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Abstract

In this study first of all, the atomistic structure of cement hydration products are estimated
via molecular dynamics method and their elastic properties are extracted. Then, cement
hydration simulation is done by HYMOSTRUC3D model and the obtained results from
both molecular dynamics and HY MOSTRUC3D methods are used for simulation in macro
scales through analytic and lattice methods. Finally, elastic properties of cement paste are
estimated with two mentioned method and compared with each other and also literature.
The study, in fact, aims to investigate an appropriate multi-scale simulation model to
examine cement paste elastic properties.

Keywords: Molecular Dynamics; Hymostruct3D; cement past; lattice model; elastic
properties.

1. Introduction

Concrete is a complicated multi-scale material. If we categorize the concrete in some levels
(Fig. 1): level zero includes atomistic solid material for C-S-H (Calcium silicate hydrate);
level one is C-S-H layers along with gel pores; level two is cement paste incorporating a
combination of C-S-H capillary pores and other hydration products including Portlandite
(Calcium hydroxide (CH)), Ettringite, and un-hydrated cement grains; and level three
entails cement paste in combination with aggregate. Cement paste consists of three main
component (Taylor 1997). The most important of which is C-S-H that comprises 60% by
volume in a fully hydrated cement paste. C-S-H exists in two forms of low density (LD)
and high density (HD) in hydrated cement paste (Constantinides & Ulm 2007). These two
differ in terms of amount of porosity in the component. The second material is Portlandite
(CH) that plays an important role after C-S-H in cement paste. The other component in
cement paste is un-hydrated cement grains that has not reacted with water.

a.

Fig. 1. Multi-scale structure of concrete
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Examining the nano-structure of materials is of great importance in examining their
properties as knowing about nano-structure might lead to profound improvement in
properties of materials. In addition, if a suitable modeling is done on the atomistic structure
of materials, it will be possible to predict properties in macro-level via analytic, statistics
methods or multi-scale and as a result of this, it becomes possible to make changes in the
nano-structure and compare its results in macro-scale. One of the best used atomistic
simulation methods is the molecular dynamics method (MD). The results of different
studies have indicated that molecular dynamics is a powerful method in both simulation of
different materials and prediction of mechanical properties and it has recently been used in
most of studies (Tarighat et al. 2016). Given its powerful performance, the present study
used the same method to examine the nano-structure of products in cement paste.

Cement paste simulation at nano-scale is a new topic and atomistic investigation of
cement paste has recently been done. Manzano et al. (2007) managed to reach the
mechanical properties of cement paste by minimization of C-S-H structure energy. They
simulated different compositions of C-S-H and their mechanical properties were obtained.
Subramani et al. (2009) examined the mechanical properties of C-S-H gel via molecular
dynamics methods by modeling some of tobermorite and foshagite. Subramani also looked
into the attack of magnesium ions to cement paste and calculated the potential energy of
crystal structure of C-S-H equivalent. Shahsavari et al. (2011) also examined the possibility
of using different force fields and effects of changes in force fields on simulation results.
The mechanical properties of Portlandite was examined in a study (Hajilar & Shafei 2016).
Additionally, researchers dealt with the mechanical properties of calcium silicate hydrate
(Dharmawardhana et al. 2016). Hajilar and Shafei (2015) investigated the use of molecular
dynamics methods in simulation of cement hydration products. Zehtab and Tarighat (2016)
investigated Diffusion of chloride ions in C-S-H by molecular dynamics method. Tavakoli
etal. (2017) studied the effect of water on C-S-H properties. Finally, Tavakoli and Tarighat
(2016) examined the elastic properties of cement phases.

Moreover, Multi scale approach for concrete were done in some study (Liu & Wang
2015, Wu & Xiao 2017, Sun et al. 2015).

The present study touches on the examination of elastic properties of CH, C-S-H and
un-hydrated cement by using molecular dynamics method. Upscaling the elastic properties
of cement paste from atomistic scale to micro scale by suing HYMOSTRUC3D model,
lattice model as well as analytic methods were studied.

