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I. Introduction:

Nano-engineering, or nanomodification, of cement is an emerging field. It encompasses the techniques of manipulation of the structure at the nanometer scale to develop a new generation of multifunctional cementitious composites with better stiffness and durability for safer energy production. The new generation of cementitious materials will have a range of novel properties such as self-sensing, self-cleaning, self-healing, and self-control of cracks, making concrete a real "smart" material.

It is now clear that the way to enhance these properties is by understanding and modifying the structure of the Calcium Silicate Hydrates (C-S-H) gel at atomic level. This is essential to make a transition from traditional concrete structures to nano-engineered composites concrete (NECC). Concrete can be nano-engineered by the incorporation of nano-sized building blocks or objects (e.g. nanoparticles and nanotubes) to control material behavior and add novel properties.

Experimental works found that the incorporation of nano-SiO2 improve concrete workability and strength [START_REF] Sobolev | Engineering of SiO2 nanoparticles for optimal performance in nano cementbased materials[END_REF][START_REF] Sobolev | How nanotechnology can change the concrete world: Part 1[END_REF][START_REF] Li | A study on mechanical and pressure-sensitive properties of cement mortar with nanophase materials[END_REF][START_REF] Li | Microstructure of cement mortar with nanoparticles[END_REF] . Other researchs show the increase of resistance to water penetration [START_REF] Ji | Preliminary study on the water permeability and microstructure of concrete incorporating nano-SiO2[END_REF] , and the control of the leaching of calcium [START_REF] Gaitero | Reduction of the calcium leaching rate of cement paste by addition of silica nanoparticles[END_REF] The addition of nano-TiO2 has proven to be very effective for the self-cleaning of concrete and provides the additional benefit of helping to clean the environment. A detailed discussion of the mechanisms of TiO2-based photocatalysis can be found in the work of Chen et al. [START_REF] Chen | Photocatalytic construction and building materials: from fundamentals to applications[END_REF] .

Nano-Fe2O3 has been found to provide concrete with self-sensing capabilities as well as to improve its compressive and flexural strengths [START_REF] Li | A study on mechanical and pressure-sensitive properties of cement mortar with nanophase materials[END_REF][START_REF] Li | Microstructure of cement mortar with nanoparticles[END_REF] . Nano-Al2O3 has been shown to significantly increase the modulus of elasticity (up to 143% at a dosage of 5%) but to have a limited effect on the compressive strength [START_REF] Li | Investigations on the preparation and mechanical properties of the nano-alumina reinforced cement composite[END_REF] .

Nowadays, the research on the integration of CNT in cementitious materials is at a relatively novel stage. The best observed performances include a 50% increase in compressive strength in a Multi-Wall carbon nanotube (MWCNT) sample [START_REF] Cwirzen | Surface decoration of carbon nanotubes and mechanical properties of cement/carbon nanotube composites[END_REF] , over 600% improvement in Vickers's hardness at early ages of hydration for a Single-Wall carbon nanotube (SWCNT) sample [START_REF] Makar | Construction Materials[END_REF] and a 227% increase in Young's modulus for a MWCNT composite sample 11 . In more recent works [START_REF] Lushnikova | Influence of single-walled carbon nantotubes structure and density on the ductility of cement paste[END_REF][START_REF] Lushnikova | Improving mechanical properties of C-S-H from inserted carbon nanotubes[END_REF] , various models representing the concrete modified by CNTs were constructed to study the density effect of carbon nanotubes in the cementitious composites. Optimal concentration of CNT was fixed and the best concentration allowing the increase bulk, shear and Young's moduli is 5.2% of weight of cement.

More recently, fullerenols or polyhydroxylated fullerene became a promising fullerene derivative owing to its water-solubility, convenient practical-use structure, low toxicity, and the possibility of further chemical modification. Zolotarev et al. [START_REF] Zolotarev | Impact Resistance of Cement and Gypsum Plaster Nanomodified by Water-Soluble Fullerenols[END_REF] examined the effect on impact resistance of cement and gypsum plaster with fullerenols. Results showed that there is a significant increase of impact resistance for modified cements and gypsum plasters. It is noticed that only few works have been done in that subject.

