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Abstract  

This work focuses on elastic modulus of two main constituents of cement based materials: 

portlandite (CH) and Calcium Silicates Hydrates (C-S-H). At nano-scale, the single CH crystal 

using Density Functional Theory (DFT) is investigated and the homogenised elastic modulus is 

obtained to be assessed as the RVE unit, which is used in nano-indentation simulation. Then the 

monolithic C-S-H structure with the chemical formula: (CaO)1.67(SiO2)(H2O)1.75 is simulated during 

the stretch process at strain rate 10-3 ps-1 by Molecular Dynamics (MD) method using ClayFF field, 

and its averaged elastic modulus is used to assess Young’s moduli of LD and HD C-S-H phases 

considering the porosity factor. Then at micro scale, FEM is used to simulate the nano-indentation 

test on ABAQUS software and Young moduli of CH and C-S-H phases are determined by the 

load-depth curve. Young modulus by the load-depth curve simulated is calculated to compare with 

the experimental one. The results show that: 1) the Young’s modulus calculated by DFT and 

Reuss-Voigt-Hill (RVH) calculation is 45.46 GPa, which is in quite good agreement with 

experimental averaged value (39.88 GPa) and with the literatures values (45.94 GPa by Laugesen, 

52.4 GPa by Speziale et al., 44.69 GPa by Kerisit et al., 46.58 GPa by Holuj et al.). 2) Based on the 

elastic modulus of the monolithic C-S-H structure by MD simulations, the assessment results on LD 

C-S-H and HD C-S-H after homogenization are very close to nanoindentation experiments data. 3) 

By FEM method, the simulated P-h curve is adopted to compare the extent of deviation from the 

experimental values, which is within an acceptable relative error. The homogenized elastic 

properties of polycrystals can be obtained by elastic constants of single crystal (using DFT and 

RVH estimation), thus can be used to explain the relationship between structure and mechanical 

properties of CH from nano-scale to micro-scale. Results enable to provide useful parameters for 

composite cements systems modeling and a method to calculate elastic modulus of other similar 

structures. 
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1 Introduction

Modeling the structural concrete performances needs a precise assessment of the mechanical 

properties of cementitious composites [1], and the different scales have to be considered to reflect 

the atomic interactions [2] at different length-scales [3]. Nano-indentation technique as well as 

Density Functional Theory (DFT) can be combined to study mechanical properties of the two main 

phases of Hardened Cement Pastes, namely Hydrated Calcium Silicates (C-S-H) and Portlandite 

(CH). CH and C-S-H as the main and typical constituents of hydrated cementitious systems 

separately represents approximately 70% and 17-25% of the volume fraction of portland cement 

paste [4]. Both of them influence the physical and mechanical properties as well as the durability of 

composite cementitious materials. Their Young’s moduli are needed in the modeling of cement at the 

macro and micro scales [5]. The traditional continuum models [6] and nonlocal continuum theory [7] 

are not adequate in modeling [8] of these materials [9]. Nano-indentation experiment as an advanced 

micro-scale mechanical measurement techniques is widely used in the characterization of 

mechanical behavior at small scales [10,11], thus  providing the elastic modulus of cement 

hydration products [12,13]. 

Nano-indentation experiment has been widely adopted to  investigate the local mechanical 

properties of materials and to characterize mineral and metal materials [14] used in the fields of 

medical devices, micro-electro mechanical systems (MEMS), bio-engineering, civil engineering, 

aircraft and film material research[15]. This technique is being used increasingly to measure 

hardness, elastic modulus, creep parameters and residual stresses thanks to high resolution load 

control and displacement sensing capabilities. This tool is particularly useful to characterize 

microscale heterogeneities in materials or local mechanical properties at the grain scale in 

polycrystalline or multiphase samples. However, Nano-indentation has a complex problem of 

contact, which is affected by many factors, such as the surface roughness, the substrate effect, the 

grain boundary effects, indenter geometry, lattice anisotropy and size effect, etc. Even though the 

nano-indentation process is performed in the same device and under the same test conditions, the 

results can not be guaranteed repeatable. That is why the investigation of nano-indentation process 

using numerical simulation method is required. As its theoretical mechanism is very complex [16] 

and size effect [17,18] are not commonly considered, both experiment and simulation are used for 

comparison of mechanical properties of CH and C-S-H according to loading/unloading curves 

between load and displacement. Although there are some relative reports on nano-indentation 
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technique, these studies are almost based on experimental analysis and the numerical calculation of 

CH and C-S-H structure at nano-scale has not yet been revealed. 

The crystal structure of C-S-H structure is basically known and commonly modeled as 

tobermorite-like (i.e., tobermorite 9Å, 11Å, 14Å) and jennite-like systems [19] and/or with distorted 

semi-crystalline variations of them [20]. Tobermorite as one of the earliest models proposed by 

Taylor and Howison [21] is thought as its hydration degree, which may describe the relative C-S-H 

nanostructure. From the view of Ca/Si ratio, there are two types C-S-H structures: the C-S-H(I) 

(with Ca/Si of 0.6∼1.5) and C-S-H(II) structures [22] (with Ca/Si of 1.5∼2.0), of which the later is 

close to the experimentally confirmed structure C1.7-S-H1.8 with Ca/Si of 1.7 in the C-S-H gel [23]. 