HYMOSTRUCS3D is a numerical model for cement paste simulation (van Breugel
1995). Several studies have been carried out to simulate the properties of cement-based
materials using this code, including cement hydration (van Breugel 1991, Gao et al. 2013,
Ye et al. 2003), autogenous shrinkage of cement paste (Koenders 1997), and pore structure
of cement paste (Ye 2003) The peresent study applies HYMOSTRUC3D to simulate the
microstructure of cement paste.

Furthermore, to reach the macro structure properties, lattice finite element analysis
method was used to simulate the elastic properties of cement paste. Lattice finite element
analysis method (Byung-Wan et al. 2005) has been used to model the mechanical
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properties of materials for many years. In recent years, a GLAK (Generalized Lattice
Analysis Kernel) program that is based on the lattice finite element analysis principle have
been developed by Qian et al. (2010) to simulate the tensile strength of cement paste and
concrete. This program has also been used to simulate the fracture behavior of cement paste
(Lukovi¢ et al. 2015), the cracking of concrete due to reinforcement corrosion (Savija et
al. 2013), and for multi-scale modeling (Zhang et al. 2016).

Lastly, in this study, the mechanical properties of cement paste were simulated by both
multi-scale modeling approach and analytic methods. The resulted findings were compared
with the results of experimental studies.

2. Methods

2.1. Molecular dynamics

Molecular dynamics is a powerful method to examine the chemical and physical properties
of different materials (Al-Matar et al. 2015). This method is typically used for better
understanding of physical and chemical interactions among atoms and obtaining the main
properties in atomistic scale. In this method, the trajectories of molecules and atoms are
specified by numerical calculation of movement equations for a system of particles that are
interacting with each other. Potential energy and the inter-particles force are also
determined by inter-atom potentials or force fields. The physical characters are then
determined in terms of movement paths by thermodynamic and statistical physics rules
(Tavakoli & Tarighat 2016). One of the most important parts of molecular dynamics is
choosing a suitable force field for simulation. Force fields to calculate the potential energy
of particles system use a combination of different parameters. In line with the literature,
the present study uses force fields of COMPASS, COMPASS Il, CLAY FF, and
INTERFACE. According to the technical literature, the COMPASS force field is suitable
for simulation of cement based materials (Dharmawardhana et al. 2016, Hajilar & Shafei
2015).

COMPASS Il is, in fact, the modified version of COMPASS and seems to be suitable for
cement based materials (Tavakoli & Tarighat 2016). Additionally, choosing a suitable
force field for un-hydrated cement phases has been examined in a study in which
INTERFACE and CLAY FF in addition to COMPASS group have been selected as suitable
force fields (Tavakoli & Tarighat 2016).

For molecular dynamics simulation, it is necessary to first determine and create
atomistic structure of materials. Due to the fact that the exact atomistic structure of C-S-H
has not yet been known, several crystal simulation structures have been offered. Among
these, Tobermorite 11A and 14A are remarkably similar to C-S-H where Tobermorite 14A
is more hydrated than Tobermorite 11A (Merlino et al. 1999, Manzano 2014). Also,
simulation results have shown that Tobermorite 14A has more similar elastic properties to
C-S-H than Tobermorite 11A (Manzano 2014). As a result, the present study uses
Tobermorite 14A as the primary structure to simulate C-S-H. The chemical composition
of tobermorite 14A is Ca5Si6016(OH)2.7H20. Tobermorite 14A has a monoclinic unit
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cell with space group B11b and its Ca/Si ratio is 0.83 (Bonaccorsi 2005). The crystalline
structures of tobermorite 14A is shown in Fig. 2 and lattice parameters are shown in Table
1.

Fig. 2. Crystalline structure of Tobermorite 14 A (white spheres: hydrogen ions; red
spheres: Oxygen atoms; yellow spheres: silicon atoms; green spheres: calcium ions)

