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Abstract

Calcium silicate hydrate layer (C-S-Hiayer) is considered to be the fundamental building block of
hydrated cement. The effect of sodium ions on the atomic scale mechanical properties of C-S-Hiayer
remains, however, unclear. Yet, this information is critical for understanding and predicting the
macroscopic performance of concrete structures during their service life. Herein, the intrinsic
mechanical properties of C-S-Hiayer With sodium-exchange ions replacing some calcium cations
were studied by molecular dynamics simulations. The interatomic interactions provided insights
into the role of Na* within the atomistic scale of C-S-Hiayer. It was found that Na* did not
significantly alter the mechanical properties (i.e., strength and stiffness) of C-S-Hiayer. The larger
cationic attraction on the interlayer water molecules seen in the presence of Na* occurred due to
the exchange of two Na* for one calcium cation and resulted in a volume expansion of C-S-Hiayer

while a stiffening of its interlayer.
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1. Introduction

The presence of alkalis (and thus sodium) in concrete can come from various sources, including
from the use of admixtures, supplementary cementitious materials, marine resources like seawater
and sea sand, as well as from exposure to deicing salts and marine environments. The addition of
alkalis (e.g., NaOH and Na>SOa) during concrete mixing has been reported to affect the mechanical
properties of hydrated cement and alite [1-7]. Nevertheless, a fundamental understanding of the
effect of the incorporation of sodium ions (Na*) on the mechanical properties of the building block
of hydrated cement and the mechanisms by which sodium affects the strength of hydrated cement
remains limited. Thus, the present study focused on the effect of Na* incorporation on the
mechanical properties of the building block of hydrated cement.

Hydrated cement is a composite material that mainly consists of calcium silicate hydrates
(C-S-H) and possesses a structural hierarchy comprising different components at various scales
[8]. At the microscale (scale of capillary and gel pores), C-S-H can be viewed as randomly packed

particle clusters (i.e., globules) (Figure 1) [9]. The C-S-H gel consists of clusters (i.e.,
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differentiated into low- and high-density C-S-H) of C-S-Hgiobule With gel pores between the
globules [10]. At the nanoscale, each C-S-Hgiobule Can be viewed as a composite of C-S-H layers
(C-S-Hiayer), which constitute the fundamental building block of the hydrated cement. Ultimately,
the molecular interactions between the C-S-Hiayer provide the cohesive forces that bind the
hydrated cement into a solid material at the macroscale. C-S-H is primarily responsible for the
strength of the hydrated cement paste. Externally applied loads are transferred through the
hydrated cement and C-S-H at various scales. At the scale of capillary and gel pores, externally
applied loads are transferred into the clusters of C-S-H globules that maintain their integrity
through cohesive forces between them. The loads exerted onto the C-S-H globules are, in turn,
transferred to the composite layers of C-S-H. Sodium has been reported to sorb onto the C-S-H
phases and replace some of the calcium within the C-S-Hiayer [11-13]. This cation exchange process
may affect the molecular interactions in C-S-Hiayer and thus impact the mechanical properties of
C-S-H. A further understanding of the effect of sodium on the strength of the hydrated cement thus

relies heavily on the appropriate understanding of the strength of the modified C-S-Hiayer.
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Figure 1. Hierarchical structure of hydrated cement: (a) microscale level is comprised of
capillary pores, gel pores, and clusters of C-S-H globules and (b) C-S-H globules are comprised
of composite layers of C-S-H (C-S-Hiayer) [14].