From the view of several nanometers length scale, C-S-H gel has a nano-granular aspect composed 

of monolithic C-S-H (full dense C-S-H) and porosity. At this scale, C-S-H gel “Globule” model 

exists in two forms: Low Density C-S-H (LD C-S-H) and High Density C-S-H (HD C-S-H), 

provided by Jennings [24]. Hou Dong Shuai et al. [25] have investigated an amorphous C-S-H 

structure on the elastic properties of the layered C-S-H based on the CSH-FF field. Moreover, 

Microporomechanics technique has been used to calculate elastic properties of LD C-S-H and HD 

C-S-H gels [26]. For the elastic properties of LD and HD C-S-H, Constantinides et al. [27] have 

obtained elastic moduli by nanoindentation experiment. The porosity is also a factor influencing the 

elastic modulus of cement paste [28]. It has been investigated based on the backscattered electron 

image analysis and the HYMOSTRUC model [29]. The impact of the porosity on the matrix Young 

modulus is that the Young modulus decreases highly with the increasing of the porosity [30]. 

According to LD and HD C-S-H models described by Jennings [25], the gel porosity of LD C-S-H 

solid phase is 35-37%, while the gel porosity of HD C-S-H solid phase is 24%. However, the 

relationship between the C-S-H structure with the size of about 5 nm and C-S-H phases (LD C-S-H 

and HD C-S-H) has not been revealed yet. In this paper the porosity and homogenization are used to 

explain the difference, which is meaningful for the verification of both the nano-indentation 

simulation and nano-indentation experiment.  

The crystal structure of CH is well known, where the morphology of the crystal is hexagonal 

with space group P3m1. This work focuses also on the modelling and mechanical properties of CH 

structure from nano-scale to micro-scale. Modelling and simulation of continuum coupling in 

computational hydrates structures with the size of nanometer unit during nonlinear 
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micro-indentation is considered and simulated to compare experimental results performed in this 

work and by Keinde [30] and Constantinides [32], of which the obtained elastic moduli were close 

to Brillouin spectroscopy measurements [33], and other modelling and experimental results [34]. 

The load-depth curve and elastic properties of the two phases are also investigated. Results enable to 

provide useful parameters for hydrated lime, Portland and composite cement systems modeling and a 

method to calculate elastic modulus of other similar structures. 

 

2. Modeling of the structure of hydrates at nano-scale and nano-indentation investigation at 

micro-scale 

2.1 Modeling and computational detail of CH crystal 

Cambridge sequential total energy package (CASTEP) [35,36] and first-principles plane wave 

pseudopotential method based on DFT is adopted. The exchange correlation potential includes the 

generalized gradient approximation (GGA) and the local density approximation (LDA), which are 

in the scheme of Perdew-Burke-Eruzerh of (PBE) [37] and Ceperley-Adler parameterized by 

Perdew and Zunger [38,39]. The nucleus-nucleus and electron-electron interactions are also 

considered [40]. Initial model and flowchart are in Fig.1. 

 

[FIGURE 1] 

  

Fig.1a) shows that Ca2+ is mainly octahedrally coordinated by the oxygen atoms. The hydrogen 

bond or other strong bonds across the layer is not existed. DFT calculation process is shown in 

Fig.1 b), the pressure region is 0～1.0GPa. Initial conditions are as: the exchange-correlation 

function is GGA; The cutoff energy of the plane waves for ultrasoft pseudopotentials is 500 eV. 

Brillouin zone is 15×15×15. The self-consistent convergence of the total energy is 10-6eV per atom. 

 

2.2 Modeling and computational detail of monolithic C-S-H 

The construction of an amorphous monolithic C-S-H(II) is largely developed in reference [41]. 

Only a brief description is given here. The construction of a monolithic “Globule” C-S-H structure 

is shown in Fig.2. 
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[FIGURE 2] 

 

Steps for construction of the amorphous C-S-H structure of about 2 nm with Ca/Si ratio of 1.67 

in Fig.2 (a) for modelling and simulation are as: Step 1: The construction of dry amorphous C-S-H 

structure with formula:(CaO)1.67(SiO2), where the dry C-S-H model: Q0, Q1 and Q2 are separately 

13%, 67% and 20%. Step 2: Water adsorption of dry C-S-H by Grand Canonical Monte Carlo 

(GCMC) simulation, and the final C-S-H formula is (CaO)1.67(SiO2)(H2O)1.75, with the density of 

2.257 g/cm3. Finally, the monolithic “Globule” C-S-H structure about 5nm is periodically 

constructed based on the size of about 2.5 nm, shown in Fig.2(b). 

We use the ClayFF field [42] and Lammps package code [43] for our calculations. The 

Coulomb interaction by Eward truncation radius is 10.0 Å. The Lennard-Jones potential cutoff 

radius is 8.0 Å. In simulation, NPT ensembles are set for the system. A timestep of 0.01 fs is used. 

The others setting parameters has been given in previous studies [42]. Then the model was 

subjected to uniaxial tensile loads through gradual elongation in three directions with a strain rate of 

0.001 ps-1. 