Calcium hydroxide (CH) constitutes about 20% by volume in a fully of hydrated
cement paste. The crystal structure of CH was determined exactly. The chemical
composition of CH is Ca(OH), and has a trigonal unit cell with space group Pm31
(Halstead & moore 1957). The crystalline structure of CH is shown in Fig.3 and lattice
parameters are illustrated in Table 1.
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Fig. 3. Crystalline structure of Calcium hydroxide (white spheres: hydrogen ions; red
spheres: Oxygen atoms; green spheres: calcium ions)
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For unhydrated cement (U-Cement) grain, it is first necessary to simulate the cement
clinker phases and then calculate its elastic properties. There are four main phases in
cement clinker including C3S, C2S, C3A, and C4AF. The most important phase is C3S
(Alite), is a name for tricalcium silicate (CasSiOs), constitutes almost 50% to 70% by
weight of cement clinker and plays an important role in cement properties (Bournazel et
al. 1998, Biernacki & Gottapu 2015). The crystalline structure of C3S is triclinic with P1
space group (Fig. 4). The lattice parameters of the alite are shown in Table 1.The second
important phase is C2S (Belite), dicalcium silicate (Ca;SiOa), that comprises almost 15%
to 30% by weight of cement clinker. C2S also has various polymorphs and it is normally
formed as the B polymorph. The unit cell of B-C2S is monoclinic with P21/c space group
(Bournazel et al. 1998). The crystal structure of Belite is shown in Fig. 5 and lattice
parameters are determined in Table 1.

Tricalcium aluminate (C3A) has the chemical composition of CazAl.Os. It constitutes
about 5%-10% by weight of cement clinker. C3A has a cubic unit cell with Pa3 space group
(Mondal et al. 1975). The crystalline structure is illustrated in Fig. 6 and the lattice
parameters are shown in Table 1.

C4AF is the least important phase with chemical formula of Ca;AlFeOs and comprises
about 5%-15% of cement clinker. The unit cell of C4AF is orthorhombic with Ibm2 space
group (Kurdowski 2014). Fig.7 shows C4AF atomistic structure. The crystalline structure
of C4AF are determined in Table 1.

The minor phases of cement do not remarkably influence the physical properties of
cement due to their slight component percent and are not considered in this study.

After preparing the crystal structure of materials, simulation process with minimization
of energy is started. To simulate molecular dynamics, it is better to optimize the structure
first and this is done by Smart method and after that, the simulation of molecular dynamics
on the intended materials is done. Table 2 represents the details of simulation.
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Fig. 4. Crystalline structure of alite (red spheres: Oxygen atoms; yellow spheres: silicon
atoms; green spheres: calcium ions)

Fig. 5. Crystalline structure of Belite (red spheres: Oxygen atoms; yellow spheres: silicon
atoms; green spheres: calcium ions)

Fig. 6. Crystalline structure of Calcium aluminates (red: oxygen atoms; green: calcium
ions; blush pink: aluminum lons)
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Fig. 7. Crystalline structure of calcium aluminate ferrite (red: oxygen atoms; green:

calcium ions; blush pink: aluminum lons)

Table 1. Crystallographic lattice parameters

Phases aA) | bA) [ cA) | a() |BOY| ()
Tobermorite 14 | 6.73 | 7.42 | 2798 | 90 90 | 123.25
A a

Portlandite ® 359 | 359 | 4.90 90 90 120
C3s¢ 11.63 | 14.17 | 13.64 | 1049 | 94.6 | 90.1
c2s¢ 550 | 6.75 | 9.34 90 | 94.6 90
C3A® 15.26 | 15.26 | 15.26 | 90 90 90
C4AFf 558 | 146 | 5.37 90 90 90

a (Bonaccorsi et al. 2005), b (Mondal et al. 1975), ¢ (Pollitt & Brown 1968), d (Pollitt &

Brown 1959), e (Manzano et al. 2015), f (Tavakoli & Tarighat 2016)
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Table 2. Simulation details

Parameters Condition in this work

Force fields COMPASS, COMPASS II, ClayFF,
INTERFACE

Ensemble NPT

Summation method Ewald

Cut-off distance 12.5A

Temperature 298 K (Room temperature)
Temperature control (MD) Nosé thermostat
Pressure 0.0001 GPa (Air pressure)

Pressure control

Berendsen barostat

Dynamic time (MD)

500 ps to 1000 ps (based on the number
of atoms)

Time step (MD)

1fs

Boundary conditions

Three dimension periodic boundary
condition

Maximum strain amplitude in
each strain

0.003

For estimate the elastic properties of unhydrated cement grains, constant strain method
was used. The elastic stiffness coefficients, Cijkl, are estimated by Eq. 1 (Tavakoli &

Tarighat 2016)

aO'l']' 1 aZA

oe RAEE
ki T.exl 0 = ekl T.&ij.€kl

Cijr =

1

Where, ojj is stress, &k is strain, A is the Helmholtz free energy and VO is the volume

of the simulation cell.