Experimental techniques such as atomic force microscopy and nanoindentation mapping
are effective methods to study the mechanical properties of C-S-H especially its stiffness at the
micro-scale level [15-17]. However, these techniques cannot offer insights into the mechanical
properties at the scale below the micro-level due to technical limitations such as the size of the
indenter tip [18] and thus cannot probe the mechanical properties of C-S-Hiayer. Atomistic
simulations are powerful techniques that complement experimental methods for studying hydrated
cement down to the fundamental scale (i.e., interatomic interactions) [19-24]. Molecular dynamics
(MD) simulations have been successfully used in the literature to study the adsorption of Na*
cations into C-S-Hiayer and have indicated that the adsorption of Na*cations can lead to a reduction
of ca. 5% of the elastic modulus of the C-S-Hiayer under loading along the direction that was
perpendicular to C-S-Hiayer and to a volume expansion of ca. 0.25% [25]. However, the information
reported in the literature on the effect of Na* are limited only to the elastic modulus of C-S-Hiayer.
The effect of Na* on the strength of C-S-Hiayer and the underlying atomistic mechanisms of the
mechanical response of C-S-Hiayer remain poorly understood. Yet, the strength of hydrated cement
is directly related to its failure resistance under loading. Furthermore, Na* may differently
influence the mechanical properties of C-S-Hiayer depending on the direction of the applied load
(i.e., along the direction that is perpendicular or parallel to the C-S-Hiayer).

The objective of this study was to investigate the change in the mechanical properties of
C-S-Hiayer With the incorporation of Na* to replace Ca?*. More specifically, MD simulations were
performed to determine the difference in compressive and tensile strengths of C-S-Hiayer with and
without the incorporation of Na*. The stiffness under the applied load along the direction parallel
to C-S-Hiayer was also determined. Additionally, the relative behavior of the atoms in the structure
(i.e., average per-atom stress) as a response to an externally applied load was examined as a
function of strain in the longitudinal (z) and lateral (xy) directions for compressive and tensile
loadings along the z-direction. The findings from this study provide useful information for the

strategic use of cementitious material in sodium rich environments.
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2. Atomistic simulations

2.1. Model
The unit cell of C-S-Hiayer used in the study followed the model developed by Pelleng et. al. [26]

and based on modification of tobermorite-11 A. The modification included the presence of water
molecules and the reconstruction of the silicate structure into short oligomers silica (i.e.,
distributed as monomers, dimers, and pentamers). The assumption made to reconstruct the silicate
structure was based on experimental results reported in the literature using 29Si nuclear magnetic
resonance (NMR) [27, 28]. The resulting model of C-S-Hiayer was found to describe well both the
experimental chemical-composition of (CaO)1.65(Si02)(H20)1.75 and its density [29].

Results from the literature were used to model the C-S-Hiayer with the incorporation of Na*
into its structure [12, 25]. It has been reported that the stoichiometry of C-S-H (i.e., Ca/Si~1.7)
obtained from alite (impure tricalcium silicate) was not significantly affected by the use of sodium
hydroxide (NaOH) present in the mixing water [1]. Additionally, semi-grand canonical Monte
Carlo simulations have indicated that two Na* cations can be adsorbed in the C-S-H hydrated
interlayer with each calcium cation replaced by Na* cations when the Na* concentration was up to
0.1 mol/kg of C-S-H [25]. Furthermore, the amount of calcium released from C-S-H and the
amount of adsorbed sodium on C-S—H has been shown to be linearly related with a slope of
approximately 0.5, suggesting that 2 mol of sodium were adsorbed onto C-S-H by replacing 1
mol of calcium [12]. The size of the C-S-Hayer Supercell was thus selected to accommodate the
adsorption of Na* at a concentration of 0.1 mol/kg. The C-S-H supercell was made by doubling
the C-S-H unit cell (i.e., ~ 13 A x 18 A x 24 A) in the x, y and z directions. The created C-S-H
supercell was ~ 26 A x 36 A x 48 A and consisted of four intra- and interlayers as shown in Figure
2. The C-S-H with Na™ was made by replacing one calcium (i.e., at the center) in each interlayer
with two Na* to keep the charges neutral. The supercells of C-S-Hiayer With and without Na* were
named C(Na)-S-H and C(Ca)-S-H, respectively.
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Figure 2. Supercells of (a) C(Na)-S-H and (b) C(Ca)-S-H models with dimensions of ~ 26 A x
36 A x 48 A. Only half of the atoms of the supercells are presented (i.e., the other half is hidden)
to show the presence of Na* in the C-S-Hiayer supercell. [Si: Silicon; Ca: Intralayer calcium; Cw:

Interlayer calcium; Na: Sodium-exchange cation (Na*); Ow: Water oxygen; Hw: Water
hydrogen; Oh: Oxygen (formally carrying a H atom); H: Hydrogen; Ob: End oxygen; O: Bridging

oxygen].

