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Abstract

This work focuses on elastic modulus of two maimstiuents of cement based materials:
portlandite (CH) and Calcium Silicates HydratesS¢t). At nano-scale, the single CH crystal
using Density Functional Theory (DFT) is investaghtand the homogenised elastic modulus is
obtained to be assessed as the RVE unit, whiclsad in nano-indentation simulation. Then the
monolithic C-S-H structure with the chemical formu{CaO) s(SiO,)(H20);.75is simulated during
the stretch process at strain raté€ p8*by Molecular Dynamics (MD) method using ClayFFdiel
and its averaged elastic modulus is used to asémssg’s moduli of LD and HD C-S-H phases
considering the porosity factor. Then at micro sc&EM is used to simulate the nano-indentation
test on ABAQUS software and Young moduli of CH dbeés-H phases are determined by the
load-depth curve. Young modulus by the load-depttves simulated is calculated to compare with
the experimental one. The results show that: 1) ¥bang’'s modulus calculated by DFT and
Reuss-Voigt-Hill (RVH) calculation is 45.46 GPa, ialn is in quite good agreement with
experimental averaged value (39.88 GPa) and wéHitératures values (45.94 GPa by Laugesen,
52.4 GPa by Speziale et al., 44.69 GPa by Kelisit.e46.58 GPa by Holuj et al.). 2) Based on the
elastic modulus of the monolithic C-S-H structuyeMiD simulations, the assessment results on LD
C-S-H and HD C-S-H after homogenization are veogelto nanoindentation experiments data. 3)
By FEM method, the simulated P-h curve is adoptedampare the extent of deviation from the
experimental values, which is within an acceptatd&ative error. The homogenized elastic
properties of polycrystals can be obtained by mlasinstants of single crystal (using DFT and
RVH estimation), thus can be used to explain thaticmship between structure and mechanical
properties of CH from nano-scale to micro-scalesuRe enable to provide useful parameters for
composite cements systems modeling and a methodltalate elastic modulus of other similar

structures.
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1 Introduction

Modeling the structural concrete performances neefeecise assessment of the mechanical
properties of cementitious composites [1], anddifierent scales have to be considered to reflect
the atomic interactions [2] at different lengthiesa[3]. Nano-indentation technique as well as
Density Functional Theory (DFT) can be combinedtiocdy mechanical properties of the two main
phases of Hardened Cement Pastes, namely Hydratedi@ Silicates (C-S-H) and Portlandite
(CH). CH and C-S-H as the main and typical constits of hydrated cementitious systems
separately represents approximately 70% and 17-@5fte volume fraction of portland cement
pastd4]. Both of them influence the physical and megbtalproperties as well as the durability of
composite cementitious materials. Their Young’s alioare needed in the modeling of cement at the
macro and micro scales [5]. The traditional contmumodel$6] and nonlocal continuum thedj}
are not adequate in modelif@j of these material®]. Nano-indentation experiment as an advanced
micro-scale mechanical measurement techniques delwiused in the characterization of
mechanical behavior amall scales [4,11], thus providing the elastic modulus of cement
hydration productgl2,13].
Nano-indentation experiment has been widely adopted investigate the local mechanical
properties of materials and to characterize minaral metal materials [14ised in the fields of
medical devices, micro-electro mechanical systeWiEMS), bio-engineering, civil engineering,
aircraft and film material research|l This technique is being used increasingly to snea
hardness, elastic modulus, creep parameters amlaestresses thanks to high resolution load
control and displacement sensing capabilities. Thid is particularly useful to characterize
microscale heterogeneities in materials or localchmaical properties at the grain scale in
polycrystalline or multiphase samples. However, &dardentation has a complex problem of
contact, which is affected by many factors, suchhassurface roughness, the substrate effect, the
grain boundary effects, indenter geometry, latdoesotropy and size effect, etc. Even though the
nano-indentation process is performed in the saevece and under the same test conditions, the
results can not be guaranteed repeatable. Thatyshe investigation of nano-indentation process
using numerical simulation method is required. &stiheoretical mechanism is very complex [16]
and size effect [4,18] are not commonly considered, both experiment sindilation are used for
comparison of mechanical properties of CH and C-&ddording to loading/unloading curves

between load and displacement. Although there arsesrelative reports on nano-indentation



technique, these studies are almost based on mguesl analysis and the numerical calculation of
CH and C-S-H structure at nano-scale has not yet bevealed.

