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Abstract

The mechanical properties of hydrated cement paste are largely influenced by the interaction of
nano-scale calcium-silicate-hydrate (C-S-H) particles that reside in the gel-pore aqueous ionic
solution of colloidal C-S-H gel (C-S-Hge). The ionic species and ionic concentration of the gel-
pore solution can fluctuate — due to the hydration process of cement, the use of various admixtures,
and ion exchange with the surrounding environment — and influence the dielectric constant (er) of
the gel-pore solution and the Debye length (x). Mesoscale simulations were employed to
investigate the mechanical properties of C-S-Hger with gel-pore ionic solutions of different ¢ and
x1. The results showed that & and x* influenced the packing density and cohesion of C-S-Hgel,
and, in turn, its compressive stiffness, hardness, and strength. The lowest values of er and ™2 (i.e.,
highest ionic concentrations) resulted in higher stiffness, hardness, and strength. The information
obtained in this study provided insight into the mechanism by which the gel-pore ionic solution
affects the mechanical properties of C-S-Hgel and demonstrated that er and «* are useful parameters

to consider when engineering design strategies for cementitious materials.
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1. Introduction

The mechanical properties of hydrated cement paste (HCP) define its capability in transferring
externally applied loads to resist structural failure of concrete. The HCP is a porous material with
a pore ionic solution. The type and concentration of ions present in the pore solution can fluctuate
due to the progress of cement hydration, the use of admixtures (i.e., mineral and chemical
admixtures as well as salt containing constituents like seawater and sea sand) and the exposure to
the surrounding environment, including exposure to solutions with different ionic concentrations.
Such fluctuation in ionic species and concentration can differently affect the mechanical properties
of the HCP [1, 2]. The HCP is a composite material that possesses a structural hierarchy comprised
of different components at various scales [3]. The macroscale mechanical properties of the HCP

is influenced by the mechanical properties of its components [4, 5]. Investigations on how different
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ionic solutions affect the mechanical properties of the HCP components can provide a more
fundamental and useful basis for the engineering of cementious material.

The different HCP components are formed during the dissolution-precipitation process of
cement hydration. The dissolution process releases different ionic species that later precipitate (i.e.,
involving chemical reactions such as silica polymerization) upon reaching the saturation state and
progressively turn into a solid structure [6]. The major end product of cement hydration at the
equilibrium state is calcium-silicate-hydrate gel (C-S-Hgel) [7], which is believed to have a
colloidal, particulate, and discrete nano-structure [8-10]. The colloidal C-S-Hgel has a low- (LD)
and high-packing density (HD) and has different particle size distribution (PSD) and mechanical
properties [11-13]. The C-S-H particles (C-S-Hparticie) that comprise the C-S-Hgel are composed of
C-S-H layers (C-S-Hiayer) that have a structure similar to tobermorite and jennite [14]. The C-S-
Hparticle are arranged and oriented (i.e., respecting their size and intrinsic C-S-Hiayer direction)
within the C-S-Hgel to achieve the equilibrium stage [15]. The mean Young’s modulus of C-S-
Hparticle Can be obtained by Voigt-Reuss-Hill (VRH) average derived from anisotropic elasticity
tensor C-S-Hiayer [14]. Although the C-S-Hiayer (i.€., a single C-S-Hparticie) is anisotropic, the C-S-Hge is
isotropic [16]. Figure 1 shows a schematic representation of the C-S-Hge nano-structure. It has
been reported in the literature that the macroscale mechanical properties of the HCP largely

originate from the interaction among the C-S-Hparticie [17, 18].

C-S-Hgy
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Figure 1. Schematic representation of the C-S-Hgel nano-structure adapted from [15], showing C-
S-Hparticle in @ gel-pore aqueous ionic solution. The C-S-Hparticie are composed of C-S-Hiayer that

have a structure similar to tobermorite and jennite [14].