2.2. Interatomic interaction

The Calcium Silicate Hydrates Force-Field (CSH FF) [30] was employed for the simulations of
the C-S-H. CSH FF is based on the Clay Force Field (ClayFF) [31] and was developed to model
hydrated calcio-silicates without using a core-shell description, which is time-consuming.
Assuming equal CPU resources, CSH FF has been shown to be 3.4 times more efficient than a
core-shell model in terms of computational time for energy minimization, which scales to N3 (i.e.,
N is the number of atoms in the system) [31]. CSH FF has been demonstrated to successfully
improve the predictive capabilities of ClayFF when applied to the C-S-H model developed by
Pelleng et al. [26, 32-35].

The calculation of the potential energy using CSH FF is based on Equation 1 [30] which
includes non-covalent and covalent interactions. Non-covalent bonds are consisted of van der
Waals (1 term) and short-range Coulombic electrostatic (2" term) interactions. The van der
Waals interaction is represented as a conventional 12-6 Lennard-Jones function. Covalent bonds
are consisted of bond stretch (3 term) and angle bend (4™ term), both of which are considered

harmonic.
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E, = 4¢ [(5)12 - (3)6] + % +K(r —10) + K(8 — 0,)? (1)

In Equation 1, € is the depth of the potential well, o is the finite distance at which the inter-atom
potential is zero, r is the distance between the atoms, C is an energy-conversion constant, gi and g
are the charges on the atoms, ¢ is dielectric constant, K is a constant, ro is the equilibrium bond
distance and 0o is the equilibrium value of the angle. The CSH FF parameters can be found in the

existing literature [25, 30].

2.3. Dynamic evolution

MD simulations were performed using LAMMPS (Large-scale Atomic/Molecular Massively
Parallel Simulator), which is a well-tested and widely used open source classical molecular
dynamics code [36]. In the simulation, a Nosé—Hoover thermostat and barostat were used to
control the temperature and pressure, respectively (independently in the x-, y-, and z-directions)
[37-39]. Short-range interactions were truncated at 12 A and long-range electrostatic interactions
were computed using the Ewald summation with an accuracy of 10* [30]. This accuracy is a
unitless value that is used in parameterization of the long-range solver of Ewald summation so the
root-mean-square (RMS) error (i.e., between the exact force and the approximated force calculated
by using the long-range solver) is 10* smaller than the reference force (i.e., the force that two unit
points, each with a single charge, exert on each other at a distance of 1 A) [40]. Different simulation
schemes were used to study the dimensional properties (i.e., volume and density changes) and
mechanical properties of C(Na)-S-H (with Na*) and C(Ca)-S-H. To examine the dimensional
properties, the simulations were performed in the isobaric-isothermal ensemble (i.e., NPT,
constant number of particles N, pressure P, and temperature T) using a constant pressure of 1 atm
and a temperature of 300 K. A time step of 0.1 fs was used and periodic boundary conditions were
applied in all directions. The stage of equilibration was run for 1 ns. The potential energy and root-
mean-square displacement (RMSD) of the atoms were monitored as a function of time until steady
state was achieved to ensure equilibrium. After the stage of equilibration, the dimensional
properties of C-S-H were collected over 0.1 ns.
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The compression and tensile properties of C(Na)-S-H and C(Ca)-S-H were determined as
an average of three measurements using NPT ensemble conditions at 300 K and 0 atm after 1, 1.2
and 1.4 ns of equilibration. The equilibrium was also determined based on the steady state potential
energy and RMSD. A time step of 0.01 fs was used and periodic boundary conditions were applied
in all directions. Uniaxial deformations were performed along the x-, y- and z-directions. While
performing the deformation along one direction, the pressure along the other two directions was
maintained at zero to allow for Poisson’s effect. The non-pressure setting in the directions
perpendicular to the loading direction was used to eliminate the artificial constrain for the
deformation and allow the free development of tension without any restriction [41]. The strain rate
used for the simulations was determined based on considerations of changes in the stress-strain
profile, simulation cost, and comparison of results of mechanical properties from previous studies
found in the literature. The Young’s modulus was calculated from the slope of the stress-strain
plot [42]. The best linear fit was determined from the group of stress-strain data with strain
increments of £0.01 (i.e., within the linear portion of the stress-strain plot) that had an optimum
R2. The mechanical properties along the xy-direction were calculated as the average of the
mechanical properties along the x- and y-directions.