 

2.3 Continuum Model in nano-indentation simulation 

At the meso-scale, subdomains are regarded with locally varying loads. The interaction of the 

constituents is accounted for at the micro-scale [43]. The nano-indentation constitutive model with 

embedded programs was done to simulate nano-indentation process by FE analysis as shown in 

Fig.3.  

 

[FIGURE 3]  

 

From Fig.3 a) the 3D model has a size of 15.0 µm × 15.0 µm × 7.5 µm, which has the 

sufficient space to compare the experimental results. According to literatures [45,46], 3D models 

can be equivalent to an axisymmetric 2D model and the results of two models are consistent with 

each other. The size of the 2D model regarded as the semi-infinite solid in Fig.3 b) is 12.0 µm × 

12.0 µm. This continuum space is discretized using the CPE4R element with higher accuracy. The 

Berkovich indenter is modeled as a conical indenter with a semi-apex angle of 70.32°, where the 
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conical cross-sectional area closest to the actual situation. To simplify the calculation, Berkovich 

indenter is assumed to be rigid and the deformation is subjected to the Mises yield criterion and 

isotropic hardening criterion. For save the computational time, the transitional gird division method 

is adopted. The element size in the indenter contact region was continuously refined to a greater 

accuracy, a refined mesh in Fig.2 3) was near the tip area (contact zone is 3.0µm × 3.0µm, the 

number of grid is 300 × 300) in order to maintain the reasonable accuracy and the refined mesh in 

the indenter region. The minimum length of elements within the final domain is about 10 nm. 

 

2.4 Description of nano-indentation experiment process 

Nano-indentation instrument of INSA de Rennes and sample are shown in Fig.4.  

 

[FIGURE 4] 

 

As it can be seen in Fig.4 a), the device used for our experiments is an OpenPlatform from 

CSM instruments which includes several heads: on the left, the first piece of apparatus is a scratch 

tester, then follows the nano-indentation tester (NHT), a confocal pen (Conscan), an atomic force 

microscopy (AFM) system and finally besides is an optical microscope. For the experiments a 

modified Berkovich indenter is used, as shown in Fig.4 b). The Berkovich indenter is a three-sided 

pyramid diamond which is geometrically self-similar and the modified tip has an half angle of 

65.27° that allows it to have the same projected area as a Vickers tip whatever the indentation depth 

is. Samples with approximately 1.1 cm × 1.1cm × 1.5cm of dimensions (Fig.4 c)) are used. During 

their surface preparation they underwent rigorous mechanical polishing in order to reach a mirror 

surface. Parameters of the indentation tests are as follows: a standard process is chosen, that means 

an approach speed of 2000 nm/s, a linear loading and unloading in 30 s, and the maximum load is 

fixed to1.5 mN;. For each experiment, the data of load and displacement are recorded. The test is 

repeated several times in a chosen region of the same paste with a sufficient distance between 2 

nanoindentations in order to avoid influence of prints on each other’s. 

 

3. Theoretical analysis and elastic modulus calculation of P-h curve 

3.1 The analysis of the force-depth curve 
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The nano-indentation test is a technique in which the penetration depth is measured in 

nanometers continuously during the loading process. This allows to indirectly measure the contact 

area that is the real area where contact is made between the indenter and the tested material. Indeed, 

in conventional indentation test, the contact area is calculated by measuring the size of the residual 

print on the surface of the sample after unloading. But in the nano-indentation test, the contact 

surface is determined indirectly from the geometry of the indenter and the depth of penetration; 

meanwhile, the force and the displacement of the tip in the material are continuously recorded and 

shown in a force-depth curve, as shown in Fig.5. 

 

[FIGURE 5] 

 

As it is shown in Fig.5, Pmax is the maximum of loading stress, hmax is the maximum of 

indentation depth, hp is the residual depth of the print hr is the sinking, obtained by drawing the 

tangent of the unloading curve at Pmax, S is the initial unloading contact stiffness, hc is the contact 

depth which is calculated (explained in 3.2). The typical indentation curve in Fig.5 represents a 

loading-unloading cycle, not superimposed when the test leaves a permanent track on the surface. 

The first part is the loading curve corresponding to the penetration of the indenter. This ends when 

the indenter reaches its maximum load Pmax or the maximum penetration hmax. The second part 

represents the discharge curve. It corresponds to the withdrawal of the indenter. The analysis of a 

cycle gives a lot of information by reading the indentation curve total penetration depth hmax and the 

residual depth hp. Furthermore, studying the areas under the curves is interesting because 

information such as elastic work (We) and plastic work (Wp) can be assessed. For example, surface 

enclosed by the unloading curve, horizontal axis and the vertical ordinate of maximum load 

represents elastic deformation work. 

3.2 Theoretical calculation of elastic modulus by the P-h curve 

Generally speaking, the unloading stiffness S is established by differentiating P at the 

maximum depth of penetration. S is the initial unloading contact stiffness represented by the slope 

of the initial portion of the unloading curve, which is as: 

maxh h

dP
S

dh =

 =  
 

                               (1) 
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The contact area as a function of contact depth hc is calibrated by indenting on a standard 

cement specimen. 

