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Preventing Cement-Based materials failure by embedding Fe2O3 nanoparticles
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Calcium silicate hydrate (C-S-H), the major component of hydrated cement, is responsible for the main mechanical properties of concrete. The aim of this work is to study the structural and mechanical properties of C-S-H modified by embedding Fe2O3 nanoparticles through molecular dynamics simulations. Nanoparticles with different diameters ranging from 2.1 nm to 3.0 nm were selected to analyze the size effect on interactions between the inserted nanoparticles and C-S-H matrix. Results show that the smallest nanoparticle gives the best adhesion with C-S-H. Furthermore, two insertion modes of nanoparticles inside the C-S-H matrix were compared in order to elucidate how nanoparticles distribution affects the mechanical response of the hybrid composite Fe2O3/C-S-H. The structure with "welldispersed" nanoparticles exhibits remarkable mechanical performance in both elastic and plastic regimes. Mechanical properties were enhanced with at least 24% increase compared to pure C-S-H. The strength of modified C-S-H with uniformly distributed Fe2O3 nanoparticles is substantially enhanced along the three directions. In the plastic phase, the "group effect" of inserted nanoparticles gives rise to a higher ductility. Finally, the necking phenomenon and structural hardening were both observed in response to tensile loading, indicating a ductile failure mode of Fe2O3-reinforced C-S-H.

Introduction

Nano-modification of cement is an emerging field that has a great potential of developing new generations of concrete with enhanced mechanical performance and new smart properties such as self-sensing and crack auto-detection. Developing the "self-sensing" capability offers the opportunity of continuous monitoring of concrete structures performance. Real-time data tracking of the detected strain can be used for making effective maintenance decisions as well as preventing the ultimate stages of structures damage. Engineering the concrete's structure at the nano-scale by adding nanosized particles such as nanofibers, nanoparticles and nanotubes have been widely used to improve its properties [START_REF] Jo | Characteristics of cement mortar with nano-SiO2 particles[END_REF][START_REF] Li | Flexural fatigue performance of concrete containing nanoparticles for pavement[END_REF][START_REF] Li | Investigations on the preparation and mechanical properties of the nano-alumina reinforced cement composite[END_REF][START_REF] Lushnikova | Improving mechanical properties of CSH from inserted carbon nanotubes[END_REF]. Azhari and Benthia [START_REF] Azhari | Cement-based sensors with carbon fibers and carbon nanotubes for piezoresistive sensing[END_REF] showed that carbon fibers and carbon nanotubes increase the electric conductivity of cement-based materials and enable the detection of micro-cracking and failure. The addition of Fe2O3 nanoparticles in cement provides also cementitious materials with the "self-sensing" properties due to their electrical conductivity under compressive loading. In addition, strengthening effect is observed in modified mortars by nano-Fe2O3 due to the nanoparticles capacity to fill the pores of cement paste and therefore to optimize the overall microstructure.

The high activity of Fe2O3 promotes also the cement hydration, which positively affects the strength of cement. Experimental studies by Li et al. [START_REF] Li | Microstructure of cement mortar with nanoparticles[END_REF] have found that cement mortar with nano-Fe2O3 content less than 10 % exhibits higher compressive and flexural strengths at 7 th and 28 th days up to 26% extent compared to plain Portland cement mortar. At the same time, the study points out that too high nano-Fe2O3 content can lead to the agglomeration of the nanoparticles and the creation of weak zones due to the unsuitable dispersion of the Fe2O3 nanoparticles in cement. In another study by Soltanian et al. [START_REF] Soltanian | Fe2O3 nanoparticles improve the physical properties of heavy-weight wellbore cements: A laboratory study[END_REF], adding the Fe2O3 in cement slurry improves the elastic properties and the compressive strength up to 74% obtained for an optimal nano-Fe2O3 content of 11.81%. Results show also a higher viscosity and more suspending ability of solid particles as well as lower free water of the cement slurries modified by nano-Fe2O3 [START_REF] Khoshakhlagh | Effects of Fe2O3 nanoparticles on water permeability and strength assessments of high strength self-compacting concrete[END_REF][START_REF] Sobolev | How nanotechnology can change the concrete world[END_REF]. Studies on self-compacting concrete (SCC) proved that adding Fe2O3 nanoparticles also improves the flexural and split tensile strengths with a maximum enhancement found for an optimal nano-Fe2O3 content of 4% [START_REF] Khoshakhlagh | Effects of Fe2O3 nanoparticles on water permeability and strength assessments of high strength self-compacting concrete[END_REF]. Moreover, the nanomodified cement by Fe2O3 nanoparticles shows a significant change in resistance (ΔR/R0) with a linear decreasing as the compressive loading increases, whereas ΔR/R0 is almost unchanged in plain cement [START_REF] Huigang | The mechanical and pressure-sensitive properties of cement mortar with nano-particles[END_REF]. The fractional change in resistance is an indicator of selfsensing ability of the nano-Fe2O3/cement composite. This indicator is 125% higher for cement mortar with 5% nano-Fe2O3 content against only 3% content. Many other experimental works have studied the enhancement of mechanical and physical properties as well as the "selfdiagnostic" ability of modified cement composites by nano-Fe2O3. Nevertheless, the molecular structure of modified cement by nano-Fe2O3 is still unexplored and interactions between Fe2O3 and cement are not well defined. This work provides an analysis on the molecular scale of the structural and mechanical strengthening of modified calcium silicate Hydrate (C-S-H) -considered as the main phase of hydrated Portland cement -by adding Fe2O3 nanoparticles. The nanoparticle size dependency of both interaction energy and bonding mechanism is investigated. A major emphasis is placed on the effect of the distribution uniformity of the Fe2O3 nanoparticles inside the C-S-H matrix on the mechanical response of nano-Fe2O3/C-S-H composite. Finally, the molecular structure evolution under tensile loading was examined in order to characterize the fracture mechanism of the nano-Fe2O3/C-S-H.