Changes in ionic composition of the HCP gel pore solution has been found to affect the
nano-structure of C-S-Hgei. Alite and cement pastes hydrated with NaOH [19] and seawater [20]
have been reported to exhibit increased nanoindentation moduli. Furthermore, atomic force
microscopy measurements have shown that the cohesion of the C-S-Hgei was influenced by the
presence of ionic species and their concentration in the gel-pore solution [21]. Mesoscale
simulations have indicated that the Debye length (k) of the electrolyte surrounding the C-S-
Hparticle influenced their aggregation towards the C-S-Hger formation [22]. However, a detailed
understanding on how the characteristics of different ionic solutions affect the mechanical
properties of C-S-Hgel and the interaction of the C-S-Hparticie is lacking. Yet, the presence of ionic
species and their concentration in a colloidal system not only influence x* but also the dielectric
constant (gr) of the ionic solution [23]. Thus, knowledge of the effect of &r and x* on the mechanical
properties of C-S-Hger can provide a mesoscale linkage between the characteristic of the gel-pore
ionic solution of colloidal C-S-Hge and the engineering performance of the cementitious material
hydrated with different ionic solutions.

The present study aims to investigate the effect of the gel-pore ionic solution characterized
in terms of &r and ™ on the mechanical properties of C-S-Hgel by using mesoscale simulations.
The currently available information on the PSD of C-S-Hpariicle Was used to construct the models
of LD and HD C-S-Hgel. The interactions of C-S-Hparticle Were modeled with a pairwise potential,
which considered & and x1. The investigated mechanical properties included compressive
stiffness, hardness, and strength. The packing density and cohesion of C-S-Hge were also
investigated to reveal the effect of & and x* on C-S-Hge structure that eventually affect the
mechanical properties of C-S-Hgel. The results obtained not only provided insight into the ionic
effect on the mechanical properties of C-S-Hgel but also demonstrated that & and «* are useful
parameters for characterizing C-S-Hger pore solutions that can improve the performance (e.g.,
mechanical properties and durability in aggressive environments) and sustainability (e.g., use of

seawater and sea sand) of cementitious materials.
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2. Mesoscale simulations

The mesoscale model consisted of C-S-Hparticie Of different sizes in an implicit model of ionic
solution and equilibrated as governed by the selected pairwise potential. The effect of the ionic
solution on the mechanical properties of the C-S-Hge Was investigated by varying er and «™*. Figure 2
shows the flowchart of the simulation stages.

Models of C-S-Hgg
* LD C-S-Hgyg
* HD C-S-Hgg

\

Selection of pairwise potential

M

Validation of C-S-Hge model with
experimental results
* Packing density
* Young's modulus
* Hardness

Variation of ¢, and k" parameters
* ¢ from 20 to 80
* k'from 2to 8 nm

Characterization of C-S-Hge with
varied ¢, and k'
* Mechanical properties
* Young’'s modulus
* Hardness
» Strength
* Intrinsic properties
* Inter-particle spacing distance
» Cohesion

Figure 2. Flowchart of the simulation stages. LD and HD C-S-Hge are low- and high-packing-

density C-S-Hgel, respectively. e and «* are the dielectric constant and Debye length, respectively.

2.1 C-S-Hger model

The C-S-Hgel was modeled as a polydisperse assembly of nano-scale colloidal (spherical) C-S-
Hparticte (building blocks) that were surrounded by an ionic solution (i.e., implicitly characterized
by e and x!). Based on information obtained from the literature [14, 15, 17, 24-26] on the
characteristics of LD and HD C-S-Hgel, two models of C-S-Hge with different PSD of spherical C-
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S-Hpartictle as shown in Figure 3 were studied. The spherical shape has been previously used to
model C-S-Hparticie in mesoscale simulations of C-S-Hger [27-29]. The model of LD C-S-Hge
consisted of C-S-Hparicie With a diameter of 5 nm, which is the size commonly used in the literature for
monodisperse C-S-Hparticle to construct the LD C-S-Hger model [28]. The HD C-S-Hger was composed
of C-S-Hparticle that followed a Gaussian PSD with a mean () of 5 nm and a standard deviation (SD)
of 8. These values provided a PSD ranging from 1-30 nm, which is the size-range of C-S-Hparticle
typically reported in the literature from experiments [15, 17, 22, 25, 30]. Cubic simulation boxes
with a length of 106 nm and containing 1,000 C-S-H particles were used to simulate the LD and HD C-
S-Hget. The number of C-S-Hparticle Used was within the amount (i.e., a few hundred to several
thousands) of particles typically used in the literature in previous studies [31-33]. In addition, a C-
S-Hget model with a simulation box of 228 nm in length and containing 10,000 C-S-Hparticle Was
used to verify that the C-S-Hger model with 1,000 C-S-Hparticie Was sufficient to represent a large