The crystal structure of C-S-H structure is bagjckhown and commonly modeled as
tobermorite-like (i.e., tobermorite 9A, 11A, 14A)djennite-like systems [19] and/or with distorted
semi-crystalline variations of them [20]. Tobernteras one of the earliest models proposed by
Taylor and Howison [21] is thought as its hydrataegree, which may describe the relative C-S-H
nanostructure. From the view of Ca/Si ratio, thare two types C-S-H structures: the C-S-H(l)
(with Ca/Si of 0.61.5) and C-S-H(ll) structures [22] (with Ca/Si a632.0), of which the later is
close to the experimentally confirmed structure~-S-H; g with Ca/Si of 1.7 in the C-S-H gel [23].
From the view of several nanometers length scal8;KCgel has a nano-granular aspect composed
of monolithic C-S-H (full dense C-S-H) and porosift this scale, C-S-H gel “Globule” model
exists in two forms: Low Density C-S-H (LD C-S-Hpha High Density C-S-H (HD C-S-H),
provided by Jennings [24]. Hou Dong Shuai et ab] [Rave investigated an amorphous C-S-H
structure on the elastic properties of the layete8-H based on the CSH-FF field. Moreover,
Microporomechanics technique has been used tolatdcelastic properties of LD C-S-H and HD
C-S-H gels [26]. For the elastic properties of LidaHD C-S-H, Constantinides et al. [27] have
obtained elastic moduli by nanoindentation expenim&he porosity is also a factor influencing the
elastic modulus of cement paste [28]. It has beeestigated based on the backscattered electron
image analysis and the HYMOSTRUC model [29]. Theant of the porosity on the matrix Young
modulus is that the Young modulus decreases higlilly the increasing of the porosity [30].
According to LD and HD C-S-H models described byniegs [25], the gel porosity of LD C-S-H
solid phase is 35-37%, while the gel porosity of I@B5-H solid phase is 24%. However, the
relationship between the C-S-H structure with tlze sf about 5 nm and C-S-H phases (LD C-S-H
and HD C-S-H) has not been revealed yet. In thiepthe porosity and homogenization are used to
explain the difference, which is meaningful for tkerification of both the nano-indentation
simulation and nano-indentation experiment.

The crystal structure of CH is well known, where thorphology of the crystal is hexagonal
with space group P3m1. This work focuses also enntbdelling and mechanical properties of CH
structure from nano-scale to micro-scale. Modellengd simulation of continuum coupling in

computational hydrates structures with the size mdnometer unit during nonlinear



micro-indentation is considered and simulated tmgare experimental results performed in this
work and by Keinde [30] and Constantinifig@®], of which the obtained elastic moduli weresgo

to Brillouin spectroscopy measurements [33], anteoimodelling and experimental results [34].
The load-depth curve and elastic properties ofwleephases are also investigated. Results enable to
provide useful parameters for hydrated lime, Podland composite cement systems modeling and a

method to calculate elastic modulus of other sinsteuctures.

2. Modeling of the structure of hydrates at nano-sle and nano-indentation investigation at
micro-scale
2.1 Modeling and computational detail of CH crystal

Cambridge sequential total energy package (CASTER36] and first-principles plane wave
pseudopotential method based on DFT is adopted.eXbleange correlation potential includes the
generalized gradient approximation (GGA) and thmllaensity approximation (LDA), which are
in the scheme of Perdew-Burke-Eruzerh of (PBE) [/ Ceperley-Adler parameterized by
Perdew and Zunger [38,39]. The nucleus-nucleus @erdtron-electron interactions are also

considered [40]. Initial model and flowchart areHig.1.

