geometry for the self-assembly of two P(-4) units and four 
calcium ions. To stress the large dipole moment of the so-formed structure, the dipole 
moments of the P units are indicated by arrows. (b) Schematic representation of a jennite 
crystal, where a piece as the one calculated in (a) is marked.  
 
 
2.3 A preliminary Molecular Dynamics Study 
 



 

To go further in the bottom-up approach, we have attempted to reproduce 
the formation of C-S-H gels by simulating the polymerisation of silicic 
acids (Si(OH)4) in presence of solvated Ca ions (Ca(OH)2 4H2O). To this 
end we have randomly placed 157 Si(OH)4 molecules and 355 Ca(OH)2 
4H2O molecules into a cubic simulation cell. Later we have performed 
molecular dynamic simulations within the canonical ensemble (NVT) by 
means of the TREMOLO code [39]. 
 
The employed potential energy function to account for Si, O and H 
interactions is the one of Litton and Garofalini. The detailed potential 
functions and parameters are given in the literature [40]. To model the Si, 
O and Ca interactions we employ a variant of the Feuston and Garofalini 
potential model given by Su and Garofalini [41]. Additionally, we apply a 
screened Coulomb potential term qi*qj/rij*erfc(rij/βij) to model the repulsive 
interaction of Ca and H. Here, qi denotes the ionic charge of particle i and 
rij denotes the distance between particle i and particle j, βij is a interaction-
dependent parameter and erfc stands for the complementary error 
function. Here, we employ for the parameter βij a value of 2.31 Å for an 
atom pair Ca-H. The ionic charges for calcium ions and hydrogen we use 
are +2 and +1, respectively. 
 
The NVT-simulations have been carried over 1500 ps at 1800 K. This high 
temperature was adopted to accelerate polymerisations and reduce 
drastically the computational time. Although the simulation temperature 
may seem to be unrealistically high, the thermal energy (KT) is only about 
20% of the condensation energies involved in the formation of the siloxane 
bonds (Si-O-Si). Thus, the employment of such a high temperature to 
study the connectivity of the silicate chains is well justified. The number 
and types of siloxane bonds were computed to determine the connectivity 
of the silicate chains (namely, the Qn distributions).  
 
 
In Figure 4, we have represented the calculated Qn distributions. It is 
remarkable that, contrary to the case of the polymerisation of pure silicic 
acids, negligible amounts of Q3 and Q4 sites are observed. This finding is 
in perfect agreement with the experimental evidence in cementitious 
systems, where linear forms are dominant. From the Qn distributions we 
have also extracted the mean chain length (MCL) of the silicate chains by 
employing the equation [31] MCL= 2(Q1+Q2)/Q1. A value of MCL= 2.5 
has been obtained, showing that most of the silicate chains are dimers. 
This fact is also in good concordance with the experiments [4,6]. 
 
 
 
 



 

 
Figure 4. Time evolution of the Qn peaks. 
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