To provide insights into the atomic response of C-S-Hiaer and the role of Na® upon
externally applied loads, the average per-atom stress was determined in the longitudinal and lateral
directions for compression and tensile loadings along the z-direction. The per-atom stress (Pa)
from a kinetic and virial contribution was calculated using Equation 2, where a takes on value of
X, y and z to generate the pressure on atom i along the x-, y- and z- directions [43]. The per-atom
volume (Va) was calculated based on VVoronoi tessellation of the atoms in the simulation box [44].
The 1% term of Equation 2 is a kinetic energy contribution from atom i. The r and F are the position
and acting force of the atom, respectively. The virial contribution on the per-atom potential energy
is calculated from the 2" to 5™ term. The 2" term is a pairwise energy contribution on atom i due
to its interaction with neighbouring atoms. The 3 and 4™ term is the bond and angle energy
contribution which atom i is a part of. The 5" term accounts for the energy contribution from long-
range coulombic interactions of atom i [45] . The n in the 2", 3@ and 4" terms loops over the Np

neighbours, Ny bonds and Na angles of atom i, respectively.
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3. Result and discussion

3.1. Volumetric change

Figures 3a and 3b show the atom configuration of C(Na)-S-H (with Na*) and C(Ca)-S-H,
respectively after 1 ns of equilibration. As shown in Figure 3c, a greater volume was found for
C(Na)-S-H compared to C(Ca)-S-H, corresponding to ca. 0.6% expansion. This expansive effect
of Na* was consistent with a previous study in the literature, which reported ca. 0.25% expansion
for different Ca/Si C-S-Hiayer in the presence of sodium cations [25]. Furthermore, the greater
volume of C(Na)-S-H was consistent with the observed swelling of hydrated cement and C-S-H
in the presence of sodium chloride [46] and provided further insights into the mechanisms of
swelling in the presence of sodium. The expansion of the C-S-Hayer caused by the incorporation
of Na* was thought to be, in turn, observable at the macroscale and, thus, intrinsic to the swelling

of hydrated cement in the presence of sodium.
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Figure 3. Equilibrium snapshots from MD simulations under NPT ensemble at 300 K and 1 atm
of the C-S-Hiayer (2) with Na* (C(Na)-S-H) and (b) without Na* (C(Ca)-S-H). (c) Changes in
volume of C(Na)-S-H relative to C(Ca)-S-H.

Figure 4 shows the dimensional change in the z- and xy-directions. Although the volume
of C(Na)-S-H (with Na*) was larger than that of C(Ca)-S-H, the increase in dimensions did not
occur in all direction. The cross-sectional area in the xy-direction parallel to the C(Na)-S-H was
decreased while the length in the direction perpendicular to the C(Na)-S-H was increased. These
observations indicated that the presence of Na* in the interlayer of C(Na)-S-H decreased the cross-
sectional area of the C-S-Hiayer but increased the thickness of the interlayer. The dimensional
change observed in the presence of Na* was thought to be caused by the greater attraction of two
Na* (compared to one calcium cation) for the water molecules [47]. The Na* attracted the water
molecule along the direction that was parallel to the C(Na)-S-H. The force resulting from this
attraction decreased the lateral area (i.e., along the xy-direction), while simultaneously increased

the length along the z-direction (i.e., expanded the interlayer).
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Figure 4. Relative difference in length (z-direction) and cross-sectional area (xy-direction) of
C(Na)-S-H (with Na*) and C(Ca)-S-H.
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3.2. Effect of strain rate on strength characteristics of C-S-Hayer

The effect of strain rate on the compressive and tensile stress-strain profiles is shown in Figures 5
and 6, respectively. There was no distinctive failure mode of C-S-Hiayer under different
compressive strain rates as can be seen in Figure 5. However, a distinct failure mode (Figure 6b)
could be observed under different tensile strain rates. The highest strain rate tested (103 fs?)
resulted in the greatest ultimate compressive and tensile strengths. Lower compressive and tensile

failure strains were observed with the use of lower strain rates.