It is proposed here to analyze, explain and predict novel properties of the new class of Nano Engineered Cementitious Composites by incorporating carbon fullerene buckyballs (zero-dimentional) into C-S-H nanostructure. Using computer simulation methods widely used for C-S-H gel [START_REF] Sekkal | Enhancing the interfacial bond strength of cement 10 nanocomposite with carbonate nanostructure[END_REF][16][START_REF] Zaoui | Insight into elastic behavior of calcium silicate hydrated oxide under pressure and composition effect[END_REF] , the processus of embedding C60 nanomaterials in C-S-H nanostructure (Ca/Si = 1.2) will be analysed at nanoscale. Using molecular dynamics simulation, the structural stability of the C60-C-S-H nanostructure by varying the density and the dispersion of fullerene molecules as well as the gel porosity will be discussed. It is important to particularly study the technical connection between C60 molecules and C-S-H gel by using the appropriate force field to describe the bonding character between the two systems. At the end, the nanostructure will be submitted to normal and shear stresses tests to examine the energetic stability and the mechanical response of the nanostructure.

II. Modeling CSH -C60 nanostructure

The total interatomic potential energy function for C-S-H gel is the sum of the harmonic bond stretching (1), the harmonic bond angle bending (2), the columbic interaction (3) and the Lennard-Jones potential (L-J) (4) [START_REF] Qomi | Combinatorial molecular optimization of cement hydrates[END_REF] . The long-range Columbic interactions are calculated based on the Wolf summation technique [START_REF] Wolf | Exact method for the simulation of Coulombic systems by spherically truncated, pairwise r_1 summation[END_REF] . Mathematical formulations are presented below:
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where kb and kh are force constants, rij is the interatomic distance, r0 is the bond length at the equilibrium state, θijk is the angle between two bonds, θ0 is the angle at the equilibrium state, e is the charge of electron, ε0 is the dielectric permittivity of vacuum 8.85419 x 10 -12 F/m, qi and qj are the partial charge of the two atoms i and j and C12 and C6 are the L-J constants.

To describe the intratomic interaction between carbon atoms in fullrene molecule, Tersoff potential moldel 20 will be employed. For the C-S-H C60 interactions, Lorentz-Berthelot mixing rules are used, which are adopted to evaluate the parameters of the Lennard-Jones interaction (r, e) for different CNT and C-S-H atoms [START_REF] Sanchez | Interaction energies, structure, and dynamics at functionalized graphitic structure-liquid phase interfaces in an aqueous calcium sulfate solution by molecular dynamics simulation[END_REF] . The intermolecular interactions between water molecules and other species is described using Buckingham potentials; whereas interaction between different water molecules is described using a Lennard-Jones potential. The intramolecular interactions between water molecules are simulated with the Buckingham potential and a three-body harmonic potential for the H-O-H angle 22 . The coulomb interaction within water molecules is subtracted. Thus, the charges of hydrogen and oxygen atoms serve only to describe their interaction with other atoms, and not to determine the structure in water molecules. The polarizability of oxygen atoms is described by the core-shell approach 22 .

In this model, the atoms are treated as internal cores linked to external massless shells.

Both the core and shell are linked by a spring potential and have specific charges.

III. Results

III.1. Structural stability and mechanical properties of the nanostructure: effects of C60 concentration and dispersion.

C-S-H nanostructure is the elementary building block of cement. It is made of nanoparticles called "globules" forming a nanoporous gel (Figure 1) that are considered as responsible for the cohesion of C-S-H and its mechanical and strength properties.

The initial structure of C-S-H (Ca/Si = 1.2) and the interatomic force field parameters are derived from our previous work 16 2). The obtained data for the equilibrium energy of the assembly is plotted in Figure 2 for various values of C60 concentration. It is noticed that, for lower concentrations, the energy varies linearly for the three schemes. However, for more higher C60 concentrations, it appears clearly that the nanostructure find the equilibrium stability in the case of bonded molecules rather than random or nearby ones. This scheme (bonded molecules) will be used for all next simulations.

After equilibrating the supercell, various elastic quantities are evaluated. The obtained results for the bulk (B), shear (G) and stress (M) modulus are provided in Table 1 for a gel porosity of 30% and in the case of bonded molecules. These quantities are obtained from the Voigt-Reuss approximation. Regarding the stress modulus (or indentation modulus), it is accessible for example by indentation techniques via the following mathematical formulation:

M = 4G 4567 456 7 (1) 
In Figure 3, the variation of the bulk and shear modulus with fullerene concentrations is presented as well as their dispersion. One can remark that B and G vary linearly and similarly for lower C60 concentration. However, for higher concentrations, it appears clearly that the incorporation of for 9% of bonded C60 enhance the bulk and shear modulus with 167% and 186% respectively. This enhancement is greater when the gel porosity increases as will be discussed below (in Figure 4). This behavior induces an increase of the density of the nanostructure and gives a better bonding between aggregates contact zone structure.