simulation system.
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Figure 3. Particle size distribution (PSD) of (a) low- (LD) and (b) high-packing-density (HD) C-
S-Hgel. Gaussian distribution was assumed for the HD C-S-Hgel with 4 and SD as mean and

standard deviation, respectively. The LJ unit of ¢ is equal to the physical unit of nm.
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A schematic representation of the interface between the surface of a C-S-Hparticie and the
gel-pore ionic solution of the C-S-Hgel sShowing the electrical double layer (EDL) at the surface of
the C-S-Hparticle and the ions in the gel-pore solution is given in Figure 4. The EDL of the C-S-
Hparticle 1S initiated by the surface formation of the silanol sites (i.e., negatively surface charge)
during the hydration of cement [34]. In the high pH environment of the pore solution of C-S-Hgel,
Ca?" cations are adsorbed by the silanol sites [35] and act to decrease the potential surface charge
of C-S-Hparticte [36]. The lower potential surface charge is associated with the initial agglomeration
of C-S-Hparticie to form cohesive C-S-Hger. Similar to other colloidal systems, the ionic solution of

the cohesive C-S-Hgel can be characterized by &r and «™.
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Figure 4. Schematic representation of the interface between the surface of C-S-Hparticle and the gel-pore
ionic solution. Adapted from [37].

2.2 C-S-Hparicie interactions
The combined pairwise potential for C-S-Hparticle interactions was used. This potential considers &
and x* to estimate the C-S-Hpariicle interactions (Equation 1). The first term in Equation 1 is the

Lennard-Jones (LJ) pairwise potential, which has been commonly used in the literature to estimate
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the attractive profile of C-S-Hparticle [22, 28, 31]. The second term is the hard-core pairwise repulsive

Yukawa potential that considers &r and ™ [38, 39].

v=ae ()" - () + empew ®

In the first term of Equation 1, ¢ is the depth of the potential well (Equation 2) [27, 28], aij
is the averaged diameter of particles i (diameter oi) and j (diameter oj) as expressed in Equation 3,
r is the centre-to-centre distance of particles i and j, y is the LJ exponent, k is a constant determined
from the serial spring model of C-S-Hgel (k = 0.002324) [40, 41], and E is the Young’s modulus
(E = 63.6 GPa from atomistic simulations of C-S-Hiayer [40, 41]). For y, a value of 14 was selected
to obtain a rupture strain (g,) of 4.8% as per Equation 4, which was in good agreement with the

estimation of 5% from the atomistic simulation results reported in [14].

¢ = kEao;ojo;; )
gitoj
0 = Tf (3)

Y [ay+2 Y
( e O'ij— \/EO‘ij)

K/EO'U'

(4)

Eu =

In the second term of Equation 1, x is the Debye length and Cvr is the repulsive potential
energy at the surface of C-S-Hparticie [36]. In the framework of coarse-grained simulation, the value
of Cvr can be adjusted to fit the profile of pairwise potential. A x* value of 5 nm and Cyr value of
0.003 ksT.& were selected, so that a similar profile of pairwise potential and force of C-S-Hparticle
interactions to that developed by loannidou et al. [22] was obtained. Profiles of the pairwise potential
and force are shown in Figure 5. The pairwise force is the derivative of pairwise potential with
respect to the inter-particle distance. The pairwise potential and force were defined by the Lennard-

Jones and hard-core Yukawa’s pairwise potential over the inter-particle distance (Equation 1).
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Figure 5. (a) Pairwise potential and (b) pairwise force as a function of inter-particle distance. V-
15t term (F-1% term), V-2"¢ term (F-2" term) and V (F) are the attractive (negative values),

repulsive (i.e., positive values), and total pairwise potential (pairwise forces), respectively.