N
o

Strain rate (fs) :

——0.001

~——0.0001
0.00001

-
(6]
L

Compressive stress (GPa)
» o

0 01 02 03 04
Compressive strain

Figure 5. Effect of strain rate on the stress-strain profile of C-S-Hiayer under compressive loading.
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Figure 6. (a) Effect of strain rate on the stress-strain profile of C-S-Hiayer under tensile loading.
(b) Failure mode of C-S-Hiayer under two different tensile strain rates (i.e., 10 fs'* and 10 fs?),
showing detachment of each interlayer for the strain rate of 10 fs* while only of the top layer

for the strain rate of 10 fs1.

Although there was an influence of the strain rate on the compressive and tensile strengths
of C-S-H, the effect became smaller for smaller strain rates (i.e., from 10* fs! to 10° fs¥).
Considering the simulation cost, the strain rate of 10 fs™* was therefore used thereafter to study
the strength of C(Na)-S-H (with Na*) and C(Ca)-S-H. The use of a strain rate of 10 fs provided
similar compressive and tensile strengths of C(Ca)-S-H to that reported in the literature [41].
Furthermore, the compressive Young’s modulus of ca. 46 GPa from the stress-strain profile of C-
S-Hiayer With the strain rate of 10 fs™* was similar to the nanoindentation modulus of ultra-high-
density (UHD) C-S-H (i.e., ca. 49 =+ 3 GPa) [48]. Therefore, it was considered that the use of a

strain rate of 10 fs could adequately capture the mechanical properties of C-S-Hiayer.

3.3. Compressive and tensile strengths of C(Na)-S-H and C(Ca)-S-H

Figure 7 shows the stress-strain profiles of C-S-Hiayer under compressive and tensile loadings. The
strain-stress profiles of C(Na)-S-H (with Na*) and C(Ca)-S-H were overall similar. The

12



252
253
254

255
256

257
258
259

significance of the difference in mechanical properties between C(Na)-S-H and C(Ca)-S-H was

evaluated by the t-test using a significance level of 0.05 (confidence level of 95%).
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Figure 7. Average strain-stress profile of C(Na)-S-H (with Na*) and C(Ca)-S-H under
compression in (a), (b) z- and xy-directions, respectively and under tensile in (c), (d) z- and xy-
directions, respectively.
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Figure 8 shows the comparison of the Young’s modulus, ultimate compressive and tensile
strengths, and fracture strains of the C-S-Hiayer with and without Na*. The lower tensile strength of
C(Ca)-S-H (without Na*) under loading along the z-direction compared to the xy-direction agreed
with previously reported simulation results reported in the literature [18], which also found a lower
tensile strength of the C-S-Hiayer along the z-direction. The results further indicated that a lower
tensile strength also occurred for C(Na)-S-H (with Na®). In addition, the compressive strength was
found to be higher under loading along the z-direction than under the xy-direction. The Young’s
moduli of C-S-Hiayer Obtained in the current study were all within the range of reported elastic
moduli from the literature (Figure 9). However, the effect of Na* on the mechanical properties was
statistically insignificant at the 95% confidence level as indicated by the t-test that showed p-values
above 0.05 for all cases. This result differed from the nanoindentation results reported in the
literature that have shown an increase in the nanoindentation modulus of C-S-H formed in the
presence of sodium. For example, the average of nanoindentation modulus of hydrated alite with
NaOH [49] and hydrated cement with NaCl [50] has been reported to be higher than that of plain
hydrated alite and cement. It should be recalled that hydrated cement is a composite material with
structural hierarchy (Figure 1). When comparing the mechanical properties of hydrated cement
determined from experimental testing (nanoindentation) and simulations, caution should be made
in terms of scale. Also, the accompanying anions of the sodium containing compounds should be
considered. These results suggested that the effect of sodium ion on the mechanical properties of
hydrated cement most likely does not originate from the atomic level of C-S-Hiayer. This was
furthermore consistent with the results from Mendoza et al. [49] who attributed the increase in
nanoindentation modulus of C-S-H (i.e., produced from alite hydration with NaOH) to the
electrostatic attraction between the positively charged sodium cation and the negatively charged
C-S-H.
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Figure 8. (a) Young’s modulus, (b) ultimate strength, and (c) fracture strain of C(Na)-S-H (with