The contact depth hc can be obtained by the load–displacement curve using Sneddon’s 

equation [47] and assuming that pile-up is negligible: 

max
maxc

P
h h

S
ε= −                               (2) 

Where ε is a constant depending on the indenter geometry; ε=0.75 for the Berkovich indenter, 

ε=0.72 for the conical indenter, and ε=1 for the flat punch.  

The unloading part of the curve enables to characterize the elastic behaviour of the indented 

phase and more particularly its reduced modulus Er.  

The reduced modulus can be defined as: 

2r

S
E

A

π
β

=                                  (3) 

It is related to the Young’s modulus and the Poisson’s ratio of the phase by means of the 

following relationship: 

2 21 1 1 i

r iE E E

ν ν− −= +                             (4) 

In these two equations, β is the indenter shape function, the area A depends on the penetration 

depth and is calibrated using the procedure of Oliver and Pharr [11], E and ν are the elastic modulus 

and Poisson’s ratio of the specimen, and Ei and νi are those of the indenter. For a diamond indenter, 

Ei=1140 GPa and νi=0.07. 

According to Tabor [48], by the analyzing of elastic properties using nano-indentation data, the 

yield stress can be roughly assessed, which is directly correlated with hardness value as:  

/y H Cσ ≈                                (5) 

Where H is indentation hardness (GPa), C is the contact creep modulus (GPa), the coefficient 

can change in the range of 2.6-3.0. 

 

4. Results analysis and discussion 

4.1 Elastic modulus calculation of CH, LD C-S-H and HD C-S-H 

4.1.1 Axial modulus and homogenized modulus of CH 
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The elastic constants for hexagonal are: C11, C12, C13, C33 and C44, since C66=(C11-C12)/2, and 

the corresponding mechanical stability condition [49] are : 

.02)(,0

,0,0
2
1333121144

121111

>−+>
>−>

CCCCC

CCC
                                     (6) 

Bulk modulus B and shear modulus G of CH can be calculated by Voigt-Reuss-Hill (VRH) 

estimation [50]. The Voigt bounds of B and G are: 

)2
2

1
(

9

2
13331211 CCCCBV +++=                                       (7) 

)421257(
30

1
1333441211 CCCCCGV −++−=                              (8) 

And the Reuss bounds are: 

13331211

2
131211

42

2)(

CCCC

CCC
BR

−++
−+=                                          (9) 









+−++
−+=

)](2)[(3

]2)[(

2

5

6644
2
133312116644

6644
2
13331211

CCCCCCCCB

CCCCCC
G

V
R                    (10) 

As from the Voigt-Reuss-Hill(RVH) estimation [51]: MH = (1/2)(MR+MV), M=B, G.  Young’s 

modulus E and Poisson’s ratio µ can be calculated by: 

( ) ( )
( ) ( )
9 / 2 / 2 / 2 / 29

3 3 / 2 / 2 / 2 / 2
V R V R

V R V R

B B G GBG
E

B G B B G G

+ +
= =

+ + + +                            (11) 

( )
( ) ( )
( ) ( )

3 / 2 /2 2 / 2 / 23 2

2 3 6 /2 / 2 2 / 2 /2
V R V R

V R V R

B B G GB G

B G B B G G
µ

+ − +−= =
+ + + +                        (12) 

Young's modulus and Poisson's ratio can be calculated by Voigt and Reuss bounds as well as 

the averaging term [51]. 

Defining σ11=E1ε11, σ22=E2ε22 and σ22=E2ε22, the formula of axial modulus in x, y, z-direction 

E3 is shown as [52]: 

( ) ( ) ( )2 2
1 2 11 12 12 33 13 11 33 131 /E E c c c c c c c c = = − + − − 

                     (13)  

( )2
3 33 13 11 122 /E c c c c= − +                                     (14)  

Elastic constants Cij based on DFT are calculated. By Eq.8-Eq.9, σx=σy=86.4918εx, 

σz=31.7002εz. For structure of polycrystals, the homogenized elastic modulus including shear 

modulus and bulk modulus can be calculated [52]. Firstly, based on the Cij calculated, shear modulus, 

bulk modulus and Young’s modulus are determined by means of Voigt and Reuss bounds and 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

shear/bulk modulus formulas by Wu et al. [52]. 

 

[TABLE 1] 

 

Seen from Table 1, all the data are in good agreement. DFT results are slightly upper than 

values of Brillouin spectroscopy measurement. Elastic moduli by RVH estimation [52] are as: 

B=28.25GPa, G=17.31GPa, E=43.13GPa by RVH estimation. More particularly the results of our 

DFT methodology are compared to previous results using methods of Speziale [33] and of 

Laugesen [54]. The homogenized elastic modulus by cubic linear elements is used for 

nano-indentation simulation. 

 

4.1.2 The elastic moduli of the monolithic C-S-H, LD and HD C-S-H 

Using Molecular Dynamics simulation, we have investigated the structural and mechanical 

properties of the “Globule” C-S-H structure. Elastic modulus is obtained by calculating the slope of 

strain-stress curves on average. Then elastic modulus of the “Globule” C-S-H with a size of 5nm is 

used to the assessment of the elastic modulus of C-S-H phases (LD and HD C-S-H), where the 

porosity value is the critical factor for explaining the relationship between “Globule” C-S-H at 

nano-scale between C-S-H phases at microscale. Effect of the model size and the loading direction 

on strain-stress curves is shown in Fig.6. 