Computational details C-S-H model

To describe the molecular structure of C-S-H, we used the "realistic model" of Pellenq et al. with a stoichiometry of (CaO)1.65(SiO2)(H2O)1.73 [START_REF] Pellenq | A realistic molecular model of cement hydrates[END_REF]. Starting from an 11-Å tobermorite structure, defects in silica chains were introduced using a combinatorial method in order to increase the C/S ratio of tobermorite from 1 to 1.65, which is close to the value found from experiment (about 1.7) [START_REF] Allen | Composition and density of nanoscale calcium-silicate-hydrate in cement[END_REF]. Then, water adsorption was performed using grand canonical Monte Carlo simulation. More details about the model construction can be found in the literature [13][START_REF] Qomi | Combinatorial molecular optimization of cement hydrates[END_REF][START_REF] Bauchy | Order and disorder in calcium-silicate-hydrate[END_REF].

Fe2O3 Nanoparticles

The Fe2O3 nanoparticles were spherically carved from a large bulk hematite α-Fe2O3 material. α-Fe2O3 crystal information was found by Blake et al. [START_REF] Blake | Refinement of the hematite structure[END_REF] using X-ray methods. Under the condition of stoichiometry, some surface atoms were added and charges were rescaled using Electronegativity Equalization Method (EEM) [START_REF] Mortier | Electronegativity-equalization method for the calculation of atomic charges in molecules[END_REF]. The annealing procedure was then used to allow the surface atoms to find the best positions. Finally, the nanoparticles were relaxed in the NPT ensemble at 300K and zero external pressure. Six nanoparticles with different sizes ranging from 1.9nm to 3.0nm were used in order to study the size effect of the inserted nanoparticles in the C-S-H matrix as shown in Fig. 1.

Force Fields

The REAXFF force field [START_REF] Van Duin | ReaxFF: A reactive force field for hydrocarbons[END_REF] was used to describe interactions between the C-S-H particles using the parameterization by Manzano et al. [START_REF] Manzano | Hydration of calcium oxide surface predicted by reactive force field molecular dynamics[END_REF]. REAXFF was also selected for transferability issues, and we used the parameterization by Aryanpour et al. [START_REF] Aryanpour | Development of a reactive force field for iron-oxyhydroxide systems[END_REF] to describe interactions in the Fe2O3 system. The interactions between oxygen and hydrogen atoms from C-S-H matrix and atoms of the Fe2O3 nanoparticles were defined by the REAXFF parameterized by Aryanpour et al. In addition, the interactions between Si and Ca atoms in C-S-H and oxygen atoms in Fe2O3 nanoparticles were defined by REAXFF. Finally, Si-Fe and Ca-Fe short-range interactions were defined by the Lennard-Jones potential parameterized by Rappé et al. [21]. This parameterization was also used by Wu et al. in order to study the properties of CaO-SiO2-Al2O3-FeO slags [START_REF] Wu | Structural and viscosity properties of CaO-SiO2-Al2O3-FeO slags based on molecular dynamic simulation[END_REF].

Computational cell

A fully relaxed 3×3×3 Calcium-Silicate-Hydrates (C-S-H) triclinic supercell containing 13527 atoms with lattice parameters a=39.00 Å, b=54.23 Å, c=71.84 Å, α=89.92°, β=92.40° and γ=88.19° was used for C-S-H matrix (See Fig. 2).

To incorporate the nanoparticle in C-S-H matrix, a spherical hole was gradually indented in the center of the 3 rd interlayer of the C-S-H structure by slightly pushing atoms backwards.

Energy minimization was then performed on the resulted indented structures. Optimized C-S-H system with a 2.4nm hole is shown in Fig. 3.

For each nanoparticle, the hole size was selected to have the smallest possible value that results in favorable interactions between C-S-H and the inserted nanoparticle. A triclinic system with the periodic boundary conditions was used to describe the NP/C-S-H composites. For all the nanoparticles, the equilibrium void size between C-S-H matrix and the nanoparticle was found to be about 1.5 Å. After energy minimization, the six structures were relaxed in NPT ensemble at 300K and zero pressure for about 2.5ns with 0.25fs time-step in order to reach the equilibrium state. Then, a MD simulation of 200ps in NVT ensemble was performed for data collection. The Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [START_REF]Fast parallel algorithms for short-range molecular dynamics[END_REF] was used for the molecular dynamics simulations.

We define the nanoparticle (filler) volume fraction ϕ in our simulations as:

= ( 1 
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Where R is the nanoparticle radius, < V > is the total average volume of the nanocomposite simulation box during NPT simulation and Nn is the number of inserted nanoparticles in the simulation box. Volume fractions and the characteristics of the six inserted nanoparticles are summarized in Table 1.

At the end of the equilibration process, the neighboring environment of Fe2O3 nanoparticles is modified. For instance, the atomic structure of the NP2-type nanoparticle and neighboring C-S-H atoms at the beginning and at the end of the hybrid structure relaxation are shown in Fig. 5. We may notice that at the end of the simulation, C-S-H atoms become closer to the nanoparticle surface and space between the nanoparticle and C-S-H is clearly reduced.