[FIGURE 1]

Fig.1a) shows that Gais mainly octahedrally coordinated by the oxygeme. The hydrogen
bond or other strong bonds across the layer iseristed. DFT calculation process is shown in
Fig.1 b), the pressure region is Q.0GPa. Initial conditions are as: the exchangeetation
function is GGA; The cutoff energy of the plane wa\or ultrasoft pseudopotentials is 500 eV.

Brillouin zone is 15x15x15. The self-consistent\zengence of the total energy is gV per atom.

2.2 Modeling and computational detail of monolithicC-S-H
The construction of an amorphous monolithic C-SBH$l largely developed in reference [41].
Only a brief description is given here. The conginn of a monolithic “Globule” C-S-H structure

is shown in Fig.2.



[FIGURE 2]

Steps for construction of the amorphous C-S-H sirecof about 2 nm with Ca/Si ratio of 1.67
in Fig.2 (a) for modelling and simulation are ate51: The construction of dry amorphous C-S-H
structure with formula:(Ca@}ASiO,), where the dry C-S-H model:(QQ: and Q are separately
13%, 67% and 20%. Step 2: Water adsorption of di$-lE by Grand Canonical Monte Carlo
(GCMC) simulation, and the final C-S-H formula 8a0) 6ASi0,)(H20). 75, with the density of
2.257 g/cm. Finally, the monolithic “Globule” C-S-H structurabout 5nm is periodically
constructed based on the size of about 2.5 nm, isiowig.2(b).

We use the ClayFF field [42] and Lammps packageecpiB] for our calculations. The
Coulomb interaction by Eward truncation radius &01LA. The Lennard-Jones potential cutoff
radius is 8.0 A. In simulation, NPT ensembles a&tefar the system. A timestep of 0.01 fs is used.
The others setting parameters has been given wiopie studies [42]. Then the model was
subjected to uniaxial tensile loads through gra@l@hgation in three directions with a strain rafte

0.001 p&.

2.3 Continuum Model in nano-indentation simulation

At the meso-scale, subdomains are regarded witdlyocarying loads. The interaction of the
constituents is accounted for at the micro-scaBd. [f#he nano-indentation constitutive model with
embedded programs was done to simulate nano-indengarocess by FE analysis as shown in

Fig.3.

[FIGURE 3]

From Fig.3 a) the 3D model has a size of 1500 x 15.0 m x 7.5 m, which has the
sufficient space to compare the experimental res@lccording to literatures [45,46], 3D models
can be equivalent to an axisymmetric 2D model &edrésults of two models are consistent with
each other. The size of the 2D model regarded esé¢mi-infinite solid in Fig.3 b) is 12.0m x
12.0 m. This continuum space is discretized using th&4HPelement with higher accuracy. The

Berkovich indenter is modeled as a conical indentiéh a semi-apex angle of 70.32°, where the



conical cross-sectional area closest to the adittion. To simplify the calculation, Berkovich
indenter is assumed to be rigid and the deformasosubjected to the Mises yield criterion and
isotropic hardening criterion. For save the compomal time, the transitional gird division method
is adopted. The element size in the indenter comégion was continuously refined to a greater
accuracy, a refined mesh in Fig.2 3) was near ifharea (contact zone is 3.0m3.0um, the
number of grid is 300 x 300) in order to maintdie teasonable accuracy and the refined mesh in

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

2.4 Description of nano-indentation experiment proess

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

[FIGURE 4]

As it can be seen in Fig.4 a), the device usedtorexperiments is an OpenPlatform from
CSM instruments which includes several heads: erldft, the first piece of apparatus is a scratch
tester, then follows the nano-indentation testddTIN a confocal pen (Conscan), an atomic force
microscopy (AFM) system and finally besides is gotical microscope. For the experiments a
modified Berkovich indenter is used, as shown m4b). The Berkovich indenter is a three-sided
pyramid diamond which is geometrically self-similand the modified tip has an half angle of
65.27° that allows it to have the same projected as a Vickers tip whatever the indentation depth
is. Samples with approximately 1.1 cm x 1.1cm >cth®f dimensions (Fig.4 c)) are used. During
their surface preparation they underwent rigoroeshmanical polishing in order to reach a mirror
surface. Parameters of the indentation tests af@law/s: a standard process is chosen, that means
an approach speed of 2000 nm/s, a linear loadidguatoading in 30 s, and the maximum load is
fixed t01.5 mN;. For each experiment, the dataoaflland displacement are recorded. The test is
repeated several times in a chosen region of thee gaaste with a sufficient distance between 2

nanoindentations in order to avoid influence ohfsrion each other’s.