From Table 1, it is noticed, in the case of random dispersion of C60, an increase of the ductility of C-S-H with increasing concentration (B/G = 2.64 for 7.5% of C60 concentration). Regarding bonded molecules, the spherical shape of C60 molecules changes to an elongated shape, and hence it looks like carbon nanotubes effects.

Therefore, the dispersion of this new geometry of fullerene will be different and therefore will give other properties. Our results show that bonded molecules give a better energetical stability of C-S-H and enhance the bulk and shear modulus by 595% and 484%, respectively for C-S-H with 36% of gel porosity. It is important to mention that S-O and Ca-O bonding play a critical role in loading resistance. That why the incorporation of C60 molecules bridged the neighboring silicate sheets, and activated more the hydrolytic reactions at the interfaces to avoid strain localization, thus increasing the tensile strength and postponing the fracture.

In order to highlight the obtained novel properties achieved through the addition of C60, some results obtained with other nano fibers/elements are presented. Bazhenov's results [START_REF] Yu | Concrete technology[END_REF] showed that the presence of nanosized fullerene particles (0.12% in the additive MT-600) increase the compression strength by 15%, and flexural strength by 10% (Figure 4 24 ). On the other hand, Semenov et al. [START_REF] Semenov | Reception carbon nanomodifiers in arc discharge plasma and their application for modifying of building materials[END_REF] study the influence of fullerenes on the structure and composition properties of cement stone. Their results showed a strength increase by 25-35%. Zolotarev et al. [START_REF] Zolotarev | Impact Resistance of Cement and Gypsum Plaster Nanomodified by Water-Soluble Fullerenols[END_REF] observed that the use of fullerenols C60(OH)x increase significantly the impact resistance for nanomodified cements and gypsum plasters. Eftekhari et al. [START_REF] Eftekhari | Molecular dynamics simulation of the nonlinear behavior of the CNT-reinforced calcium silicate hydrate (C-S-H) composite[END_REF] , using CNT nanomaterials, show that the incorporation of Armchair CNT increase the bulk modulus by 3.22% (CNT) and by 13.80% in the case of Zigzag CNT. They show that the addition of CNT can substantially intensify the transversely isotropic response. The incorporation of Nano-Al2O3 has been shown to significantly increase the modulus of elasticity (up to 143% at a dosage of 5%) but to have a limited effect on the compressive strength [START_REF] Li | Investigations on the preparation and mechanical properties of the nano-alumina reinforced cement composite[END_REF] . In the case of carbon nanotubes, the best observed performances include a 50% increase in compressive strength in a Multi-Wall carbon nanotube (MWCNT) sample [START_REF] Cwirzen | Surface decoration of carbon nanotubes and mechanical properties of cement/carbon nanotube composites[END_REF] , over 600% improvement in Vickers's hardness at early ages of hydration for a Single-Wall carbon nanotube (SWCNT) sample [START_REF] Makar | Construction Materials[END_REF] and a 227% increase in Young's modulus for a MWCNT composite sample 11 .

In the following, the effect of gel porosity on the stability and the mechanical response of the nanostructure is discussed by varying fullerene concentrations. In Figure 5, the variation of the total energy of the nanostructure with nanosized fullerene concentration is presented. It is noticed that, for the case of LD-C-S-H (36 % of porosity), the total energy of the assembly decreases faster to reach the equilibrium value of -31784.44 eV. Therefore, increasing C60 concentrations will give a higher structural stability to the nanostructure with 36% porosity, since molecules will fill voids in the intermolecular region providing a denser nanostructure.

In Figure 6, the variation of the bulk and shear modulus with fullerene concentration is presented as well as gel porosity from 30% to 36%. It is illustrated in Figure 6 that for lower concentrations, the curves for bulk, shear and indentation modulus are almost stable in comparison to higher concentrations. The situation is different when increasing the concentration of molecules since our results reveal that the mechanical quantities have higher values and clearly in the case of 36% of gel porosity. For instance, in the case of C-S-H with 36% of gel porosity, the bulk modulus and shear modulus increase with 595 % and 484%, respectively. Regarding the variation of stress modulus M (or indentation modulus) with fullerene concentration as well as gel porosity, it is observed that both curves vary slowly for weaker concentration. For higher concentration, the slope is higher for the case of 36% rather than 30% of porosity. The obtained value is equal to 95.92 GPa, an increase of 326% for 36% of gel porosity when the concentration of fullerene is about 9% of C60.