Na*) and C(Ca)-S-H under compressive (top) and tensile (bottom) loadings. Na and Ca indicate

C(Na)-S-H and C(Ca)-S-H, respectively. p is the t-test probability of difference between the

mechanical properties of C(Na)-S-H and C(Ca)-S-H.
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Figure 9. Comparison of the elastic modulus of C-S-H determined by nanoindentation (i.e.,
nanoindentation modulus) [49, 51, 52] and molecular dynamics simulations (i.e., Young’s
modulus) [52, 53]. [Exp: experimental; Sim: simulation; d: distilled water; n: NaOH solution; cp:
cement paste; A: alite; CS: CsS; Na: sodium-exchange cation; z and xy: compressive loading

along the direction perpendicular and parallel to the C-S-Hiayer, respectively.]

The information obtained regarding the effect of Na* on the mechanical properties of C-S-
Hiayer provided new insights into the durability of concrete structures. While it is generally
considered that saline environments have adverse effects on the durability of concrete structures
[54, 55], the MD simulation results showed that the effect of Na* was not detrimental to the
mechanical properties of C-S-Hiayer (the strength of C-S-Hiayer Was slightly increased by the
presence of Na*). However, it should be noted also that the swelling of C-S-Hiayer resulting from
the presence of Na* can also induce stresses on the hardened hydrated cement. The coupled effect

of Na* on the swelling and strength of the C-S-Hiayer should thus be taken into consideration.

3.4. Atomistic response of C-S-H layers to externally applied loads
Under compressive loading (Figure 10), the average per-atom stress of all atoms in the longitudinal
(z) direction had a negative sign, except for the hydrogen atoms (i.e., from water and non-water

molecules: Hw and H, respectively), indicating that most of the atoms located in the interlayers
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experienced compression. In the lateral (xy) direction, however, most of the atoms located in the
intralayers experienced tensile stresses (positive sign) during compressive loading. The opposite
behavior was observed when tensile loading was applied along the z-direction (Figure 11) with the

atoms experiencing tension in the longitudinal direction and compression in the lateral direction.
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Figure 10. Evolution of the average per-atom stress during compressive loading along the z-
direction: (a) and (c) longitudinal (z-pressure) direction for C(Na)-S-H (with Na*) and C(Ca)-S-
H, respectively and (b) and (d) lateral (xy-pressure) direction for C(Na)-S-H and C(Ca)-S-H,
respectively. The negative and positive signs indicate compression and tension, respectively. The
vertical dot lines indicate the strain at the maximum (ultimate) compressive strength. [Si: Silicon;
Ca: Intralayer calcium; Cw: Interlayer calcium; Na: Sodium-exchange cation; Ow: Water
oxygen; Hw: Water hydrogen; Oh: Oxygen (formally carrying a H atom); H: Hydrogen; Ob: End
oxygen; O: Bridging oxygen].
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Figure 11. Evolution of the average per-atom stress during tensile loading along the z-direction:
(@) and (c) longitudinal (z-pressure) direction for C(Na)-S-H (with Na*) and C(Ca)-S-H,
respectively and (b) and (d) lateral (xy-pressure) direction for C(Na)-S-H and C(Ca)-S-H,

respectively. The negative and positive signs indicate compression and tension, respectively. The