To study the effect of the gel-pore ionic solution, the value of & was varied from 20 to 80
in increments of 10 for fixed values of x* corresponding to 2, 5 and 8 nm. The values of & and
1 were chosen to be below and above those of a reference C-S-Hgel for which e and «* were
assumed to be 30 and 5 nm, respectively. er values ranging from 16-40 [42] and value of x* varying
by a few nm [22, 36, 43] have been reported in the literature for HCP. The upper & value of 80
corresponded to that of water [44]. Changes in &r affected the Cvr value with respect to that of the
reference C-S-Hgel (0.003 kgT.& for Cvr-rer) according to equation 5 [39]. The selected range of &

corresponded to Cyr values ranging from 0.002 to 0.008 ksT.&™.

Er

Cygr = Cvr—re f (5)

Er—ref

2.3 Mechanical properties

The mesoscale simulations were performed using LAMMPS (Large-scale Atomic/Molecular
Massively Parallel Simulator), which is a well-tested and widely used open source code for

simulations at varying length and time scales [45]. Periodic boundary conditions were applied in



182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212

all directions throughout the simulation stage. In order to investigate the mechanical properties,
the C-S-Hger was first equilibrated under NPT ensemble at a temperature of 300 K and a pressure
of 0 GPa. The averaged potential energy and root-mean-square displacement (RMSD) of the C-S-
Hparice Were monitored as a function of time until a steady state was achieved to ensure
equilibrium. The RMSD at the equilibrium state was chosen to correspond to the vibration of C-
S-Hparticle Within 0.05 nm. Following the equilibration process of LD and HD C-S-Hgel, the
mechanical properties were investigated as a function of & and 2.

The compressive stiffness and strength were determined (i.e., after equilibration state)
under uniaxial deformation in one direction. While performing the deformation, the pressure along
the other two directions was maintained at 0 GPa. The strain rate was 0.005 for each deformation,
which was performed with a timestep of 0.0001 t (i.e., LJ unit for time). The strain rate and timestep
were selected to attain a pressure of 0 GPa along the two lateral directions for a stable simulation
during the uniaxial deformation. The non-pressure setting in the directions perpendicular to the
deformation was used to eliminate the artificial constrain and allow the free development of
compression without any restriction [46]. The gradually evolved pressure along the deforming
direction was plotted against the strain to obtain the stress-strain profile. Based on this profile, the
compressive Young’s modulus and ultimate strength were determined. The Young’s modulus (Ec)
was calculated from the slope of the stress-strain curves [47]. The best linear fit was determined
from the group of stress-strain data with a strain increment of 0.001 (i.e., within the linear portion
of the stress-strain plot) that had an optimum R2. The ultimate strength (f..,) was determined as the
maxima of the stress-strain profile.

The hardness of the C-S-Hgel (Hc) was determined based on the determination of the Mohr-
Coulomb failure envelope, which is a function of the normal and shear stress [48-50], and was
approximated as 5.8 times that of the cohesive stress, C [48]. The C was obtained from the intercept
with the axis of the failure envelope of the shear stress. The Mohr-Coulomb failure envelope was
determined by performing the uniaxial compressive deformation under three different lateral
pressures (i.e., 0.00, 0.05 and 0.10 GPa). The maximum elastic compressive strengths (fce) were
then obtained from the developed stress-strain profiles under the three different lateral pressures.
By adopting the similar identification of the elastic limit or yield stress from the macroscale stress-
strain profile, the fc is determined as the average of the first local maximum and minimum stresses

before the strain hardening curve. Afterward, the lateral pressures and fc.e from the three cases of

10
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different lateral pressures were used to draw the Mohr circles. The envelope of the Mohr circles

was fitted by a Mohr-Coulomb failure criterion (Equation 6).
T, =C — f,_.tan (6)

Where ¢, C, fce and 6 are the shear stress, cohesive stress, maximum elastic compressive stress,

and friction angle, respectively.