As the challenge in this paper is to see how can enhance the mechanical properties of C-S-H (for different gel porosities) with the incorporation of C60, our results show that fullerene improve the binding and mechanical properties of C-S-H at higher porosity when bonded fullerene molecules are dispersed. This result is considered as specific novel properties for C-S-H achieved through the addition of C60.

III.2. Longitudinal and shear loading tests

In this part, the supercell containing C-S-H (with 30% of porosity) embedded with bonded molecules with a concentration of 9% is submitted to longitudinal and shear stresses. The simulations were carried out in the isothermal-isobaric ensemble (NPT)

for 200 000 steps using molecular dynamics method with a time step of 1 femtosecond.

In the first experience, the supercell is under normal stress (from 0 to 20 GPa) by keeping the other directions at zero, the system relax without any restriction.

The obtained data concerning the variation of the total energy of the nanostructure with applied stress are plotted in Figure 7. It appears, in the case of normal stress, that the energy increases linearly and slightly with a slope equal to 43.87; whereas when the nanostructure is under a shear tension, it decreases abruptly with a slope equal to -111.38. In the first case, the interlayer structure in z direction shows a weakest stress resistance, due to unstable H-bond network leading the nanostructure to unstable situation with a greater energy. From the simulated shear stress at the molecular level, the decrease of the energy means that the system goes to a stable state and this is due to the Si-O and Ca-O bond, which plays a great role in loading resistance results to the breakage.

Regarding the mechanical response of the assembly, Figures 

This behavior means that shear stress along x and y directions increases the shear strength of the nanostructure due to the long silicate chains and Ca-O bond.

Conclusion:

In the present work, it is presented the incorporation of fullerene Buckyballs into C-S-H gel (30 % and 36 % of gel porosity) using molecular dynamics simulation tools by varying the concentration and the dispersion of C60 molecules. The obtained results

show that the nanostructure incorporating bonded molecules equilibrates faster in the case of 36 % of gel porosity. Moreover, it is found that bulk and shear modulus of the nanostructure with 30% of porosity increase with increasing the concentration of bonded C60 molecules. Concerning the mechanical response of the nanostructure under normal and shear tests, our results show an enhancement of shear strength under shear stress along XY direction due to the long silicate chains and Ca-O bond, 
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 1 Figure 1: Atomic structure of C-S-H gel.
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 2 Figure 2: Energy versus fullerene concentration.
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 3 Figure 3: Variation of bulk and shear modulus with fullerene dispersion.
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 4 Figure 4: (a) The particle size distribution for the modifying agent MT-600 23 . 1 -base cement-sand mortar; 2 -sample with the addition of MT-400; 3 -the sample with the addition of MT-600. (b) Electron micrograph of additive of thermally modified peat 23 .
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 5 Figure 5: Energy of the nanostructure versus fullerene concentration.
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 6 Figure 6: Variation of shear, indentation and bulk modulus with fullerene concentration and gel porosity.
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 7 Figure 7: Energy versus normal and shear stresses.
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 8 Figure 8: Shear strength versus shear stress along XY.

  

  

Table Caption Table 1 :

 Caption1 Mechanical values for C-S-H/C60 nanostructure with 30% of porosity for

	various C60 concentrations.		
	C60 concentration (%)	B (GPa)	G (GPa)	M (GPa)
	0	13.57*	8.56*	22.50*
	2.10	14.75 a	8.63 a	23.17 a
		14.60 b	8.61 b	23.07 b
		14.25 c	8.60 c	22.89 c
	3.25	15.23 a	8.66 a	23.43 a
		15.22 b	8.67 b	23.43 b
		15.20 c	8.66 c	23.42 c
	4.80	14.65 a	7.80 a	21.48 a
		15.60 b	12.36 b	30.39 b
		15.30 c	12.60 c	30.61 c
	6.17	13.80 a	5.41 a	16,06 a
		16.34 b	16.64 b	37,81 b
		15.68 c	17.26 c	38,24 c
	7.50	12.68 a	4.80 a	14.36 a
		20.36 b	18.90 b	44.23 b
		24.56 c	22.00 c	52.07 c
	8.98	11.58 a	4.53 a	13,46 a
		26.61 b	19.76 b	49,54 b
		36.20 c	24.50 c	63,13 c
	* Our previous work 16			
	a Random molecules			
	b Nearby molecules			
	c Bonded molecules