Results and discussion

Structural properties a. Interaction energy

The nonbonding interaction energy between the nanoparticle and C-S-H matrix at the end of equilibration simulations was calculated according to the following formula:
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Where / , and "# are the nonbonding energies of the Fe2O3/C-S-H composite, C-S-H matrix and Fe2O3 nanoparticle, respectively. In order to compare the number of non-bonding pairs between the two structures as an intensive property, the interaction energy was normalized from the volume of inserted nanoparticle. We can underline from Fig. 6 that the number of non-bonding pairs per unit volume decreases as the size of the nanoparticle increases. The negative non-bonding interaction energy denotes for an adhesive nature of interactions between C-S-H and Fe2O3 nanoparticle. Splitting up the nonbonding energy into short range Van der Waals (vdW) and long-range electrostatic energy parts, we can see that the positive repulsive Coulombic forces are largely offset by the attractive vdW forces. The best normalized interaction energy is found for the smallest inserted nanoparticle of 1.03 nm radius.

b. Radial distribution function

In order to investigate the coordination correlations between atoms of the Fe2O3/C-S-H composite, we analyzed the radial distribution function (RDF) or g(r) that is defined as the probability of finding a particle in a shell dr at a distance r from another particle chosen as a reference. Total RDF is given by:
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Where dn(r) is the number of atoms between r and r+dr from a given atom, dV(R) is the shell volume between r and r+dr that can be approximated as 4πr 2 , N is the total number of atoms and V is the volume of the simulation box.

Total RDF can be considered as the contribution of all pair correlation functions gAB(r) between any two atom types A and B. Partial RDF gAB(r) between particles of types A and B, defined as the probability of finding a neighbor atom of B type of an atom of A type at a distance r, and can be computed as follows:
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is the number of atoms B located at a distance r from an atom A and NA is the number of atoms of A type. Finally, the Atomic contribution of A type to RDF gA(r) is defined as the partial gA-X(r) between particles of A type and any other particle of X type in the system.

The radial distribution functions of C-S-H and Fe2O3/C-S-H modified structures were displayed in Fig. 7. We can see that there is no major change in RDF shape. However, one can notice that peaks are sharper and more pronounced for pure-C-S-H. In order to understand the origin of each peak, the atomic contributions to RDF were plot in Fig. 8 where we compare partial RDF pair contributions gAB(r) of pure C-S-H and modified Fe2O3/C-S-H structure by NP1-type nanoparticle. Fig. 9 shows a zoom of the main peaks of RDF contributions. We can see a small peak situated at 1.0 Å that appears in the NP1/C-S-H that originates from the contribution of oxygen atoms from Fe2O3 nanoparticle (Of) that bond with hydrogen atoms from C-S-H surrounding matrix. A short and large peak appears at 2.1 Å that comes from the Fe-Of bonding in the Fe2O3 nanoparticle. We can see also another large peak at 2.58 Å that originates from Fe atoms that associate with oxygen atoms of the C-S-H matrix.

c. Bonding mechanism

To get more insights of the interfacial bonding between Fe2O3 nanoparticles and C-S-H matrix, the coordination number between Fe and oxygen atoms from the C-S-H matrix and between oxygen atoms of Fe2O3 nanoparticles Of and hydrogen atoms from the C-S-H surrounding matrix were calculated. Variations of the Si-O and O-H coordination numbers in C-S-H matrix induced by adding Fe2O3 nanoparticles were also evaluated. We see from Table 2 that Fe atoms coordinate with oxygen atoms of C-S-H near the surface of the nanoparticle; while Table 3 shows that Of atoms of the nanoparticle coordinate with hydrogen atoms from the C-S-H matrix. The iron atoms Fe located at the surface of the nanoparticle coordinate with hydroxyls (OH-) from the C-S-H matrix. As the nanoparticle increases, more Fe atoms from the nanoparticle form bonds with the Oh and Ow atoms with an average bond length of 1.97 Å and 1.83 Å, respectively. However, the number of Fe-O pairs per unit volume decreases as the nanoparticle size increases, which explains the decreasing tendency of Fe-O coordination number in Table .2. This is consistent with the normalized interaction energy variation with respect to nanoparticle size. In addition, Fe atoms coordinate with oxygen atoms of the silica sheet (O and Ob types); while the Si-O total coordination number of 4 in pure C-S-H decreases as the nanoparticle size increases (Table 4). Fe atoms act on the silica chain by attracting the outer oxygen of the chain. Thus, the Silica chain geometry is modified by the vicinity of the nanoparticle. The tetrahedral geometry of Si-O coordination is altered nearby the nanoparticle and an amount of oxygen atoms of the silica chains are trapped near the nanoparticle surface as we can see from Fig. 10.