By calculating two unconditional coefficients such as Shear modulus (G) and Bulk
modulus (K), the elastic properties of unhydrated cement gran are estimated. K and G of
the phases are calculated by Eq. 2 to Eq. 5 (Tavakoli & Tarighat 2016):

1
V=15 [Ci1 + Cop + C33 + 3(Cas + Css

1
ky = 5 [Ci1 + C33 + 2(Ciz + Ci3 + Cr3)]

G

+ Cs6) — (C12 + Ci3 + C33)]

-1
Ggr = 15[4(511 + S22 + 833 — 12 — S13 — S23) + 3(Saq + Sss5 + 566)]
Kp = [S11 + Saz + S33 + 2(S12 + Sz + S23)] 7"

2
3)

4
)

In these equations, Sij shows the components of the elastic compliance matrix, R and
V define the Reuss and the Voigt averages. Therefore, the average of Reuss and Voigt
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values, which is known as Voigt-Reuss-Hill (VRH) approximation, can be estimated by
Eg. 6 and Eqg. 7 (Tavakoli & Tarighat 2016):

Gyry = 2 (6)
Kypn = 2 ™

Finally, Elastic modulus (E) and Poisson’s ratio (v) are estimated by Eq. 8 and Eq. 9
(Tavakoli & Tarighat 2016):

96

E=3T6/k ®

_3-26G/K ©
6+2G/K

In this study, Molecular dynamics simulations are done by Materials Studio package.

2.2. HYMOSTRUC3D model

When using multi-scale modelling approach at least two things should be clear: (1).
Properties of each of the components. (2). The amount of each components. Properties of
the components are determined by molecular dynamics method in this study. Besides,
HYMOSTRUCSD code is used to determine the amount of each component. It is a numeric
model to simulate cement paste. This model was developed in Delft University of
Technology (van Breugel 1991). This code has been made to simulate cement hydration
the micro-structure formation of hydrating cement paste. In this model, parameters such as
cement particle size distribution, the chemical composition of used cement, water to
cement ratio, and the curing temperature are considered. Cement particles in this model
have been regarded as spheres and described using Rosin-Rammler distribution. In the
initial step, cement particles are randomly distributed in a 3D cube (normally in the size of
100 x 100 x 100 um3). With hydration process, cement particles starts to partially dissolve
and the C-S-H precipitate on the surface of unhydrated cement particles. This process is
called expansion of cement particles. At the meantime, CH particles precipitate in the pore
space. Given the hydration process, the expansion of cement particles leads to the
interaction of particles and then, the microstructure structure of cement paste are obtained.
Fig. 8 shows the interaction mechanism for cement particles in HYMOSTRUC model in a
schematic way (van Breugel 1995). In hydration process, the state of cement particles
might be categorized in three cases of un-hydrated cement, internal, and external products.

10
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embedded
particles

expansion caused by
embedded particles

outer product

inner product

penetration

depth &;,

product thickness

Fig. 8. Schematic diagram of the interaction mechanism for cement particles in
HYMOSTRUC3D (van Breugel 1995)

To simulate cement hydration and microstructure by this model, the Type | cement is

regarded as the input data. In a study that was conducted by XRD method and also Rietveld
refinement technique, exact amounts of mineral phases composition in Type | cement was
determined and the same amounts are used in the simulation so that the comparison would
be more effective (Table 3) (Scrivener et al. 2004). It should, however, be pointed out that
the HYMOSTRUC3D model simulates the hydration products in the form of high density
C-S-H (HD-C-S-H), low density C-S-H (LD-C-S-H), CH, and un-hydrated cement do not
consider the amounts of other hydration products owning to their trivial impact on physical
properties of cement paste. Some hypotheses in the form of input for code are necessary
for simulation that are shown in Table 3. Input data has been selected in a way that their
results could be compared with those of experimental works.
After primary preparation of input file and primary features, a cube size with 100 pm was
chosen and the cement particles were put into it and then the simulation process in micro
scale was done. In this simulation, the hydration process lasted for 500 days. However,
given the importance of the 28 days curing age and many experimental data that exist for
this age, the present study focused on 28 days.
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Table 3. Input parameter for HYMOSTRUC3D