2.4 Inter-particle spacing distance and cohesion of C-S-Hgg

To better understand the effect of &r and x™* on the mechanical properties of LD and HD C-S-Hggel,
the inter-particle spacing distance and cohesion of C-S-Hgel were investigated. The inter-particle
spacing distance was approximated by considering the Voronoi volume (Vy) of the particles as

spheres. The inter-particle spacing distance (dg) was then calculated by using Equation 7.

1
a5 =2(21,) " ()

Steered molecular dynamics (SMD) simulations were employed to examine the cohesive
energy of the C-S-Hgei. SMD applies a steered external force to accelerate the conformational
change of the investigated system along the assumed path [51]. Thus, the process can be observed
within the time scale that is applicable to MD. By employing the Jarzynski’s equality in the
framework of SMD, the potential of mean force (PMF) can be used to capture the energy of the
system studied [52]. SMD is a simulation method that allows to study force-induced behaviour
and probe the molecular mechanisms of the binding forces between particles, similar to atomic
force microscopy experiments. The configuration used for the SMD simulations along with the
parameters is shown in Figure 6. After the equilibration process under the NPT ensemble, the
simulation box was enlarged three times from the equilibrated size in the direction of pulling by
SMD simulations. Subsequently, the C-S-Hgei was equilibrated under NVT ensemble at a
temperature of 300 K. Then, the lower one third of the bottom part of the C-S-Hgel was restrained
and the upper third part was vertically pulled. The conformational change of the pulling virtual

spring (i.e., along with its stiffness value of k) facilitated the calculation of the cohesive energy.

11
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The cohesive energy was associated with the potential mean force (PMF) [52]. The obtained
cohesive energy to separate the upper part of C-S-Hge from its lower part was then normalized to
1 nm?. The spring was assigned with a stiffness (k) of 1000 GPa.nm and was pulled with three
different speed (v) of 1, 0.1 and 0.01 nm.t%,

The LJ unit was employed for the time dimension to allow the qualitative comparison of
the cohesion of the LD and HD C-S-Hge under different & and «* by using SMD. The
experimentally obtained LD and HD C-S-Hgel cohesions remain missing to scale the LJ's time unit
to the real one. However, the AFM experiment has been performed to show the role of ionic
presence on the cohesion of HCP [21]. The information from AFM experiment can be used to
qualitatively validate the finding from our simulation to demonstrate the ionic role on the cohesion
of C-S-Hgel.

%
TF=kr

Restrained

Figure 6. Schematic representation of the configuration used for the steered molecular dynamics
(SMD) simulations of the C-S-Hgel. The lower one-third part of the C-S-Hgel was restrained. The
virtual spring of SMD was tethered at the centre of the upper third part of the C-S-Hgel.

3. Result and discussion

3.1 Validation of the mesoscale model

12
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The reference C-S-Hgel (er = 30 and x* = 5 nm) was used to validate the mesoscale model prior to
the study of the effect of different gel-pore ionic solutions on the packing density (») and
mechanical properties of C-S-Hgei. The size of the simulation box (106 nm versus 228 nm) and
number of C-S-Hparticie (1,000 versus 10,000) in the simulation box were evaluated. The greater
of the reference HD C-S-Hgel compared to the reference LD C-S-Hgel (Figure 7) was associated
with the interspacing occupation of the large C-S-Hparticle With small C-S-Hparticie. Consistent with
the #, the mechanical properties (ultimate compressive strength fc.u, Young’s modulus Ec, and
hardness Hc) of the reference LD C-S-Hgel Were lower than those of the reference HD C-S-Hgel
(Figure 8). The simulation results for the #, Ec, and Hc of the reference LD and HD C-S-Hge overall
compared well with experimental results of nanoindentation reported in the literature [16] as
summarized in Table 1. In addition, there was no significant difference in the simulation results
when 10,000 C-S-Hparticle Were used in the simulation box compared to when 1,000 C-S-Hparticle

were used. A simulation box with 1,000 C-S-Hparicle Was thus used for the remainder of the study.