vertical dot lines indicate the strain at the maximum (ultimate) tensile strength.
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Classification of the atoms of C-S-Hiayer based on their response to externally applied loads
provided insights into the load carrying mechanisms of C-S-Hiayer and was used to simplify the
model of C-S-Hiayer into a bilayer (i.e., inter- and intralayer) composite as illustrated in Figure 12.
The representation of C-S-Hiayer as a bilayer system can be a useful approach in a bottom-up
strategy to model the mechanical response of C-S-Hiayer to externally applied loads. Based on the
simulation results, in the longitudinal (z) direction, the stressed atoms responded by transferring
the externally applied loads (compressive or tensile) to the neighbouring atoms and created
longitudinal deformation. Simultaneously, the longitudinal deformation exerted a lateral load and
induced lateral pressure. The similar pressure values (i.e., compression and tension) between the
per-atom stress and the externally applied load indicated that the atoms in the interlayer transferred
the externally applied load along the lateral direction. The opposite stress between the per-atom
stress and the externally applied load implies that the atom in the intralayer resisted the lateral

deformation.
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Figure 12. Simplified model of C-S-Hiayer as bilayer composite under (a) compressive and (b)
tensile loadings. Lec and Let are externally applied compressive and tensile loads, respectively. Fic
and Fit are internally lateral compressive and tensile forces as a response to the externally applied

loads, respectively.

In the presence of Na*, the oxygen and hydrogen atoms of water (i.e., Ow and Hw) of the
interlayer behaved differently under compressive and tensile deformations along the perpendicular
direction (z-direction) of the C-S-Hiayer (Figure 13a). Under compressive deformation, the average
per-atom lateral compressive stress of the water atoms (i.e., Ow and Hw) of the interlayer in C(Na)-
S-H was higher than those of the atoms in C(Ca)-S-H (as indicated by a pressure ratio greater than
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1), which was due to the attraction of the water molecules by Na*. The reverse was, however,
observed under tensile deformation, as shown in Figure 13a, with a ratio that was then less than 1.
Concurrently, in the intralayer, the average per-atom lateral tensile stress of the calcium cations
under compressive loading decreased because of the influence of Na* attraction as can be seen in
Figure 13b. This attraction stiffened the structure in the intralayer of C-S-Hiayer and resisted the
movement of water along the lateral deformation. Hence the load that was transferred to the
intralayer calcium decreased. In addition, the attraction of the water molecules by Na* affected the
molecular structure of the C-S-Hiayer in term of its volume (i.e., larger volume of the C-S-Hiayer in
the presence of Na+). Furthermore, the stiffening effect of the intralayer of the C-S-Hiayer, resulting
from the additional water molecules attracted by Na*, caused comparable mechanical properties
between C(Na)-S-H and C(Ca)-S-H even though C(Na)-S-H had a higher volume (i.e., less dense)
than C(Ca)-S-H.
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3.5. Attractive force of sodium-exchange cation in C-S-Hayer

Figure 14 shows the radial distribution function between the oxygen and hydrogen atoms of the
water molecules (i.e., Ow and Hw) and the calcium (Cw) and sodium (Na*) cations in the interlayer
of C-S-Hiayer for C(Na)-S-H (with Na*) and C(Ca)-S-H. The attraction of water oxygen by the
calcium cations was greater than that by the sodium cations (Figure 14a). In contrast, the attraction
of water hydrogen was greater for the sodium cations (Figure 14b). The attraction of water oxygen
(i.e., as compared to water hydrogen) toward cations gave a more indicative measure of the water
attracting effect by the cations. Cations such as sodium and calcium tend to attract and orient the
water molecules around them (i.e., the more negative side of the oxygen atom of the water
molecule is oriented towards cations) [56, 57]. Therefore, Figure 14a implies that the attraction of
sodium on the water molecule was less than calcium. The water attracting effect by sodium and
calcium agreed with the hydration numbers of sodium and calcium cations, which are 4 and 6,
respectively [58]. The replacement of one calcium cation by two Na* cations resulted in a greater
water attracting effect for both the short- and long-range interactions. For the short-range
interactions (i.e., within the first-shell perimeter, ~4 A into the cation), the greater water attracting
effect could be associated with the larger total hydration number of two Na*. For the long-range
interactions, the greater attracting effect was caused by the relatively greater attractive potential-
energy of 2Na-Ow compared to Ca-Ow as shown in Figure 15. The greater water attracting effect
of the short- and long-range Na*-water interactions resulted in a stiffening of the interlayer of C-
S-Hiayer, Which explained the decrease in lateral dimension and the change in magnitude of per-
atom lateral stress (i.e., reduction in the per-atom lateral stress of calcium cation at the intralayer