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

3.1 The analysis of the force-depth curve



The nano-indentation test is a technique in whicl penetration depth is measured in
nanometers continuously during the loading procéks allows to indirectly measure the contact
area that is the real area where contact is maseebe the indenter and the tested material. Indeed,
in conventional indentation test, the contact asezalculated by measuring the size of the residual
print on the surface of the sample after unloadBigt in the nano-indentation test, the contact
surface is determined indirectly from the geometfythe indenter and the depth of penetration;
meanwhile, the force and the displacement of ghéntithe 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, R is the maximum of loading stressyahis the maximum of
indentation depth, jis the residual depth of the printis the sinking, obtained by drawing the
tangent of the unloading curve atR S is the initial unloading contact stiffness,idithe contact
depth which is calculated (explained in 3.2). Tigidal indentation curve in Fig.5 represents a
loading-unloading cycle, not superimposed whentéisé leaves a permanent track on the surface.
The first part is the loading curve correspondindghie penetration of the indenter. This ends when
the indenter reaches its maximum loaghyor the maximum penetration,f3. The second part
represents the discharge curve. It correspondsetavithdrawal of the indenter. The analysis of a
cycle gives a lot of information by reading theentation curve total penetration depthyand the
residual depth J Furthermore, studying the areas under the cursemteresting because
information such as elastic work \and plastic work (W can be assessed. For example, surface
enclosed by the unloading curve, horizontal axid #me vertical ordinate of maximum load
represents elastic deformation work.

3.2 Theoretical calculation of elastic modulus byhte P-h curve

Generally speaking, the unloading stiffness S i&bdéshed by differentiating P at the

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

of the initial portion of the unloading curve, whits as:

d h h:hﬂax



The contact area as a function of contact deptls Italibrated by indenting on a standard
cement specimen.
The contact depth chcan be obtained by the load—displacement curvaguSneddon’s

equation [47] and assuming that pile-up is neglagib
h, = N - 8% (2)
Where is a constant depending on the indenter geometf}/i75 for the Berkovich indenter,
=0.72 for the conical indenter, andl for the flat punch.
The unloading part of the curve enables to charaetehe elastic behaviour of the indented
phase and more particularly its reduced moduljus E

The reduced modulus can be defined as:

E—\/’ES

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

following relationship:

2 2
1_1/7+]:/7i @)

E, E E
In these two equationb, is the indenter shape function, the area A dependbe penetration

depth and is calibrated using the procedure ofé@kand Pharr [11], E andare the elastic modulus

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

Ei=1140 GPa and=0.07.

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

yield stress can be roughly assessed, which istfjireorrelated with hardness value as:
s,»H /C )

Where H is indentation hardness (GPa), C is théacbrereep modulus (GPa), theefficient

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 andHD C-S-H

4.1.1 Axial modulus and homogenized modulus of CH



The elastic constants for hexagonal arg; C;2, Ci3, C33 and Gy, since Ge=(C11-C12)/2, and
the corresponding mechanical stability condi{é®] are :

C11>0,Cu11- C12>0,

2 (6)
C44>0,(C11+C12)Cs3- 2C,>0.