 

[FIGURE 6]  

 

From Fig.6, the presence of scale effect is observed; this means that, with the increase of size, 

the peak stress becomes lower. Besides, the averaged modulus of “Globule” C-S-H (5nm) in three 

directions is averaged to be 60.95 GPa under 10-3 ps-1 strain rate at 300K. 

The monolithic C-S-H structure about 5nm enables to evaluate elastic modulus of LD C-S-H 

and HD C-S-H using Self-Consistent and Mori-Tanaka schemes, shown in Fig.7. 

 

[FIGURE 7]  
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From Fig.7, LD C-S-H and HD C-S-H are 18.11 GPa and 31.45 GPa, using the Self-Consistent 

Scheme, which is close to the value of nano-indentation experiment by Constantinides [27]. Based 

on results of MD simulations, the assessment results of LD C-S-H and HD C-S-H after 

homogenization are very close to data of nanoindentation experiments. 

 

4.2 Microstructure and chemical composition  

To highlight the C-S-H and CH phases in the studied samples, JEOL 7100 TTLS scanning electron 

microscope equipped with EDS system for elemental analysis was used. The backscattered electron 

images of the regions of interest were obtained at a beam voltage of 10 kV and working distance of 

8.3 mm. CH phase and C-S-H and their elastic moduli are then identified. 

Figure 8 shows the indentation points mapped onto one backscattered electron image. A secondary 

electron image of one region of the indented area is also given showing the traces and the 

permanent deformation left by the indent. Figure 9 presents backscattered electron images of 

different area of the specimen. The EDS (energy dispersive X-ray spectrometry) analysis of different 

points of these zones allow the identification of portlandite (CH) and C-S-H (II) with Ca/Si of about 

2. 

 

[FIGURE 8] 

 

[FIGURE 9] 

 

4.3 Elastic modulus analysis of CH, LD C-S-H and HD C-S-H phases in experiment 

4.3.1 Elastic modulus analysis of CH phase in experiment 

According to the microstructure observed and confirmed, the indents of CH phase under 

different samples have been found and the corresponding P-h curves are pointed out. The 

representative experimental curves of CH phase characterized by individual elastic modulus are 

averaged, in Fig.10. 

[FIGURE 10] 

 

From Fig.10 a), for CH phase in nano-indentation experiment, the averaged Young's modulus 
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is equal to 44.7±4.5GPa, which is close to the values of 40.3±4 GPa by Constantinides [55] and 

36±3GPa by Acker [56]. Fig.10 b) shows a representative experimental curve of the P-h curve, the 

load is about 1.5mN and the maximum indent depth is about 212.98nm. It is impossible to 

decorrelate E and ν without making an assumption on one of them. For example, the experimental 

elastic modulus of CH is 39.88 GPa if ν is taken equal to 0.2.  

 

4.3.2 Elastic modulus analysis of C-S-H phase in experiment 

According to the microstructure observed and confirmed, the indents of LD C-S-H phase under 

different samples were found and the corresponding P-h curves are pointed out. Representive 

experimental curves of outer LD C-S-H phase is shown in Fig.11. 

 

[FIGURE 11]  

 

From Fig.11 a), for LD C-S-H phase, the averaged Young's modulus is equal to 22.3±2.7 GPa, 

which is close to the values of 18.2±4.2 GPa by Constantinides [57] and 20 ± 2 GPa by Acker [58]. 

Fig.11 b) shows the representative experimental curve of LD C-S-H phase, with its corresponding 

elastic modulus of 17.35 GPa.  

 

Similarly, according to the microstructure observed and confirmed, the indents of HD C-S-H 

phase under different samples were found and the corresponding P-h curves are pointed out. 

Representive experimental curves of HD C-S-H phases are shown in Fig.12. 

 

[FIGURE 12] 

 

From Fig.12 a), for HD C-S-H phase, the averaged Young's modulus is equal to 33.5±3.6GPa 

which is close to the values of 29.4±2.4GPa by Constantinides [55] and 31± 4GPa by Acker [56]. 

Fig.12 b) shows the representative experimental curve of HD C-S-H phase, with its corresponding 

elastic modulus of 32.70 GPa. 

Overall, nano-indentation experiments have given the range of elastic moduli: 15-26 GPa for 

LD C-S-H and 26-39 GPa for HD C-S-H. The inverse method described above is applied to each 
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matrix phase. Finally, elastic moduli are calculated. The relative experimental parameters are listed 

in Table 2. 

 

[TABLE 2] 

 

Nano-indentation can be used to examine the mechanical properties of constituent phases 

independently especially for analysis of chemically complex phases, which will be discussed in the 

following section. As explained before, it is impossible to decorrelate E and ν without making an 

assumption on one of them. For example, the experimental elastic modulus of LD C-S-H is 17.35 

GPa and HD C-S-H is 32.70 GPa if ν is taken equal to 0.2. 

 

4.4 Nano-indentation simulation by FEM  

Finite element analysis has been proved to be an effective method to obtain elastic modulus 

using the RVE model [57]. The indentation is simulated by ABAQUS software at the same depth 

from experiment. The applied displacement force is added. Mechanical parameters of CH phase are 

listed in Table 3. 