Parameter Amount

CsS (%) 69.9

C:S (%) 8.30

CsA (%) 7.50

C.AF (%) 6.30

Gypsum (%) 2.90

Na2O (%) 0.19

K20 (%) 0.95

Water to cement ratio 0.4
Curing temperature (°C) 20
Maximum size of PC (um) 50
Minimum size of PC (um) 2

Cement Density (g/cm®) 3.15

2.3. Multi scale models

2.3.1. Lattice model

Lattice model has been used to simulate the fracture process of cement-based materials
for decades (Qian et al. 2010). Based on lattice model, Qian et al. (2010) have developed
a program called GLAK (Generalized Lattice Analysis Kernel) package to simulate the
fracture process of cement-based materials. By using GLAK program, the mechanical
properties including tensile strength, elastic modulus, and etc., of cement-based materials
can be predicted. The simulation process of GLAK program contains the construction of
lattice mesh, and the imposing process of load on lattice mesh.

In this study the microstructure of cement paste simulated by HYMOSTRUC3D is
firstly converted into lattice grid. As shown in Fig. 9, for each lattice grid, a sub cell is
generated and a lattice node is randomly placed inside the sub cell. The Delaunay
triangulation is used to connect the neighbor lattice nodes to produce lattice beams. An
example of the construction of lattice mesh is shown in Fig. 10. As shown in Fig. 10b, in
the simulation of tensile test, the bottom nodes are firstly fixed. Then, an incremental
displacement is given at the top surface nodes to simulate the fracture process of lattice
mesh. By the simulation of GLAK program, the reaction force at the top surface nodes can
be obtained. Accordingly, stress-strain response of the cement paste can be simulated.
Next, the stress-strain response curve is used to figure out the bulk elastic modulus of
cement paste.

In the simulation, the input local mechanical properties of the lattice beams are assumed
to be equal to the average of the local mechanical properties of the connected two nodes.
The local mechanical properties of the connected two nodes are obtained from molecular
dynamics simulation. In this way, the local mechanical properties of hydration products

12
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simulated by molecular dynamics and microstructure of cement paste simulated by
HYMOSTRUC3D are used to model the elastic modulus of cement paste in micro scale.

Lattice grid 1
\ T.___
il D1
//
Lattice beam K\A{

Lattice node | — LE

Fig. 9. Schematic diagram of the lattice mesh construction in this study

Incremental displacement

m Water
“ === cement

| ———= LD-CSH
== HD-CSH

s CH

Bottom nodes are fixed

Fig. 10. An example of the construction of lattice mesh. (a) Microstructure of cement
paste simulated by HYMOSTRUC3D (100x100x100 pm3); (b) the lattice mesh
converted from microstructure, resolution = 8 pm3

2.3.2. Analytical method

As mentioned to predict the cement paste properties by micro mechanical models with
analytical method, two parameters are needed: (1). Elastic modulus of each product (2).
Volume fraction of each component. The former was calculated by molecular dynamics
method and the latter can be obtained by HYMOSTRUC3D model.

The utilized micro mechanical model in this study is done in a set of stages. The basis
of the model is based on the Jennings method (Tennis & Jennings 2000). The model is
based on two precepts: (1). Un-hydrated cement is surrounded by HD-C-S-H, (2). CH tends
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to grow between LD-C-S-H. To measure the Young modulus of cement paste, some steps
should be done. In the first stage, the elastic modulus amounts are extracted by molecular
dynamics method and volume fraction of each component are also obtained from
HYMOSTRUC3D method. Given the point that Tobermorite 14A is not exactly similar to
C-S-H structure, and the real structure of C-S-H gel has internal pores and defects, Mori-
Tanaka model (Mori & Tanaka 1973, Shokravi 2017) is employ to derive the elastic moduli
of both HD-CSH and LD-CSH. According to this method, the effective shear (G) and bulk
(K) moduli of the C-S-H gel can be estimated using the following equations:

_ (1 — 8)(8Gsotia + IKsolia)

M 60 (2Gso1ia + Ksotia) T 8Gsolia + IKsolia
- AGsoa(1-9)

M 3K011a® + 4Gsolia

Gesu =G (10)

Kesn = Ks (11)

Where, @ is the porosity of C-S-H gel. According to literature (Constantinides & Ulm
2007, Zhu et al. 2007) the porosities are 37% for LD- CSH and 24% for HD-CSH and by
considering these amounts, elasticity modulus of C-S-H might be resulted.