0.74 LD C-S-Hyey

O

0.72 1

0.70 -

0.68 -

0.66 -

0.64 -

Diameter (nm)

Figure 7. Packing density () of LD and HD C-S-Hgei by volume (1,000 C-S-Hparticie) after

equilibration state in NPT ensemble with temperature of 1 300 K and pressure of 0 GPa. The size

of the simulation boxes of LD and HD C-S-Hge after equilibration was 46.489° nm? and
106.170% nm?®, respectively.
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Figure 8. (a) Stress-strain profile, (b) Young’s modulus (Ec) and (c) and (d) Mohr-Coulomb and

Hardness (Hc) of LD and HD C-S-Hge. fc is the compressive stress. The ultimate compressive
strength (fc-u) of LD and HD C-S-Hger was 0.40+0.05 GPa and 0.75+0.06 GPa, respectively. zc is
the shear stress from the envelope of the Mohr’s circles that was fitted by a Mohr-Coulomb

failure criterion.
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Table 1. Comparison of simulation results obtained for two different numbers of C-S-Hparticle
(1,000 and 10,000) in the C-S-Hger model with nanoindentation results from the literature [16] for
the packing density (), Young’s modulus (Ec), and hardness (Hc) of low- (LD) and high-packing-

density (HD) C-S-Hgel.

Property ~ Number of LD HD
C'S'Hparticle
Simulation Experiment Simulation Experiment
[16] [16]
n 1,000 0.651+2.2x10° 0.726+0.1x10°
0.647+0.048 0.746+0.047
n 10,000 0.653+4.7x10° 0.727+0.6x10°
E: (GPa) 1,000 15.52+0.27 32.24+0.92
18.69+4.75 32.10+5.23
Ec (GPa) 10,000 15.71+0.28 32.78+0.57
Hc (GPa) 1,000 0.52+0.06 0.99+0.12
0.46+0.19 0.97+0.24
Hc (GPa) 10,000 0.59+0.02 0.87+0.08

The values of the simulated fc.y of the reference LD and HD C-S-Hgel Were between the
values found in the literature for the C-S-Hiayer (Several GPa [47]) and HCP (0.07 to 0.8 GPa for
water-to-cement ratios ranging from 0.075 to 0.4 [53]). The decreasing trend of fc., from C-S-Hiayer
to C-S-Hger and HCP as shown in Figure 9 was consistent with their increasing porosity. C-S-Hiayer
is composed of atomic structure and has no porosity (i.e., the interatomic space within the C-S-
Hiayer is Not considered as effective porosity). The porosity of C-S-Hge consists of the gel-pore and

that of HCP is composed of the sum of the gel and capillary pores.
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Figure 9. fc.y of hydrated cement paste (HCP) and its components. Results from this paper shown
for comparison. The fc.y of C-S-Hiayer-z and -xy are the values measured along the parallel and

perpendicular directions to the layer of C-S-Hiayer, respectively.

3.2 Effect of dielectric constant (&) and Debye length (x) on packing density ()
of C-S-Hgel

For both the LD and HD C-S-Hgel, a decrease in e and x* (i.e., increase in ionic concentration)
resulted in an increase in # (Figure 10). This result was consistent with a greater inter-C-S-Hparticle
attraction for lower values of ¢ and x* (greater ionic concentration) and was in good agreement
with a greater cohesion of C-S-Hge reported in the literature in the presence of salt-based
admixtures such as CaCl, [54-56]. The effect of & and x* was more noticeable for the LD C-S-
Hgel than the HD C-S-Hgel. This was thought to be attributed to the greater pore space filled by the
gel-pore ionic solution between C-S-Hparticle for the LD C-S-Hgel compared to the HD C-S-Hgel.
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Figure 10.  of (a) LD C-S-Hgel and (b) HD C-S-Hgel as a function of the dielectric constant (er)
for different values of the Debye length (x* = 2, 5, and 8 nm). Standard deviations were small

and therefore not visible.