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

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

Bv = é (Cu1+Ca2+ % Cssz+ 2C13) (7)

Gv = 3—];: (7C11- 5C12+12C44+ 2Cs3- 4Ca3) (8)

And the Reuss bounds are:

Ba= (C11+Cu2) - 2C123

= %)
Cu1+Cu2+2Cs3- 4C13

_5 [(C11+C12)Css- 2C%]CasCos

== 10
2 3BvCuCe6+[(Ci1+ C12)Cas- 2C2](Caa+ Ces) (10)

As from the Voigt-Reuss-Hill(RVH) estimation [51Yy = (1/2)(MrtMy), M=B, G. Young'’s
modulus E and Poisson’s ratio 1 can be calculayed b

£ 9BG _ 9(B,/2+B/9)(G, /2+ G, /)
"3B+G  3(B, /2+ B, /) +(G /2+ G, /) (11)

3B- 2G _3(B,/2+B;/2)- G, /2 G; /2

2(3B+G) 6(B /2+ B /+ 4G 2+ G /2 (12)

Young's modulus and Poisson's ratio can be caalillay Voigt and Reuss bounds as well as
the averaging term [51].
Defining 11:=E; 11, 2=E» 22 and ,=E, 2, the formula of axial modulus in x, y, z-direction

Es is shown as [52]:
E1:E2:(C11' C.LZ) 1+(C12Cs§ 61;/( Ci1Css %%)3 (13)

E,=cCyy- 2¢,/( ¢+ ¢ (14)

Elastic constants C based on DFT are calculated. By EQq.8-Eq.97 ,=86.4918,,
~=31.7002,. For structure of polycrystals, the homogenizeastt modulus including shear
modulus and bulk modulus can be calculgsedl Firstly, based on the;@alculated, shear modulus,

bulk modulus and Young’s modulus are determinedntsans of Voigt and Reuss bounds and



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

[TABLE 1]

Seen from Table 1, all the data are in good agreenidT results are slightly upper than
values of Brillouin spectroscopy measurement. Elastoduli by RVH estimationf52] are as:
B=28.25GPa, G=17.31GPa, E=43.13GPa by RVH estimakitore particularly the results of our
DFT methodology are compared to previous resulisgusnethods of Speziale [33] and of
Laugesen [54]. The homogenized elastic modulus bbicc linear elements is used for

nano-indentation simulation.

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

Using Molecular Dynamics simulation, we have inigeged the structural and mechanical
properties of the “Globule” C-S-H structure. Elasnodulus is obtained by calculating the slope of
strain-stress curves on average. Then elastic medilthe “Globule” C-S-H with a size of 5nm is
used to the assessment of the elastic modulus $HCphases (LD and HD C-S-H), where the
porosity value is the critical factor for explaigirthe relationship between “Globule” C-S-H at
nano-scale between C-S-H phases at microscalectEffehe 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 obskemes means that, with the increase of size,
the peak stress becomes lower. Besides, the awenagedulus of “Globule” C-S-H (5nm) in three
directions is averaged to be 60.95 GPa undémid strain rate at 300K.

The monolithic C-S-H structure about 5nm enablesvaluate elastic modulus of LD C-S-H

and HD C-S-H using Self-Consistent and Mori-Tans¢t@aemes, shown in Fig.7.

[FIGURE 7]



From Fig.7, LD C-S-H and HD C-S-H are 18.11 GPa3hd5 GPa, using the Self-Consistent
Scheme, which is close to the value of nano-indemtaxperiment by Constantinides [27]. Based
on results of MD simulations, the assessment mesaft LD C-S-H and HD C-S-H after

homogenization are very close to data of nanoirademt experiments.

4.2 Microstructure and chemical composition

To highlight the C-S-H and CH phases in the studi@aples, JEOL 7100 TTLS scanning electron
microscope equipped with EDS system for elememtalyais was used. The backscattered electron
images of the regions of interest were obtaineal ladam voltage of 10 kV and working distance of

8.3 mm. CH phase and C-S-H and their elastic madalthen identified.

Figure 8 shows the indentation points mapped onewlmckscattered electron image. A secondary
electron image of one region of the indented aseal$o given showing the traces and the
permanent deformation left by the indent. Figur@r@sents backscattered electron images of
different area of the specimen. The EDS (energyailve X-ray spectrometry) analysis of different
points of these zones allow the identification oftlandite (CH) and C-S-H (Il) with Ca/Si of about
2.