To calculate the elastic modulus of unhydrated cement grain, different phases should
be combined and the pores should be taken into consideration. Due to the close similarity
of the elastic properties of these phases to each other, Voigt and Reuss model was used to
reach a steadier elastic modulus. In Reuss model, different phases are put on each other in
series and load is imposed on them (Monteiro 2006). However, in Voigt model, phases are
inserted in parallel (Fig. 11) (Monteiro 2006). Generally, VVoigt model shows a high upshot
and Reuss model shows a low one and Hill model shows the average of them (Knudsen
1959). These models typically represent reasonable responses in cases where elastic
properties are close to each other. This model is a simple model for composite and because
different cement phases have very similar elastic properties and their arrangement structure
is in the form of next to each other, it could be a suitable model for this material. Relations
12 and 13 show the Voigt and Reuss relations respectively (Knudsen 1959).

P Pttt

Fig. 11. Schematic of the (a) Voigt and the (b) Reuss methods (Monteiro 2006)

14
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E = E]_Cl + E2C2 (12)
l_a,&
=5 + 5 (13)
Where, c; and E; represent the volume fraction and Young's modulus of phase i, i=1, 2.
Unhydrated cement has a lot of porosity that is because of the arrangement of different

phases next to each other or structure defects. Knudsen equation is used to introduce
porosity in cement clinker structure (Eq. 14) (Knudsen 1959).

E = Eje™34? (14)

In these equations @ is the porosity of clinker cement. To obtain the porosity amount
of cement clinker, different methods might be used. Some studies have presented different
results for porosity by analyzing the images from SEM and other methods. The reason for
this difference is related to the type of cement and primary materials and components, kind
of heating and cooling process and also manufacturing Process (Kurdowski 2014). Thus,
it is not possible to offer an exact percentage for porosity. On the other hand, if analytic
methods are used, packing density problem (Torquato & Stillinger 2007) might be used. In
this method, by considering the point that particles in sphere or ellipse form, the empty
space between them might be determined. The calculated porosity with this method is
about 26% (Eq. 15). It should be noted that, this packing have the highest density amongst
all possible lattice packing (Zohdi & Wriggers 2008).

Y
0=1-7=~026 (15)

This amount is good for the perfect spherical or elliptical grain and for irregular shape
the porosity should be less than it. In the present study, in light of the obtained results and
also the point that a wide range of amount are influential depending on the production
method of cement and other factors, 20 % was considered for porosity of cement clinker
that seems reasonable.

In the next stage, homogenization process is done. According to the stated principles,
un-hydrated cement is put as inclusion in HD-C-S-H (composite 1) and CH as inclusion in
LD-C-S-H (composite 2) and the homogenization process is done by Mori-Tanaka method.
In this stage, the amount of inclusion and matrix components in each composite are
determined by HYMOSTRUC3D method. In the next stage, composite 2 is put in the
composite 1 matrix as inclusion and the homogenization process is done again. In the end,
the determined porosity by HYMOSTRUC3D model for cement paste is inserted in the
structure by pertinent relations (Eq. 10 and 11) and the final Young's modulus is calculated.
The calculated porosity is equal to the sum of gel porosity and capillary porosity. To do
the homogenization process, relations 16 and 17 were used to obtain G and K of each of
the components and by using simple elasticity relations Young’s modulus and poisson ratio
of cement paste were calculated (Zohdi & Wriggers 2008). Fig. 12 shows the
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homogenization process. Finally, the resulted findings were compared to those obtained
from the experiments from lattice model based on multi-scale approach.