On the other hand, hydrogen atoms are attracted by outsider oxygen atoms of the nanoparticle (Of) (Table 3). As we can see from Table 5, 

2. Mechanical properties

Mechanical performance of Fe2O3/C-S-H composite is examined through comparing the mechanical response of nanomodified C-S-H and pure C-S-H to external loading. Only NP1 nanoparticle type was chosen as it gives rise to the best interfacial interaction with C-S-H matrix. However, the density and the way nanoparticles are dispersed in C-S-H matrix strongly affect the mechanical behavior of the composite. Experimental studies have shown that unsuitable dispersion of nanoparticles causes the reduction of the mechanical strength of cement and mortar [START_REF] Soltanian | Fe2O3 nanoparticles improve the physical properties of heavy-weight wellbore cements: A laboratory study[END_REF][START_REF] Khoshakhlagh | Effects of Fe2O3 nanoparticles on water permeability and strength assessments of high strength self-compacting concrete[END_REF]. To study the effect of "well-dispersed" insertion of the Fe2O3 nanoparticles on the mechanical response of the Fe2O3/C-S-H composite, we uniformly inserted four NP1-type Fe2O3 nanoparticles in the C-S-H matrix. According to experimental studies, excessive nanoparticles content can negatively affect the overall mechanical response of the composite [START_REF] Nazari | Benefits of Fe2O3 nanoparticles in concrete mixing matrix[END_REF]. In order to keep the content of Fe2O3 nanoparticles lower than 5% volume fraction, a larger 5×5×3 C-S-H supercell (65.4 Å × 90.4 Å × 71.1 Å) of 37575 atoms was considered for this type of insertion. Then, we have adopted the same indention method as before to create space for nanoparticles insertion. To avoid nanoparticles overlapping and to maximize the distance between nanoparticles, the four inserted nanoparticles were distributed as follows:

Two voids were indented in both the 2 rd and 4 th interlayers of the C-S-H matrix with positions z2= 19.2 Å and z4= 43.7 Å.

In each interlayer, the two nanoparticles are separated by a center-to-center distance of 45 Å along the y direction with positions of y1=22.5 Å and y2=67.5 Å respectively.

The nanoparticles occupy the center of the interlayer in the x direction with a position x0=32.7 Å.

The relaxed structure at room temperature is presented in Fig. 12.

a. Elastic properties

The stiffness tensor was calculated according to the stress-strain relationship for modified C-S-H by Fe2O3 nanoparticles for both insertion modes: 1NP and 4NP. Components of stiffness tensor Cij of both structures are presented and compared with that of pure C-S-H in Table 1.

An overall comparison of the stiffness tensor components shows that the 1NP1 insertion mode slightly reduces the resistance of C-S-H composite to deformation in the elastic regime with an average reduction of 7%. On the other hand, the components of the elastic tensor are remarkably enhanced by the 4NP insertion mode with an average increase of 24% indicating a stiffer composite material. The elastic tensor can be used to calculate equivalent averaged mechanical properties. The bulk modulus (K) and shear modulus (G) were calculated according to the Voigt-Reuss-Hill approximation [START_REF] Hill | The elastic behaviour of a crystalline aggregate[END_REF]. Then, the equivalent isotropic Young's modulus (E), indentation modulus and Poisson ratio (ν) were approximated as follows: 

3 =
@ = 4B. >7= >7 = (6) 
The universal elastic anisotropy index A u , used to quantify the elastic anisotropy of the composites, is calculated from the Voigt and Reuss upper and lower bounds of bulk and shear moduli [START_REF] Ranganathan | Universal elastic anisotropy index[END_REF]:
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The calculated mechanical properties are presented in Table 7. Unlike the 1NP1 insertion mode, all elastic properties of C-S-H were improved by the 4NP1 insertion mode. Higher bulk modulus of 4NP/C-S-H means that the composite is about 28% more resistant to uniform pressure. By comparing the Young's modulus, we can see that the composite can also withstand higher uniaxial stress for the same amount of strain, making the 4NP/C-S-H modified material 15% stiffer than pure C-S-H. The larger shear modulus of the composite indicates a higher rigidity (of about 13%) compared to pure C-S-H. In addition, the enhanced indentation modulus is an indicator of higher hardness of the 4NP/C-S-H composite. The opposite is observed in the case of 1NP1 insertion mode where the insertion of Fe2O3 nanoparticles has a negative effect on the resistance, the stiffness, the rigidity and the hardness of the modified composite with reductions of 5%, 13%, 14% and 12% of the bulk modulus, Young's modulus, shear modulus and indentation modulus respectively compared to pure C-S-H.

The well-distributed nanoparticles reduce the anisotropy of C-S-H with a universal anisotropy index that decreases from 0.29 for pure C-S-H to 0.23 for 4NP/C-S-H; whereas it rises to 0.32 for 1NP/C-S-H indicating a poor uniformity of the spatial distribution of inserted Fe2O3

nanoparticles. This may be attributed to the "non-uniform distribution" of the nanoparticles inside the C-S-H matrix in the case of 1NP1 insertion mode. The nanoparticle is inserted at the center of only one interlayer, while the other interlayers are left non-modified. This creates a local concentration of the Fe2O3 nanoparticles and thus an inharmonious distribution, which weakens the whole composite structure.

To study the influence of Fe2O3 nanoparticles insertion on directional stiffness, Young's moduli along x, y and z directions were calculated and results were presented in Table 8. For the 1NP1 insertion mode, stiffness is mostly affected along the x direction with a Young's modulus Ex 8% smaller than that of pure C-S-H. The Young's modulus along z-axis is also reduced of about 3%, whereas the Young's modulus along the y direction is slightly enhanced with an increase of only 1%. The 4NP1 insertion mode has a different effect on the stiffness along the three directions. The three Young's moduli are enhanced compared to pure C-S-H.

The largest increase is observed along z direction with more than 31% enhancement of Ez, followed by the y direction for which the stiffness (Ey) is 30% larger than that of pure C-S-H.

Finally, the Young's modulus along x-axis is enhanced of about 24% by the 4NP1 insertion mode.