 

[TABLE 3] 

 

As in the reference of Asroun et al. [59], an elastic perfectly plastic material model with Von 

Mises yield criterion σy (GPa) is assumed for the indented materials. The yield stresses are 

considered to be equal to 0.198 GPa for LD C-S-H, 0.347 GPa for HD C-S-H and 0.440 GPa for 

CH. 

 

4.4.1 Stress distribution and deformed zones in simulation 

Comparison of P-h curves using the forced displacement mode and the forced loading mode 

are the same, here we use the former. Simulation parameters are set as: elastic moduli are separately 

45.46 GPa (DFT+RVH method) and 39.88 GPa (experiment). The region range of Poisson ratio ν is 

0.25-0.30. The yield stress can be averaged by the experimental data [60] and the simulated data 

[61], which is 0.44 GPa. The contact friction is set about 0.6 [32]. Stress distribution and deformed 
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displacement zones of CH are in Fig.13. 

 

[FIGURE 13] 

 

As in Fig.13, after unloading, the maximum residual stress on the ideal contact condition 

distributes just below the indenter, while on the friction condition it distributes around the top of 

indenter in Fig.13 a) and the displacement below the indenter is not too large in Fig.13 b). 

The LD C–S–H phase can be modeled as a cohesive-frictional plastic and linear elastic 

material [60]. The forced displacement method is used, as mentioned above. From the load-depth 

curve of LD C-S-H phase nano-indentation experiment, the pressure is about 1.5 mN and the 

maximum indent depth is about 441.79 nm, the representative curve of LD C-S-H is as in section 

4.3. The yield stress can be averaged by the experimental data [60] and the simulation [61], which is 

0.198 GPa. The LD C-S-H parameters were separately set as follows: elastic modulus E are 

separately 18.22 GPa (by the Self-Consistent Scheme, ν=0.25), 29.78 GPa (by the Mori-Tanaka 

Scheme, ν=0.25) and 17.35 GPa (nano-indentation experiment). The region range of Poisson’s ratio 

µ is 0.20-0.25 and the contact friction is about 0.6 [32]. Stress distribution and deformed 

displacement zones of LD C-S-H are shown in Fig.14. 

 

[FIGURE 14] 

 

As is in Fig.14, the maximum residual stress after unloading on the ideal contact condition 

distributes just below the indenter, while the maximum residual stress after unloading on the friction 

condition distributes around the top of indenter and the residual stress below the indenter is not too 

large. 

From the representative load-depth curve of HD C-S-H phase nano-indentation experiment, the 

pressure is about 1.5mN and the maximum indent depth of HD C-S-H phase is about 278.08 nm, 

the representative curve of HD C-S-H is as in section 4.3. Similarly, the HD C-S-H parameters were 

separately set as follows: elastic modulus E are separately 31.63 GPa (by the Self-Consistent 

Scheme, ν=0.25), 37.71 GPa (by the Mori-Tanaka Scheme, v=0.25) and 32.70 GPa 

(nano-indentation experiment). The region range of Poisson ratio µ is 0.20-0.25, and the yield stress 
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in the equation (5) is 0.347 GPa. According the reference [32], the contact friction is about 0.6. 

Stress distribution and deformed displacement zones of HD C-S-H are in Fig.15. 

 

[FIGURE 15] 

 

As is shown in Fig.15, the maximum residual stress after unloading on the ideal contact 

condition distributes just below the indenter, while the maximum residual stress after unloading on 

the friction condition distributes around the top of indenter and the residual stress below the 

indenter is not too large. 

 

4.4.2 Elastic modulus analysis and P-h curve in simulation 

Using ABAQUS software, under the loading force of 1.5 mN, the comparison of experimental 

and simulated P-h curves is in Fig.16. 

 

[FIGURE 16] 

 

As in Fig.16, the simulated unloading part is close to the representative experimental part. It 

can be seen that, the smaller the Poisson's ratio is, the smaller the slope of unloading curve is. 

Comparing the purely elastic unloading curve of CH phase in Fig.16, it can be seen that results 

obtained with experimental data from DFT+RVH method is very consistent with experimental 

results, which verifies the reliability of simulation method. 

Similarly, the comparison of experimental and simulated unloading P-h curves of LD C-S-H 

phase is in Fig.17. 

 

[FIGURE 17] 

 

As is shown in Fig.17, we can see that the simulated unloading part is close to the 

representative experimental part. It can be seen that, the smaller Poisson's ratio is, the smaller the 

slope of unloading curve is. Comparison of purely elastic unloading curve of LD C-S-H phase in 

Fig.6.17 b), we can see that, the Mori-Tanaka Scheme (29.78 GPa, ν=0.25) and the Self-Consistent 
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Scheme (18.22 GPa, ν=0.25) are very consistent with experimental results (17.35 GPa), which 

verifies the reliability of both simulation method. 

Moreover, using ABAQUS software, under the loading force of 1.5 mN, the comparison of 

experimental and simulated unloading P-h curves of HD C-S-H phase is shown in Fig.18. 