3.3 Effect of & and x* on the mechanical properties of C-S-Hge

The effect of & and x on the mechanical properties of the C-S-Hgel is shown in Figures 11, 12,
and 13. Overall, there was a tendency for the lower values of er and ™ (greater ionic concentration)
to result in higher Ec, Hc and fe.o. The intensified tendency depends on the difference between the
two paired er and «* selected to observe the changing effect of & and x on Ec, Hc, and fe.u. The
higher the difference between two paired er and ! is, the higher the probability of observing the
apparent contrast of E¢, Hc, and fcy is. The t-test was performed to confirm the tendency for
resulting in higher E¢, Hc and fc., from lowering the values of & and x*. The t-test indicated that
the probability of obtaining higher Ec, He, and fc., values by decreasing &r and x* was above 95%
for both the LD and HD C-S-Hgel. The greater likelihood of higher E¢, Hc, and fe.y values with
decreasing er and ! is further shown in Figure 14 as obtained from 21 combinations of &ri and &
(i.e., & > &r) for a fixed value of x* and 3 combinations of x% and % (i.e., x% > «%) for a fixed

value of ¢r.
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Figure 14. Comparison of the number of output that resulted in increasing (up, open bars) and
decreasing (down, closed bars) effect on E¢, Hc and fc., values by lowering the values of &r and
1.

These results were consistent with the higher nanoindentation modulus results reported for
hydrated alite and cement prepared with the addition of NaOH [19] and seawater [20], respectively
that were attributed to the formation of a denser C-S-Hgei. The presence of ions in the interstitial
solution of hydrating alite or cement provides for greater ionic adsorption onto the surface of the
C-S-Hparticie and thus cohesion of the HCP [19]. The effect of a greater ionic adsorption is a
dielectric decrement, that is, a reduction of & of the solution. The adsorbed ions furthermore
provide a screening of the surface charge of the C-S-Hparicle, thus reducing « [24, 34, 35]. The
mesoscale simulation results demonstrated that a decrease in er and «™%, and thus increase in ionic
concentration of the gel-pore solution similar to that with the addition of NaOH or seawater,
resulted in an increase in # and Ec. These results further confirmed that e and «* are suitable
parameters that can be used to link the presence of ions to the effect on the mechanical properties

of C-S-Hgel.
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3.4 Plot of mechanical properties versus packing density of C-S-Hgg

In order to examine the correlation between the physical change and mechanical properties of C-
S-Hgel, the mechanical properties versus packing density (i.e., #-Ec, n-Hc and #-fc.y plots) for the
LD and HD C-S-Hger were plotted as shown in Figure 15. There was a clear tendency for Ec, Hc
and fcy to increase with #. This positive correlation was in good agreement with results from
previous studies reported in the literature [16, 31, 40, 57]. A much greater effect of » was seen on
the mechanical properties of the HD C-S-Hgel than of the LD C-S-Hgel. This was in contrast with
the effects of &r and «* that were greater for the # of the LD C-S-Hgel than of the HD C-S-Hgel. This
was thought to be associated with the effect of & and ™ on the physical characteristics of the C-
S-Hparticie and the factors defining the mechanical strength of C-S-Hgel (i.€., inter-C-S-Hparticle

spacing distance and cohesive energy of C-S-Hger).
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Figure 15. Scatter plots of (a) packing density-Young’s modulus (#-Ec), (b) packing density-
hardness (r-Hc), and (c) packing density-ultimate compressive strength (3-fc.u) of LD and HD C-
S'ngl.