Mechanical response to tensile loading

Tensile tests were performed along the three axes (x,y and z) and stress-strain curves were obtained for pure C-S-H, 1NP/C-S-H and 4NP/C-S-H composites that refer for C-S-H modified by one Fe2O3 nanoparticle and four Fe2O3 nanoparticles respectively. All tensile tests were carried out through gradual elongation at a strain rate of 0.007/ps.

a. Tensile loading

Fig. 13 represents the stress-strain evolution in response to uniaxial tensile along x-axis.

Observing the curves slopes in the elastic phase, we can see that the 4NP insertion type clearly enhances the Young's modulus along x-axis of the pure C-S-H, contrary to 1NP1 insertion type that results in a slight reduction of the Young's modulus along the x-axis.

However, the ultimate strength of both 1NP/C-S-H and 4NP/C-S-H composites still lower than that of pure C-S-H with a 13% and 9% reduction respectively. The behavior of the three structures is quite different in the plastic regime. Compared to pure C-S-H, the stress decreases rapidly after the yield point (at about 0.11 Å/Å strain) for 1NP/C-S-H indicating a reduction of the material ductility along the x-direction. In the other hand, a small reduction of stress is observed after the yield point for 4NP/C-S-H structure followed by stress landing, which is a clear indication of enhanced ductility of the composite.

The stress-strain curves corresponding to tension along y-axis are shown in Fig. 14. By observing the elastic phase, the Young's modulus in y-direction is the highest for 4NP/C-S-H structure; whereas it is slightly reduced by the 1NP insertion type. However, unlike the tension along x-axis, the 4NP gives rise to a higher yield point compared to the 1NP insertion mode with almost the same ultimate strength magnitude of pure C-S-H (about 3.85 GPa).

After the yield point at 0.11 Å/Å, stress starts to slowly decrease where a large plastic phase is observed, suggesting great ductility of 4NP1/C-S-H in y-direction.

In z-direction, the stress-strain curves corresponding to tensile loading of the three structures 

b. Crack Development

The 4NP insertion mode has an important influence on the mechanical response to tensile of modified C-S-H. Not only are the mechanical properties of the elastic phase enhanced by about 24% at average, great ductility is also observed in the plastic phase. The stress-strain curves show that the tensile failure exhibits different failure modes depending on the loading direction. For better understanding of the structure strengthening by the 4NP insertion mode, we analyzed the evolution of the molecular structure in response to tension along the three directions.

c-Tension along x-axis:

Fig. 16 shows the 4NP/C-S-H tensioned along the x-direction at different stages of deformation. The calcium silicate sheets take up the strain by gradually extending in the loading direction in the elastic phase. Once the yield point is reached, small voids start to show only in the interlayer region and grow, while increasing strain as illustrated in Fig. 16.b corresponding to 0.2 Å/Å strain. The appearance of voids in interlayers corresponds to the stress drop in the stress-strain curve (Fig. 13) after the yield point. As strain increases, calcium silicate chains are broken; cracks propagate into the calcium silicate sheets and connect together to form bigger cracks as shown in Fig. 16.c. The rupture of the structure is slowed down by the penetration of interlayer calcium atoms (Cw) in the calcium silicate sheets to bridge the broken chains. Nevertheless, the temporal reconstruction mechanism by Cw atoms doesn't stop the crack from propagating in the normal plane to the loading direction as we can see from Fig. 16.d at 0.5 Å/Å until complete failure.

It is important to see here that cracks are localized in a small region in the x direction that first propagate in the interlayer region along y-direction and then, along z-direction by breaking the calcium silicate chains as strain increases. In order to understand the role that plays the inserted nanoparticles in response to tensile loading along x-axis, we have observed the (YZ) slice at the first nanoparticles level (y1=22.5 Å) at different strain stages as shown in Fig. 17.

At the beginning of the structure damage (Fig. nanoparticles is slightly altered. In this region, the strain is carried by calcium silicate chains reordering and stretching of nanoparticles in the x-direction, as displayed in Fig. 17.f. The region is then preserved from cracking by the stiffness of nanoparticles and their strong interactions with the surrounding C-S-H matrix.

d-Tension along y-axis:

Fig. 18 shows the 4NP/C-S-H at the beginning and at the end of tensile test along y-axis. We can see that the structure exhibits a necking phenomenon, which is a characteristic of ductile materials such as metals. At 1.0 Å/Å strain, the necking region occurs in two cross sections;

both correspond to the nanoparticles locations. In each necking zone, the two nanoparticles are covered by C-S-H atoms suggesting a very strong adhesion between the nanoparticles and C-S-H matrix that exceeds the stretching work. In order to get further insights about the structural deformation of the global system and of the local nanoparticles neighboring, we have examined the (YZ) slice of the structure at different stages of the stretching process as shown in Fig. 19. Soon after reaching the yield point at 0.11 Å/Å, small defects start to appear in the calcium silicate chains located away from the nanoparticles. The small symmetric voids are observed at 0.2Å/Å strain located at the farthest calcium silicate chain from the nanoparticles (Fig. 19.b). The stress reducing in the plastic phase is accompanied by the crack propagation in nearby calcium silicate sheet as we can see at 0.5 Å/Å strain. The crack growth is slowed down by atoms rearrangement in the calcium silicate sheets and by the motion of interlayer calcium that attempt to bridge the defective chains. The cracks continue to propagate along ±45° from the tension direction towards the center of the structure circumventing the nanoparticles. Finally, Fig. 19.d shows the final tension stage corresponding to 1.0 Å/Å where the cracks are developed almost symmetrically in the calcium silicate sheets to form to necking region as it was noticed before. The nanoparticles are elongated along ydirection and adopt progressively an ellipsoidal shape. The neighboring C-S-H atoms are little affected by the tensioning process since cracks are formed from the outside-in. The geometry of the central region between the two necking zones is altered and interpenetrations between calcium-silicate sheets and interlayer atoms are observed. However, the crack initiation zones and the propagation direction prevent the central calcium silicate chains from dissociation, which holds off the structure from splitting in two halves.