 

[FIGURE 18] 

 

As is in Fig.18, we can see that the simulated unloading part is close to the representative 

experimental part. It can be seen that, the smaller Poisson's ratio is, the smaller the slope of 

unloading curve is. Comparison of purely elastic unloading curve of HD C-S-H phase is in Fig.18 

b), we can see that, the Mori-Tanaka Scheme (37.71 GPa, ν=0.25) and the Self-Consistent Scheme 

(31.36 GPa, ν=0.25) are very consistent with experimental results (32.70 GPa), which verifies the 

reliability of simulation method. This indicates that the selected simulation parameters are reliable, 

which thus provides the basis and parameters for the multi-scale simulation [4,5] and the 

meso-scale mechanical behavior of cementitious composites [62].  

Conclusion 

At nano-scale, CH crystal is calculated by DFT method (GGA approximation) and the 

homogenized elastic modulus is obtained, then the monolithic C-S-H structure with the chemical 

formula: (CaO)1.67(SiO2)(H2O)1.75) is simulated during the stretch process at strain rate 10-3 ps-1by 

MD method using ClayFF field. The homogenized elastic modulus of CH structure is obtained by 

DFT and Reuss-Voigt-Hill estimation and elastic modulus of LD and HD C-S-H are assessed by the 

monolithic C-S-H. Then at micro scale, FEM is used to simulate the nano-indentation process and 

Young moduli of CH and C-S-H phases are determined by the load-depth curve. Comparison of the 

simulated and experimental P-h curve is analyzed. Conclusions are as: 

1) Based on DFT method and Reuss-Voigt-Hill approximation, Young's modulus of CH is 

estimated to be 45.459 GPa, which is close to the result of 45.946 GPa given by Laugesen, the 

result of 52.4 GPa found by Speziale et al., 44.69 GPa by Kerisit et al., 46.58 GPa by Holuj et al. 

The relative errors on Cij coefficients and Young's modulus are acceptable. 

2) The load-depth curve of CH is simulated by FEM modeling. Besides, the load-depth curves 
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based on the DFT+RVH method (45.459 GPa, by LDA method) is close to the experimental result 

of 39.88 GPa found by nanoindentation testing, which verifies the reliability of the simulation 

method. 

3) The averaged modulus of the monolithic C-S-H in three directions is 60.95 GPa under strain 

rate of 10-3ps-1 at 300 K. As all the three directions are rather the same, which suggests the model is 

amorphous. The monolithic C-S-H structure with the size of about 5nm enables to evaluate elastic 

modulus of LD C-S-H and HD C-S-H: 18.11 GPa and 31.45 GPa, using the Self-Consistent Scheme, 

which is close to the value of nano-indentation experiment by Constantinides [27]. 

4) For CH, LD C-S-H and HD C-S-H phases in nano-indentation experiment, the averaged 

Young's moduli are respectively equal to 44.7±4.5 GPa, 22.35±2.7 GPa and 33.52±3.6 GPa, which 

is close to the references values of CH (40.3±4 GPa by Constantinides and 36±3 GPa by Acker), 

LD C-S-H (18.2±4.2 GPa by Constantinides and 20 ± 2 GPa by Acker) and HD C-S-H (29.4±2.4 

GPa by Constantinides and 31 ± 4GPa by Acker). 

5) For LD C-S-H and HD C-S-H phases, the purely elastic unloading curves simulated are very 

consistent with experimental data, which is within an acceptable deviation extent thus verifies the 

reliability of simulation methods used. This indicates that the selected simulation parameters is 

reliable, which thus provides the basis and parameters for the multi-scale simulation. 

In all, the simulation method of DFT and RVH estimation provides the initial parameters to 

obtain the mechanical properties from element cell at the nano-scale to polycrystals at micro-scale. 

The up-scaling of the obtained properties at the atomic level connects the atomic modeling to 

continuum models by using relevant input from small level, carrying thus the information of 

intrinsic nano-scale features. 
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Fig.1 Modeling parameters of CH crystal 
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     (a) Model of 2.7×2.2×2.3 nm3           (b) Model of 5.4×4.4×4.6 nm3 

(Atom types: red-Ow + white-Hw → water molecule (H2O); red-O; green -Ca; purple-Ca; yellow-Si) 

 

Fig.2 Construction of a monolithic “Globule” C-S-H structure about 5 nm 
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           a) 3D model         b) 2D model with three mesh regions   c) Partial 2D model with fine mesh 

 

Fig.3 Indentation simulation on 3D and 2D models of typical cement paste phases 
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a) Nano-hardness platform  b) Berkovich diamond indenter  c) Cement paste sample 

 

Fig.4 CSM instrument of INSA de Rennes used in nano-indentation experiment.  
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Fig.5 Typical load-depth curves in nano-indentation experiment 
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Fig.6 Comparison of two supercell C-S-H structures under various directions 
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Fig.7. The elastic modulus assessment of LD and HD C-S-H using the Self-Consistent and Mori-Tanaka schemes 
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Fig.8 indentation points (in red) mapped onto one backscattered electron image (left) and a 

secondary electron image of one region of the indented area showing the permanent deformation 

left by the indent (right) 
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Figure 9: Backscattered electron images of different area of the specimen with EDS analysis of 

different points allowing the identification of portlandite (CH) and C-S-H with Ca/Si of about 2. 