1
K =Ky, + c(K; — K,,) P (16)

1+(1—c)[K

3
mtzKm
1

G = Gy + c(G; — Gp) — €y
12(1‘”[#1%%
o 2K

Composite 1

Composite 2

Composite 3
Composite 2

Fig. 12 Schematic of the homogenization
3. Results and Discussion

3.1. Molecular dynamics

The calculated elastic properties of the phases of cement paste using molecular
dynamics are shown in Table 4.

The results obtained from molecular dynamics for CH are considered as shown in the
table. However, porosity in the structure should be taken into consideration for C-S-H.
Additionally, homogenization process and consideration of porosity in the phases are
essential for un-hydrated cement. For Tobermorite 14A, the 24 % porosity was regarded
for HD state and 37 % for LD state using Mori-Tanaka method. The obtained results for
this material are presented in Table 5 after considering porosity and these values are
remarkably in accordance with the results reported in the related literature (Constantinides
& Ulm 2007, Jennings et al. 2007).

Furthermore, the elastic modulus has been calculated for un-hydrated cement after
using Voigt and Reuss method and also considering 20% porosity. The results are shown
in Table 6.

16
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Table 4 Elastic properties of cement paste phases calculated by using MD

Crystal K G (GPa) | E (GPa) v
Tobermorite 14A | 38.86 17.99 46.75 0.30
Portlandite 35.66 20.15 50.86 0.26
CsS 169.87 51.03 139.15 | 0.36
C.S 102.67 60.98 152.70 | 0.25
CsA 96.74 65.11 159.53 | 0.22
C.AF 163.25 79.59 205.39 | 0.29

Table 5 Young's modulus of C-S-H

C-S-H | LD-C-S-H | HD-C-S-H
E (GPa) 21.47 28.63

Table 6 Young's modulus of unhydrated cement

Model Voigt model | Reuss model | Hill model Hill model with porosity
E (GPa) 147.16 145.40 146.28 74.10

Displayed equations are to be centered on the page width. Standard English letters like
X are to appear as x (italicized) in the text if they are used as mathematical symbols.
Punctuation marks are used at the end of equations as if they appeared directly in the text.

3.2 HYMOSTRUC3D Model

The amounts of each of the above-mentioned phases were also obtained by
HYMOSTRUC3D. The microstructural development of hydration cement paste is shown
in Fig. 13.

The hydration process lasted up to 500 days and the volume fraction of each component
has been estimated separately. Fig. 14 presents the growth trend of hydration products up
to 500 days. As it is expected, the growth trend of hydration products (C-S-H and CH) is
considerable in early ages and gradually decreases. Moreover, the curves related to porosity
and un-hydrated cement start to drop as the increases of curing time. In fact, the primary
cement is gradually turned into C-S-H and CH and the growth of them leads to filling of
capillary pores in cement paste. The hydration production for 28 days curing days are show
separately in Fig. 15.
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Fig. 13 Hydration process
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Fig. 14 Production of the hydrated cement products

Fig. 15. Hydrated cement production in 28 days curing days

In general there are two types of porosity in cement: capillary porosity and gel porosity.
Capillary porosity is developed between the hydration products and gel porosity is
developed between the C-S-H layers. In the HYMOSTRUC3D simulation method, only
the capillary porosity is regarded in the whole simulation and the interval between C-S-H
layers is regarded as completely dense. The model calculates the gel porosity separately.
The simulation cube is, in fact, a combination of solid materials and capillary porosity in
unit volume and the gel porosity is then calculated and is not regarded as part of the
simulation cell volume. Results of hydration products at 7, 28, and 90 days curing age are
shown in Table 7.

18
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Table 7. Phase volume fraction of the cement paste

products 7 days 28 days 90 days
Percent | Percent | Percent | Percent | Percent | Percent
of total | of solid | of total | of solid | of total | of solid
phase phase phase
HD-C-S-H 31.43 42.14 36.18 45.35 38.88 47.36
LD-C-S-H 16.19 21.71 19.23 24.11 20.36 24.80
CH 14.13 18.94 16.29 20.42 17.46 21.27
Unhydrated 12.83 17.21 8.08 10.12 5.39 6.57
cement
Total solid 74.58 100 79.78 100 82.09 100
phase
Capillary 25.42 - 20.22 - 17.91 -
porosity

Table 8 also presents the results related to gel porosity. In light of the point that the
obtained results in different studies are mostly based on 28 days strength of cement paste,
the present study also mainly dealt with the same cement paste. Thus, the results of 28 days

are used for reaching a multi-scale modeling.