e-Tension along z-axis:

The structure damage in response to tensile along z-direction is quite different from that along

x and y-axes. In the short elastic phase, strain is taken up by the calcium silicate chains and the nanoparticles in the interlayer region. After reaching the elastic limit, small cracks are initiated in the interlayer region as we can see from In the case of loading along y-direction, the normal region to loading direction between nanoparticles is not fractured, and then the pair of nanoparticles together with surrounding C-S-H atoms form the "neck region" of the final deformed structure. The observed difference is due to the composition of the normal region to the loading direction between the nanoparticles. In the case of tensile along y-direction, this corresponds to the narrow region made of the calcium and silicate chains that strongly interact with the two nanoparticles from each side. For tensile along z-axis, the normal region between the pair of nanoparticles in the y-direction is situated in the "weak" interlayer region where hydrogen bonds and Cw-O bonds are unstable and thus are easy to break.

We can see that the failure mode highly depends on the loading direction. This can be explained by the nanoparticles distribution in the C-S-H matrix. Most remarkably, the necking effect is observed in response to tensile along y-axis, which is a characteristic of ductile materials such as iron-based materials. This is due to the iron oxide nanoparticles distribution in the normal plane to y-axis ((XZ) plane). In each level (y1=22.5 Å and y2=67.5 Å), the two nanoparticles are fairly close to each other along the z-axis, highly interact with each other and with the surrounding C-S-H atoms, which create a very strong region and amplifies the resistance to tensile loading. Thus, the crack propagates only outside the interaction zone "circumventing the nanoparticles". As for z-axis tensile, the response is quite different, no necking effect is observed. This can be also explained by the nanoparticles distribution in the normal plane to z-axis. At each z level (z2= 19.2 Å and z4= 43.7 Å), the two nanoparticles,

Conclusion

In this work, the reinforced C-S-H by adding Fe2O3 nanoparticles was studied on a fundamental molecular scale. By examining the non-bonding interaction energy between the C-S-H matrix and the Fe2O3 nanoparticles and the structural properties of the hybrid Fe2O3/C-S-H material, we demonstrated that the nanoparticle with the smallest radius (1.03nm) gives the best adhesion properties. This insertion type (1NP1) was adopted to study the nanoparticles density effect on the mechanical properties of the modified C-S-H. In order to elucidate the importance of the way nanoparticles are dispersed inside the C-S-H matrix, two insertion modes were considered. The first mode, corresponding to an "inhomogeneous dispersion" of the nanoparticles, results in a weaker composite structure in response to tensile compared to pure C-S-H. The second mode described as a "uniform dispersion" of nanoparticles highly strengthens the composite material in the three directions for both linear and non-linear responses to tensile loading. Moreover, the nanoparticles distribution highly affects the ductility and the failure mode of the material. The "group effect" of inserted nanoparticles is required for higher ductility. Finally, the necking phenomenon may emerge as a result of the nanoparticles interconnection and their strengthening effect on the surrounded C-S-H region. 

Tables

Fig. 4

 4 Fig.4 presents the (XY) slice of C-S-H modified by NP2-type nanoparticle: NP2/C-S-H structure.

  H-O total coordination number in the C-S-H matrix decreases as the nanoparticle size increases. The Ow-Hw coordination number decreases the most compared to the other O-H coordination types. This indicates that water molecules H2O of the C-S-H interlayer dissociate to OH -hydroxyl ions and H + protons in vicinity of the inserted nanoparticle. The hydroxyl ions (OH -) coordinate with Fe atoms on the surface; while the protons H + bind with nearby surface oxygen of the nanoparticle Of according to the following mechanism: H2Ow + Of → OwH + OfH This bonding mechanism is also accompanied by the formation of hydrogen bonds between OfH and OwH as illustrated in Fig.11.a where the OwH is the acceptor of the hydrogen bond. The water molecules also interact with the nanoparticle via hydrogen bond, donating the hydrogen bond to surface oxygen Of of the nanoparticle as shown in Fig.11.b.

  are shown in Fig.15. Here, we see that both nanoparticle insertion modes enhance the stress strength along z-axis by 34% and 110% for 1NP/C-S-H and 4NP/C-S-H respectively compared to pure C-S-H. Nevertheless, the response to tension is quite different comparing 1NP/C-S-H and 4NP/C-S-H composites. Even if stress drops more slowly to zero after reaching the yield point for 1NP/C-S-H compared to pure C-S-H, the ductility of the structure along z-axis remains relatively poor. 4NP/C-S-H exhibits higher resistance in the elastic phase and remarkable ductility in the plastic phase along z-axis. In fact, stress continues to increase after the yield point until 2.38 GPa at 0.09 Å/Å strain to 3.05 GPa at 0.4 Å/Å strain, suggesting a structural hardening of the composite. Finally, stress starts to slowly decrease indicating the starting point of the material damage.

  .a), voids are initiated in the interlayer region close to the composite surface. As strain increases, the small cracks grow into the neighboring calcium silicate sheets and coalesce to form a rupture surface that is normal to the x-direction as shown in figures from Fig.17.b to Fig.17.f. The reconstruction mechanism by Cw of the broken calcium silicate sheets is demonstrated in Fig.17.e. The structure part containing the

Fig. 20 .