[FIGURE 8]

[FIGURE 9]

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

4.3.1 Elastic modulus analysis of CH phase in experent

According to the microstructure observed and comdnl, the indents of CH phase under
different samples have been found and the correspgnP-h curves are pointed out. The
representative experimental curves of CH phaseactenzed by individual elastic modulus are
averaged, in Fig.10.
[FIGURE 10]

From Fig.10 a), for CH phase in nano-indentatiopeginent, the averaged Young's modulus



is equal to 44.7+4.5GPa, which is close to the amlof 40.3t4 GPa by Constantinides [55] and
36+3GPa by Acker [56]. Fig.10 b) shows a represeeta&xperimental curve of the P-h curve, the
load is about 1.5mN and the maximum indent deptlakdeut 212.98nm. It is impossible to
decorrelate E and without making an assumption on one of them. Kan®le, the experimental

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

4.3.2 Elastic modulus analysis of C-S-H phase in gariment
According to the microstructure observed and cargnl, the indents of LD C-S-H phase under
different samples were found and the correspondifly curves are pointed out. Representive

experimental curves of outer LD C-S-H phase is showFig.11.

[FIGURE 11]

From Fig.11 a), for LD C-S-H phase, the averagedngs modulus is equal to 22.3+2.7 GPa,
which is close to the values of 18.2+4.2 GPa bystanttinides [57] and 20 + 2 GPa by Acker [58].
Fig.11 b) shows the representative experimentalecof LD C-S-H phase, with its corresponding

elastic modulus of 17.35 GPa.

Similarly, according to the microstructure obseraed confirmed, the indents of HD C-S-H
phase under different samples were found and thmeesmonding P-h curves are pointed out.

Representive experimental curves of HD C-S-H phaseshown in Fig.12.

[FIGURE 12]

From Fig.12 a), for HD C-S-H phase, the averagednyts modulus is equal to 33.5+£3.6GPa
which is close to the values of 29.4+2.4GPa by @oniides [55] and 31+ 4GPa by Acker [56].
Fig.12 b) shows the representative experimentalecaf HD C-S-H phase, with its corresponding
elastic modulus of 32.70 GPa.

Overall, nano-indentation experiments have givenrtinge of elastic moduli: 15-26 GPa for

LD C-S-H and 26-39 GPa for HD C-S-H. The inversehuod described above is applied to each



matrix phase. Finally, elastic moduli are calcudat€he relative experimental parameters are listed

in Table 2.

[TABLE 2]

Nano-indentation can be used to examine the mecdlaproperties of constituent phases
independently especially for analysis of chemicathynplex phases, which will be discussed in the
following section.As explainedbefore,it is impossible to decorrelate E andvithout making an
assumption on one of them. For example, the experiah elastic modulus of LD C-S-H is 17.35

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

4.4 Nano-indentation simulation by FEM

Finite element analysis has been proved to be factee method to obtain elastic modulus
using the RVE model [57]. The indentation is sinetaby ABAQUS software at the same depth
from experiment. The applied displacement forcadded. Mechanical parameters of CH phase are

listed in Table 3.

[TABLE 3]

As in the reference of Asroun et al. [59], an etaperfectly plastic material model with Von
Mises vyield criterion y (GPa) is assumed for the indented materials. Tkt ystresses are
considered to be equal to 0.198 GPa for LD C-S-B4D GPa for HD C-S-H and 0.440 GPa for
CH.

4.4.1 Stress distribution and deformed zones in siation

Comparison of P-h curves using the forced displargmmode and the forced loading mode
are the same, here we use the former. Simulaticanpeters are set as: elastic moduli are separately
45.46 GPa (DFT+RVH method) and 39.88 GPa (expettimn&he region range of Poisson ratits
0.25-0.30. The yield stress can be averaged bexperimental data [60] and the simulated data
[61], which is 0.44 GPa. The contact friction i$ about 0.6 [32]. Stress distribution and deformed



displacement zones of CH are in Fig.13.

[FIGURE 13]

As in Fig.13, after unloading, the maximum resideatkss on the ideal contact condition
distributes just below the indenter, while on thetion condition it distributes around the top of
indenter in Fig.13 a) and the displacement belavnldenter is not too large in Fig.13 b).