Table 8. Percentage of the gel porosity

Curing days

7 days

28 days

90 days

Percentage of the gel porosity

5.82

6.93

7.32

3.3 Multi-scale models

3.3.1. Lattice model

The obtained elastic properties of phases from molecular dynamics (3.1) and
microstructure from HYMOSTRUC3D model (3.2) were used as input for multi scale
simulation of mechanical properties with lattice model (GLAK program). Based on lattice
model, the stress-strain response for the cement pastes cured at different days are obtained.
The simulation results are shown in Fig. 16. According to the stress-strain response, the
Young’s modulus of cement pastes are calculated. Table 9 lists the Young’s modulus of

cement pastes at the age of 7 days up to 90 days.
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Fig. 16. Tensile test deformation of cement paste cured at 28 days (Delaunay triangle
lattice mesh) - Note: The deformation is amplified for the convenience of visualization.
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Table 9. Young’s modulus of cement paste simulated by GLAK program

Yong’s modulus (GPa)
90
7 day | 28 days days
16.25 21.16 23.25

3.3.2. Analytical method

After calculating the elastic modulus and also the amounts of each of the components,
the homogenization process was done based on the method presented in figure 11. The
elastic modulus and poisson ratio for composite 3 was calculated by equations 5 and 6.
These are for cement without porosity. As it was mentioned, one of the most important
influential parameters on elastic properties is porosity. In this stage, it is necessary to take
into consideration the paste porosity in the calculation of elastic properties. The calculated
porosity is the sum of gel porosity and capillary porosity. The capillary and gel porosity
estimated by HYMOSTRUC3D model are 20.22% and 6.93% for 28 days cement paste,
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respectively. Therefore, in the sum of these two numbers (27.15) is considered in
calculations.
The final elastic properties were calculated and shown in Table 10.

Table 10. Elastic properties of composites

Parameters | Composite | Composite 2 | Composite | Composite 3 with
1 3 porosity (cement
past)
K (GPa) 27.36 21,91 24.76 13.72
G (GPa) 18.67 14.75 16.03 9.24
E (GPa) 45.63 36.14 39.55 22.64
\ 0.222 0.225 0.234 0.225

Young modulus that obtained from different method are shown in Table 11. Some
previous conducted studies on the same issue are in line with the present study findings as
discussed below.

Table 11. Elastic properties cement past

Method | Analytical method | Lattice model References
E (GPa) 22.64 21.16 22.8+ .05%, 22-25°
a Constantinides and Ulm (2004), b Haecker et al. (2005)

The Young's modulus has been calculated to be 22.8+ .05 GPa in a study by
Constantinides and Ulm using nano-indentation method and the result obtained from the
homogenization is exactly in accordance with this experimental result (Constantinides &
Ulm, 2004). Furthermore, in another study, the elastic modulus for cement paste has been
calculated to be between 22 and 25 GPa using finite elements method and this is also in
the same range with the present study (Haecker 2005). The results that obtained from lattice
model in part 3.3.1 also in accordance with analytical method results in part 3.3.2.

Given the obtained results, it might be stated that the offered pattern for multi-scale
simulation is acceptable and it might be used to observe the effect of changes in nano
structure of the products in the micro structure of cement paste.

4. Conclusion

The current study dealt with the examination of possibility of multi-scale simulation
for cement paste. To this goal, first, simulation in atomistic scale was done for different
products by molecular dynamics method and their elasticity module was determined. Then,
the process of cement hydration was simulated via HYMOSTRUC3D method and the
amount of cement paste components were estimated. After that, the results of the molecular
dynamics method and HYMOSTRUC3D model were used to calculate the Young’s
modules of the cement paste in micro scale with lattice model and also analytical model.
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Finally, the obtained results from analytical method were compared with lattice model and
with experimental results. The results revealed that multi-scale modeling with analytical
method and lattice model was reported similar results and also literature results were
confirmed them. It is concluded that the proposed multi-scale modeling approach could
appropriately predict the elastic properties of cement paste.
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