 20 a at 0.2 Å/Å strain generating "the structure opening" at the interlayer where nanoparticles are inserted. The cracks are initiated in the interlayer region outside the nanoparticle neighboring zone as shown in Fig.20.a'. As strain increases, Fe-O bonds of the nanoparticles continue to withstand strain, resulting in a structural hardening. On the other hand, neighboring Cw-O and hydrogen bonds, with much lower ability to take strain, easily break inducing defects in the interlayer region as illustrated in Fig.20.b and Fig.20.b'. The generated crack in the two interlayers propagates and the distance along tensile direction between the separated sheets is increased as shown in Fig.20.cand Fig.20.c'. However, the structure is held together through nanoparticles that are tightly bound to the C-S-H neighboring atoms, preventing the structure from rupture. At this stage of deformation, cracks are also visible in the upper interlayer that starts to grow and combine together very fast; which corresponds to the stress decreasing in the stress-strain evolution after 0.4 Å/Å strain. Finally, the crack propagation in the upper interlayer results in the structure rupture as illustrated in Fig.20d. It should be noticed that the deformed structure doesn't exhibit a necking effect in the z-direction as it was observed for tensile along ydirection. Here, the fracture surface includes also the normal region to the loading direction between the nanoparticles as we can see from Fig.20.d'; which generates a voided defective region between nanoparticles.

Figure 1 :

 1 Figure 1: Fe2O3 nanoparticles with six different sizes.

Figure 2 :

 2 Figure 2: C-S-H atomic structure.

Figure 3 :

 3 Figure 3: (YZ) slice of the indented C-S-H with a hole size of 2.4nm.

Figure 4 :

 4 Figure 4: (YZ) slice of the NP2/C-S-H structure.

Figure 5 :

 5 Figure 5: C-S-H neighbouring atoms of the Fe2O3 NP2-type nanoparticle at: (a) The start of the structure relaxation. (b) The end of the structure relaxation.

Figure 6 :

 6 Figure 6: Normalized Van-der-Waals interaction energy, Electrostatic interaction energy and total interaction energy of C-S-H/Fe2O3 as functions of the inserted Fe2O3 nanoparticle size.

Figure 7 :

 7 Figure 7: Radial distribution function of C-S-H and Fe2O3 modified C-S-H structures.

Figure 8 :Figure 9 :

 89 Figure 8: RDF atomic contributions of: (a) Pure C-S-H. (b) Fe2O3/C-S-H structure modified by the NP1-type Fe2O3 nanoparticle Figure 9: Major peaks of: (a) C-S-H pure structure. (b) NP1/C-S-H structures.

Figure 10 :

 10 Figure 10: Snapshot of oxygen atom trapped at the interface of the Fe2O3 nanoparticle.

Figure 11 :

 11 Figure 11: (a) Hydrogen bond between O--Hw and Of--Hw where O--Hw acts as an acceptor. (b) Hydrogen bond between water molecule and surface oxygen atoms Of where water acts as a donator.

Figure 12 :

 12 Figure 12: Structure of the C-S-H matrix containing four Fe2O3 nanoparticles of NP1-type.

Figure 13 :

 13 Figure 13: Stress-strain curves of C-S-H, 1NP/C-S-H and 4NP/C-S-H tensioned along x-axis.

Figure 14 :

 14 Figure 14: Stress-strain curves of C-S-H, 1NP/C-S-H and 4NP/C-S-H tensioned along y-axis.

Figure 15 :

 15 Figure 15: Stress-strain curves of C-S-H, 1NP/C-S-H and 4NP/C-S-H tensioned along z-axis.

Figure 16 :

 16 Figure 16: 4NP/C-S-H structure tensioned along x axis at: (a) 0 strain, (b) 0.2 Å / Å strain, (c) 0.4 Å / Å strain and (d) 0.5 Å / Å strain.

Figure 17 :

 17 Figure 17: (XZ) slice of 4NP/C-S-H tensioned along x axis at strain: (a) 0 strain, (b) 0.16 Å / Å strain, (c) 0.2 Å / Å strain, (d) 0.33 Å / Å strain, (e) 0.4 Å / Å strain, (f) 0.5 Å / Å strain.

Figure 18 :

 18 Figure 18: Molecular structure of 4NP/C-S-H tensioned along y-axis at: (a) 0 strain; (b) at 1.0 Å / Å strain.

Figure 19 :

 19 Figure 19: (YZ) Slice of 4NP/C-S-H structure during the tensile along y direction at: (a) 0 strain, (b) 0.2 Å / Å strain, (c) 0.5 Å / Å strain and (d) 1.0 Å / Å strain.