The LD C-S-H phase can be modeled as a cohestimfial plastic and linear elastic
material [60]. The forced displacement method isdyss mentioned above. From the load-depth
curve of LD C-S-H phase nano-indentation experiméme pressure is about 1.5 mN and the
maximum indent depth is about 441.79 nm, the reptasive curve of LD C-S-H is as in section
4.3. The yield stress can be averaged by the expatal data [60] and the simulation [61], which is
0.198 GPa. The LD C-S-H parameters were separatlyas follows: elastic modulus E are
separately 18.22 GPa (by the Self-Consistent Schene25), 29.78 GPa (by the Mori-Tanaka
Schemen=0.25) and 17.35 GPa (nano-indentation experim&h®.region range of Poisson’s ratio
M is 0.20-0.25 and the contact friction is aboud (82]. 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 afieloading on the ideal contact condition
distributes just below the indenter, while the maxm residual stress after unloading on the friction
condition distributes around the top of indented #me residual stress below the indenter is not too
large.

From the representative load-depth curve of HD B-{hase nano-indentation experiment, the
pressure is about 1.5mN and the maximum indenthdeppHHD C-S-H phase is about 278.08 nm,
the representative curve of HD C-S-H is as in seddi.3. Similarly, the HD C-S-H parameters were
separately set as follows: elastic modulus E apars¢ely 31.63 GPa (by the Self-Consistent
Scheme, n=0.25), 37.71 GPa (by the Mori-Tanaka Scheme, \&0.2and 32.70 GPa

(nano-indentation experiment). The region rangéasson ratio p is 0.20-0.25, and the yield stress



in the equation (5) is 0.347 GPa. According thenaficd32], the contact friction is about 0.6.

Stress distribution and deformed displacement zohed C-S-H are in Fig.15.

[FIGURE 15]

As is shown in Fig.15, the maximum residual strafter unloading on the ideal contact
condition distributes just below the indenter, whihe maximum residual stress after unloading on
the friction condition distributes around the top indenter and the residual stress below the

indenter is not too large.

4.4.2 Elastic modulus analysis and P-h curve in simation
Using ABAQUS software, under the loading force & inN, the comparison of experimental

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

[FIGURE 16]

As in Fig.16, the simulated unloading part is cltsehe representative experimental part. It
can be seen that, the smaller the Poisson's igtithe smaller the slope of unloading curve is.
Comparing the purely elastic unloading curve of @iirhse in Fig.16, it can be seen that results
obtained with experimental data from DFT+RVH methedvery consistent with experimental
results, which verifies the reliability of simulati method.

Similarly, the comparison of experimental and siatedl 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 simdlaieloading part is close to the
representative experimental part. It can be seat) the smaller Poisson's ratio is, the smaller the
slope of unloading curve is. Comparison of purdfstc unloading curve of LD C-S-H phase in

Fig.6.17 b), we can see that, the Mori-Tanaka Sehg8.78 GPa3=0.25) and the Self-Consistent



Scheme (18.22 GPa=0.25) are very consistent with experimental res(lt7.35 GPa), which
verifies the reliability of both simulation method.
Moreover, using ABAQUS software, under the loadiogce of 1.5 mN, the comparison of

experimental and simulated unloading P-h curvds®C-S-H phase is shown in Fig.18.

[FIGURE 18]

As is in Fig.18, we can see that the simulated adily part is close to the representative
experimental part. It can be seen that, the sm&l@sson's ratio is, the smaller the slope of
unloading curve is. Comparison of purely elastitoading curve of HD C-S-H phase is in Fig.18
b), we can see that, the Mori-Tanaka Scheme (33H4,n=0.25) and the Self-Consistent Scheme
(31.36 GPap=0.25) are very consistent with experimental res(82.70 GPa), which verifies the
reliability of simulation method. This indicatesatithe selected simulation parameters are reliable,
which thus provides the basis and parameters fer rttulti-scale simulation [4,5] and the