3.5 Inter-C-S-Hparicle Spacing distance and cohesion of C-S-Hgge
The effect of &r and «™* on the inter-C-S-Hparicle Spacing distance and cohesive energy of C-S-Hgel

was investigated using the lowest (i.e., & = 20 and k* = 2 nm) and highest (80 and k* = 8 nm)
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paired values of the &r and ™ range examined. The difference in inter-C-S-Hpariicle Spacing distance
between the low and high-paired values of erand x* was more significant for the LD C-S-Hgel than
the HD C-S-Hgel (Figure 16). This result was consistent with the greater effect of erand ™ seen on
the  of the LD C-S-Hgel.
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Figure 16. Average inter-C-S-Hparticle Spacing distance of (a) LD C-S-Hgel and (b) HD C-S-Hgel
with low (£:20-k ™2, corresponding to &r = 20 and k* = 2 nm) and high (£:80-k™*8, corresponding
to &r = 80 and k™ = 8 nm) paired values of erand «2.

Figure 17 shows the potential mean force (PMF) profile obtained from steered molecular
dynamics (SMD) simulations. The PMF is a one-dimensional free energy landscape of C-S-Hparticle
interactions and can be used to indicate the change in cohesion of C-S-Hge due to different & and
x1. The effect of the pulling speed on the PMF profile was relatively minimal at low speed values
(i.e., from 0.1 to 0.01 nm.t'%). Regardless of the pulling speed (i.e., 1 and 0.01 nm.t%), the effect
of changing &rand x™* on the ultimate PMF was more significant on the HD C-S-Hge than the LD
C-S-Hgel (Figure 18). This was consistent with the more significant effect of » on Ec, Hc, and fc.y
of the HD C-S-Hgel than LD C-S-Hgel even though the effect of e and ™ on # of the former was

less significant than that of the latter. The change in & and x* was demonstrated to influence the
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inter-C-S-Hparticle Spacing distance and » and, in turn, to lead to changes in cohesion and mechanical
properties of the C-S-Hgel. Figure 18 also shows that the cohesion of C-S-Hge increases from the
system with higher to lower & and x*. This observation is consistent with the finding from AFM
experiment that showed the generated cohesion of HCP in the ionic presence [21]. The HCP
cohesion was attributed to the ionic pore solution (i.e., lower & due to dielectric decrement [58,

59]) and the lower potential surface charge of C-S-Hparike (i.€., lower x2).
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Figure 17. Profile of potential mean force (PMF) of (a) LD C-S-Hge and (b) HD C-S-Hgel from
steered molecular dynamics (SMD) with varied pulling speed between 1 nm.t* and 0.01 nm.t%.

The PMF is normalized to the value per 1 nm?.
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4. Conclusion

In this study, the effects of the ionic characteristics of the gel-pore solution of HCP — as
represented by the dielectric constant (er) and Debye length (x’*) — on the packing density (1) and
compressive properties (i.e., Young’s modulus Ec, hardness Hc, and strength fc.,) of LD and HD
C-S-Hgel, the main products of cement hydration, were investigated using mesoscale simulations
of monodispersed and polydispersed spherical C-S-Hparticle Systems. Overall, the simulated results
of 7, Ec, and Hc of LD and HD C-S-Hgel agreed well with the experimental data reported in the
literature for HCP. The simulation results showed that changes in r and «* values influenced the
inter-C-S-Hparticle distance of C-S-Hger and resulted in changes in # and cohesion, which
consequently influenced the Ec, Hc, and fe.y of the C-S-Hgel. The lower & and «* values, which
were characteristics of a higher ionic concentration of the gel-pore solution, resulted in a greater
packing density and, in turn, an overall greater stiffness, hardness, and strength of the C-S-Hge.
This trend was consistent with the higher nanoindentation modulus of C-S-Hge reported in the
literature in the presence of salts. The results of this study provided insight into the mechanisms

by which the gel-pore ionic solution affects the mechanical properties of C-S-Hge and showed that
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er and x could be useful parameters for engineering cementitious materials with ionic substances

such as salt based chemical-admixture, seawater, and sea sand.
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