Figure 20 :

 20 Figure 20: The 4NP/C-S-H structure and the corresponding (YZ) slice tensioned along z-axis at: (a) and (a') 0 strain, (b) and (b') at 0.2 Å / Å; (c) and (c') 0.4 Å / Å; (d) and (d') 1.0 Å / Å.
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Table 1 :

 1 Fe2O3 nanoparticle sizes, number of atoms and Fe2O3/C-S-H volume ratio.

		size (nm)	Number of atoms	Volume fraction (%)
	NP-1	2.07	405	1.7
	NP-2	2.26	580	2.1
	NP-3	2.39	710	2.5
	NP-4	2.61	930	3.1
	NP-5	2.81	1160	3.9
	NP-6	2.98	1390	4.5

Table 2 :

 2 Coordination number of Fe atoms and oxygen atoms of the C-S-H matrix.

		C-S-H+NP1 C-S-H+NP2 C-S-H+NP3 C-S-H+NP4 C-S-H+NP5 C-S-H+NP6
	Fe-Ow	0.25	0.15	0.17	0.13	0.15	0.13
	Fe-Ob	0.11	0.06	0.05	0.07	0.04	0.06
	Fe-O	0.41	0.31	0.31	0.26	0.24	0.26
	Fe-Oh	0.50	0.41	0.40	0.35	0.30	0.31
	Total	1.27	0.92	0.93	0.81	0.74	0.76
	Tableau 3: Coordination number of atoms and hydrogen atoms of the C-S-H matrix.	
		C-S-H+NP1 C-S-H+NP2 C-S-H+NP3 C-S-H+NP4 C-S-H+NP5 C-S-H+NP6
	Of-Hw	0.06	0.03	0.03	0.05	0.03	0.02
	Of-H	0.05	0.05	0.04	0.04	0.02	0.03
	Total	0.11	0.08	0.07	0.09	0.05	0.05

Table 4 :

 4 Coordination number of Si atoms and oxygen atoms of the C-S-H matrix.

	1							
		C-S-H	C-S-H+NP1 C-S-H+NP2 C-S-H+NP3 C-S-H+NP4 C-S-H+NP5 C-S-H+NP6
	Si-Ow	0.00	0.03	0.04	0.04	0.03	0.04	0.06
	Si-Ob	1.09	1.04	1.03	1.04	1.01	1.02	1.00
	Si-O	2.20	2.15	2.15	2.14	2.15	2.14	2.11
	Si-Oh	0.70	0.73	0.72	0.72	0.74	0.73	0.75
	Total	4.00	3.96	3.94	3.94	3.93	3.92	3.92
	2							

Table 5 :

 5 Coordination numbers of hydrogen atoms around oxygen atoms from water

	3							
	4	molecules and from hydroxyl group of the C-S-H matrix.		
			C-S-H	C-S-H+NP1 C-S-H+NP2 C-S-H+NP3 C-S-H+NP4 C-S-H+NP5 C-S-H+NP6
	Ow-Hw	1.81	1.61	1.60	1.56	1.58	1.57	1.55
	Ow-H	0.03	0.09	0.10	0.1	0.11	0.10	0.11
	Total	1.84	1.70	1.70	1.66	1.69	1.67	1.66
	Oh-Hw	0.08	0.13	0.12	0.14	0.13	0.13	0.13
	Oh-H	0.97	0.91	0.91	0.89	0.88	0.89	0.86
	Total	1.05	1.04	1.03	1.03	1.01	1.01	0.99
	5							

Table 6 :

 6 Elastic constants of pure C-S-H and modified NP1/C-S-H structure.

	6			
		C-S-H	1NP1/C-S-H	4NP1/C-S-H
	C11 (GPa)	85.74	77.66	104.13
	C22 (GPa)	83.18	82.24	106.39
	C33 (GPa)	67.80	60.66	79.49
	C44 (GPa)	19.04	17.30	19.84
	C55 (GPa)	18.72	14.96	23.74
	C66 (GPa)	31.27	26.07	33.49
	C12 (GPa)	45.31	44.53	55.85
	C13 (GPa)	26.49	27.33	38.45
	C23 (GPa)	27.01	28.68	38.84

Table 7 :

 7 Bulk modulus (K), shear modulus (G), Young's modulus (E), indentation modulus (M), Universal anisotropy index (A U ) and Poisson ratio (ν) of pure C-S-H, 1NP1/C-S-H and 4NP1/ C-S-H composite.

		C-S-H	1NP1/C-S-H	4NP1/C-S-H
	K (GPa)	47.39	45.02	60.57
	G (GPa)	22.45	19.30	25.40
	E (GPa)	58.16	50.66	66.84
	ν	0.30	0.32	0.32
	M (GPa)	63.72	56.14	74.26
	A U	0.29	0.32	0.23

Table 8 :

 8 Young's moduli Ex, Ey and Ez along x-axis, y-axis and z-axis respectively.

		C-S-H	1NP1/C-S-H	4NP1/C-S-H
	Ex(GPa)	52.42	48.32	65.27
	Ey (GPa)	51.85	52.55	67.51
	Ez (GPa)	40.15	39.01	52.65

with a separation distance of 24 Å along the y-direction, have separate interaction zones. Moreover, the inter-region between the nanoparticles is situated in the interlayer region that is considered as the most fragile zone of the material towards tensile loading. Consequently, the cracks are initiated in the interlayer region outside each nanoparticle interaction zone and propagate along the normal plane to the loading axis. The cracks, however, cannot grow into the nanoparticles, which prevent the material from a fragile failure, as it is the case for pure C-S-H. Finally, for tension along x direction, the failure surface is located close to the structure surface away from the nanoparticles influence zone. The cracks are initiated in the interlayers at the same x level, and gradually propagate into the calcium silicate sheets until complete rupture of the material. However, no crack propagation is observed in the rest of the structure.

Again, this is likely due to the nanoparticles distribution. Along x-direction, the four nanoparticles are located at a single x level (x0=32.7 Å), which reduces the nanoparticle strengthening region along the x direction. Thus, the farthest region from the nanoparticles quadruplet is found vulnerable towards stretching along x-axis. Subsequently, the insertion of another set of nanoparticles in a second x level may enhance the ductility of the composite along x-direction and the necking phenomenon can happen in response to tensile along xdirection.