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

Conclusion

At nano-scale, CH crystal is calculated by DFT rmdtH{GGA approximation) and the
homogenized elastic modulus is obtained, then theatithic C-S-H structure with the chemical
formula: (Ca0)e{Si0,)(H20)1.79) is simulated during the stretch process at strai@ 10° ps‘by
MD method using ClayFF field. The homogenized @&astodulus of CH structure is obtained by
DFT and Reuss-Voigt-Hill estimation and elastic mod of LD and HD C-S-H are assessed by the
monolithic C-S-H. Then at micro scale, FEM is usedimulate the nano-indentation process and
Young moduli of CH and C-S-H phases are determinethe load-depth curve. Comparison of the
simulated and experimental P-h curve is analyzeac{tisions are as:

1) Based on DFT method and Reuss-Voigt-Hill appr@ation, Young's modulus of CH is
estimated to be 45.459 GPa, which is close to é¢iseltr of 45.946 GPa given by Laugesen, the
result of 52.4 GPa found by Speziale et al., 446% by Kerisit et al., 46.58 GPa by Holuj et al.
The relative errors on;oefficients and Young's modulus are acceptable.

2) The load-depth curve of CH is simulated by FE®deling. Besides, the load-depth curves



based on the DFT+RVH method (45.459 GPa, by LDAha) is close to the experimental result
of 39.88 GPa found by nanoindentation testing, tvhierifies the reliability of the simulation
method.

3) The averaged modulus of the monolithic C-S-Ilthinee directions is 60.95 GPa under strain
rate of 10°pst at 300 K. As all the three directions are rathersame, which suggests the model is
amorphous. The monolithic C-S-H structure with $ire of about 5nm enables to evaluate elastic
modulus of LD C-S-H and HD C-S-H: 18.11 GPa andiB15Pa, using the Self-Consistent Scheme,
which is close to the value of nano-indentationezipent by Constantinides [27].

4) For CH, LD C-S-H and HD C-S-H phases in nanceirtdtion experiment, the averaged
Young's moduli are respectively equal to 44.7+4Pa(22.35+2.7 GPa and 33.52+3.6 GPa, which
is close to the references values of CH (40.3+4 BP&onstantinides and 363 GPa by Acker),
LD C-S-H (18.2t4.2 GPa by Constantinides and 20GP2a 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 purelgtedaunloading curves simulated are very
consistent with experimental data, which is witam acceptable deviation extent thus verifies the
reliability of simulation methods used. This indes that the selected simulation parameters is
reliable, which thus provides the basis and pararador the multi-scale simulation.

In all, the simulation method of DFT and RVH estiioa provides the initial parameters to
obtain the mechanical properties from elementateihe nano-scale to polycrystals at micro-scale.
The up-scaling of the obtained properties at tlmat level connects the atomic modeling to
continuum models by using relevant input from smallel, carrying thus the information of

intrinsic nano-scale features.
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Fig.1 Modeling parameters of CH crystal



(a) Model of 2.7x2.2x2.3 rim (b) Model of 5.4x4.4x4.6 Aim

(Atom types: red-Ow + white-H@ water molecule (kD); red-O; green -Ca; purple-Ca; yellow-Si)

Fig.2 Construction of a monolithic “Globule” C-S-H sttuce about 5 nm



a) 3D model b) 2D model withgbmesh regions  c¢) Partial 2D model with finelmes

Fig.3 Indentation simulation on 3D and 2D models of ¢gbicement paste phases



a) Nano-hardness platform b) Berkovich diamoneimdr c¢) Cement paste sample

Fig.4 CSM instrument of INSA de Rennes used in nanontat®n experiment.



Fig.5 Typical load-depth curves in nano-indentation expent
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Fig.6 Comparison of two supercell C-S-H structures umvaeious directions
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Fig.7. The elastic modulus assessment of LD and HD CtSikly the Self-Consistent and Mori-Tanaka schemes
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Fig.8 indentation points (in red) mapped onto one baatksed electron image (left) and a
secondary electron image of one region of the itetkarea showing the permanent deformation

left by the indent (right)










