CH: spectre 864 
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CH: spectre 867 
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a). Typical curves of CH phase                   b). Representative curve of CH phase 

 

Fig.10 Representative experimental curves of CH phase 
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  a). Typical curves of outer LD C-S-H phase      b). Representive curve of outer LD C-S-H phase 

 

Fig.11 Representive experimental curves of outer LD C-S-H phase.  
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  a). Typical curves of inner HD C-S-H phase      b). Representative curve of inner HD C-S-H phase 

 

Fig.12 Representative experimental curves of inner HD C-S-H phase 
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       a) Stress distribution zone (f=0.6)          b) Deformed displacement zone (f=0.6) 

 

Fig.13 Stress distribution and displacement zones of CH  
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        a) Stress distribution zone (f=0.6)                  b) Deformed displacement zone (f=0.6) 

 

Fig.14 Stress distribution and displacement zones of LD C-S-H under various frictions 
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      a) Stress distribution zone (f=0.6)                    b) Deformed displacement zone (f=0.6) 

 

Fig.15 Stress distribution and displacement zones of HD C-S-H under various frictions 
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   a) Comparison of experiment and DFT method   b) Unloading curves by various Poisson's ratio 

 

Fig.16 Comparison of experimental and simulated P-h and unloading curves of CH phase  
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a) Comparison of experiment and MD simulation     b) Unloading curves under various Poisson's ratio 

 

Fig.17 Comparison of experimental and simulated unloading P-h curves of LD C-S-H phase  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 Mori-Tanaka scheme (µ=0.2)
 Mori-Tanaka scheme (µ=0.25)
 Mori-Tanaka scheme (µ=0.3)
 Self-Consistent scheme (µ=0.2)
 Self-Consistent scheme (µ=0.25)
 Self-Consistent scheme (µ=0.3)
 Experiment data

0.00 0.03 0.06 0.09 0.12 0.15 0.18 0.21 0.24 0.27 0.30
0.00

0.15

0.30

0.45

0.60

0.75

0.90

1.05

1.20

1.35

1.50

1.65
(a)

U
nl

oa
di

ng
 f

or
ce

 (
m

N
)

Displacement (µµµµm)

 Mori-Tanaka scheme (µ=0.2)
 Mori-Tanaka scheme (µ=0.25)
 Mori-Tanaka scheme (µ=0.3)
 Self-Consistent scheme (µ=0.2)
 Self-Consistent scheme (µ=0.25)
 Self-Consistent scheme (µ=0.3)
 Experiment data

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
0.00

0.15

0.30

0.45

0.60

0.75

0.90

1.05

1.20

1.35

1.50
(b)

U
nl

oa
di

ng
 f

or
ce

 (
m

N
)

Displacement (µµµµm)  

 a) Comparison of experiment and MD simulation     b) Unloading curves under various Poisson's ratio 

 

Fig.18 Comparison of experimental and simulated unloading P-h curves of HD C-S-H phase 
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Table 1 Elastic constants, shear modulus, bulk modulus and Young’s modulus 

 

Method C11 C12 C13 C33 C44 C66 Bv Br Gv Gr E ν 

DFT (Laugesen,2005) 99.390 30.780 7.360 36.290 7.880 34.310 36.230 26.632 22.651 13.920 45.946 0.256 

Brillouin (Speziale,2008) 102.000 32.000 8.400 33.600 12.000 35.000 37.244 26.022 24.387 18.179 52.152 0.225 

DFT method (present) 108.021 30.998 9.951 36.693 14.092 38.512 39.393 28.406 26.795 20.656 57.712 0.216 

Relative error (%) 5.903 -3.131 18.464 9.205 17.433 10.034 5.77 9.161 9.874 13.626 10.661 - 
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Table 2 Experimental parameters and corresponding characteristics of CH and C-S-H phases 

 

Experimental parameters LD C-S-H HD C-S-H CH 

Maximum depth hmax (nm) 441.79 nm 278.08 nm 212.98 nm 

The projected contact area Ap 4577259.84 nm2 1761371.10 nm2 977898.05 nm2 

The unloading stiffness S 0.0532 mN/nm 0.0559 mN/nm 0.0458 mN/nm 

The fitting parameter m 4.76 6.01 4.12 

Indent number) 30 22 56 
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Table 3 Mechanical properties parameters of CH and C-S-H phases used in simulation  

 

a) Simulation parameters of the representative experimental CH and C-S-H phases 

Phases/parameters LD C-S-H HD C-S-H CH 

E (GPa) 17.35 32.70 39.88 

Friction coefficient f 0.6 0.6 0.6 

Poisson's ratio ν 0.2-0.3 0.2-0.3 0.2-0.3 

 

b) Simulation parameters of the CH, LD C-S-H and HD C-S-H structures 

Phases/parameters LD C-S-H HD C-S-H CH 

S-C scheme M-T scheme S-C scheme M-T scheme AFEM[58] DFT+RVH 

Elastic modulus E (GPa) 18.22 29.78 31.63 37.71 43.13 45.46 

Poisson's ratio ν 0.25 0.25 0.25 0.25 0.25 0.20 

Friction coefficient f 0.6 0.6 0.6 0.6 0.6 0.6 

 