of C-S-Hiayer under longitudinal compressive loading.
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Figure 14. Radial distribution function of (a) oxygen (Ow) and (b) hydrogen (Hw) from the

water molecules with sodium (Na) and calcium (Cw) cations in the interlayer of C-S-Hiayer for
C(Na)-S-H and C(Ca)-S-H.
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Figure 15. Potential-energy difference (AEp) of the interactions between two sodium cations and
oxygen from the water molecules (2Na-Ow) and calcium cations and oxygen from the water
molecules (Ca-Ow). The negative AEp indicates the greater attractive potential-energy of 2Na-
Ow compared to Ca-Ow, thus indicating the relatively stronger 2Na-Ow interaction. The

infinitively increasing distance of Ow from Na or Ca results in negative AEp approaching 0.

Na* incorporation also influenced the lateral deformation of the C-S-Hiayer, Which
decreased under compressive loading along the longitudinal (z) direction, as shown in Figure 16.
In contrast, the lateral deformation increased under tensile loading. The changes in lateral
deformations were attributed to the additionally attractive effect of Na* on water molecule. Under
compressive loading, the attractive Na* resisted the expansive lateral deformation. On the other
hand, the attractive Na" enhanced the contractive lateral deformation under tensile loading. The
higher attractive Na" could be due to the exchange of two Na* for one calcium cation, which
resulted in an additional stiffening effect within the interlayer of C-S-Hiayer and influenced its

lateral deformability.
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Figure 16. Ratio of lateral deformation in C(Na)-S-H and C(Ca)-S-H system under compressive
and tensile loadings along the perpendicular direction of the C-S-H layers. AAxy(Na)/AAxy(Ca)
expresses the comparative lateral contraction and expansion between C(Na)-S-H and C(Ca)-S-H

under compressive and tensile loading along z-direction, respectively.

The results from this study revealed that the effect of Na* incorporation on the mechanical
properties of C-S-Hiayer Originated from Na* interaction with the water molecules. A greater water
attracting effect was seen with the replacement of one calcium by two Na* ions in the interlayer of
C-S-Hiayer compared to without the presence of Na*. The greater cationic attraction by Na* was
indicated by a reduction in the lateral dimension of C-S-Hiayer and was manifested by a stiffening
of the interlayer (i.e., the layer with the water molecules) that, in turn, resulted in a lower per-atom
average stress of the calcium cations in the intralayer of C-S-Hiayer. The effect of Na* incorporation
on the mechanical properties of C-S-Hiayer was found, however, to be statistically insignificant.

4. Conclusions

In this study, the Young’s modulus and strength of C-S-Hiayer with and without Na* (i.e.,
C(Na)-S-H and C(Ca)-S-H, respectively) was examined based on the response to tensile and
compressive loadings from the direction that was either perpendicular (i.e., z-direction) or parallel
(i.e., xy-direction) to the C-S-Hiayer Stacked layers. The effect of Na* on the mechanical properties
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of C-S-Hiayer was found to be statistically insignificant. This result suggested that the effect of
sodium commonly reported in the literature on the mechanical properties of hydrated cement most
likely did not originate from the atomic level of C-S-Hiayer. It is thus suggested that future
investigations of the effect of sodium containing compounds on the mechanical properties of
hydrated cement should focus on the higher scale structure of C-S-H (e.g., interaction of C-S-H
nanoparticles).

Based on the atomic internal response to the externally applied loads, the C-S-Hiayer model
could be simplified into a bilayer composite. The atoms in the interlayer transferred the externally
applied loads. In contrast, the atoms in the intralayer stiffened the structure and resisted the
movement of water along the lateral deformation. In the case of C-S-Hiayer incorporating Na*, the
presence of Na* provided an additional water attracting effect, which was thought to result from
the exchange of two Na* for one calcium cation (i.e., greater total hydration number). The findings
obtained in this study provide useful information that should be considered in the fundamental

study of the effect of saline environment on the properties of cement-based materials.
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