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Abstract 1 

The mechanical properties of hydrated cement paste are largely influenced by the interaction of 2 

nano-scale calcium-silicate-hydrate (C-S-H) particles that reside in the gel-pore aqueous ionic 3 

solution of colloidal C-S-H gel (C-S-Hgel). The ionic species and ionic concentration of the gel-4 

pore solution can fluctuate – due to the hydration process of cement, the use of various admixtures, 5 

and ion exchange with the surrounding environment – and influence the dielectric constant (εr) of 6 

the gel-pore solution and the Debye length (κ-1). Mesoscale simulations were employed to 7 

investigate the mechanical properties of C-S-Hgel with gel-pore ionic solutions of different εr and 8 

κ-1. The results showed that εr and κ-1 influenced the packing density and cohesion of C-S-Hgel, 9 

and, in turn, its compressive stiffness, hardness, and strength. The lowest values of εr and κ-1 (i.e., 10 

highest ionic concentrations) resulted in higher stiffness, hardness, and strength. The information 11 

obtained in this study provided insight into the mechanism by which the gel-pore ionic solution 12 

affects the mechanical properties of C-S-Hgel and demonstrated that εr and κ-1 are useful parameters 13 

to consider when engineering design strategies for cementitious materials. 14 
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1. Introduction 20 

The mechanical properties of hydrated cement paste (HCP) define its capability in transferring 21 

externally applied loads to resist structural failure of concrete. The HCP is a porous material with 22 

a pore ionic solution. The type and concentration of ions present in the pore solution can fluctuate 23 

due to the progress of cement hydration, the use of admixtures (i.e., mineral and chemical 24 

admixtures as well as salt containing constituents like seawater and sea sand) and the exposure to 25 

the surrounding environment, including exposure to solutions with different ionic concentrations. 26 

Such fluctuation in ionic species and concentration can differently affect the mechanical properties 27 

of the HCP [1, 2]. The HCP is a composite material that possesses a structural hierarchy comprised 28 

of different components at various scales [3]. The macroscale mechanical properties of the HCP 29 

is influenced by the mechanical properties of its components [4, 5]. Investigations on how different 30 
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ionic solutions affect the mechanical properties of the HCP components can provide a more 31 

fundamental and useful basis for the engineering of cementious material. 32 

The different HCP components are formed during the dissolution-precipitation process of 33 

cement hydration. The dissolution process releases different ionic species that later precipitate (i.e., 34 

involving chemical reactions such as silica polymerization) upon reaching the saturation state and 35 

progressively turn into a solid structure [6]. The major end product of cement hydration at the 36 

equilibrium state is calcium-silicate-hydrate gel (C-S-Hgel) [7], which is believed to have a 37 

colloidal, particulate, and discrete nano-structure [8-10]. The colloidal C-S-Hgel  has a low- (LD) 38 

and high-packing density (HD) and has different particle size distribution (PSD) and mechanical 39 

properties [11-13]. The C-S-H particles (C-S-Hparticle) that comprise the C-S-Hgel are composed of 40 

C-S-H layers (C-S-Hlayer) that have a structure similar to tobermorite and jennite [14]. The C-S-41 

Hparticle are arranged and oriented (i.e., respecting their size and intrinsic C-S-Hlayer direction) 42 

within the C-S-Hgel to achieve the equilibrium stage [15]. The mean Young’s modulus of C-S-43 

Hparticle can be obtained by Voigt-Reuss-Hill (VRH) average derived from anisotropic elasticity 44 

tensor C-S-Hlayer [14]. Although the C-S-Hlayer (i.e., a single C-S-Hparticle) is anisotropic, the C-S-Hgel is 45 

isotropic [16].  Figure 1 shows a schematic representation of the C-S-Hgel nano-structure. It has 46 

been reported in the literature that the macroscale mechanical properties of the HCP largely 47 

originate from the interaction among the C-S-Hparticle [17, 18].   48 

 49 

 50 
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Figure 1. Schematic representation of the C-S-Hgel nano-structure adapted from [15], showing C-51 

S-Hparticle in a gel-pore aqueous ionic solution. The C-S-Hparticle are composed of C-S-Hlayer that 52 

have a structure similar to tobermorite and jennite [14]. 53 

 54 

 Changes in ionic composition of the HCP gel pore solution has been found to affect the 55 

nano-structure of C-S-Hgel. Alite and cement pastes hydrated with NaOH [19] and seawater [20] 56 

have been reported to exhibit increased nanoindentation moduli. Furthermore, atomic force 57 

microscopy measurements have shown that the cohesion of the C-S-Hgel was influenced by the 58 

presence of ionic species and their concentration in the gel-pore solution [21]. Mesoscale 59 

simulations have indicated that the Debye length (κ-1) of the electrolyte surrounding the C-S-60 

Hparticle influenced their aggregation towards the C-S-Hgel formation [22]. However, a detailed 61 

understanding on how the characteristics of different ionic solutions affect the mechanical 62 

properties of C-S-Hgel and the interaction of the C-S-Hparticle is lacking. Yet, the presence of ionic 63 

species and their concentration in a colloidal system not only influence κ-1 but also the dielectric 64 

constant (εr) of the ionic solution [23]. Thus, knowledge of the effect of εr and κ-1 on the mechanical 65 

properties of C-S-Hgel can provide a mesoscale linkage between the characteristic of the gel-pore 66 

ionic solution of colloidal C-S-Hgel and the engineering performance of the cementitious material 67 

hydrated with different ionic solutions. 68 

The present study aims to investigate the effect of the gel-pore ionic solution characterized 69 

in terms of εr and κ-1 on the mechanical properties of C-S-Hgel by using mesoscale simulations. 70 

The currently available information on the PSD of C-S-Hparticle was used to construct the models 71 

of LD and HD C-S-Hgel. The interactions of C-S-Hparticle were modeled with a pairwise potential, 72 

which considered εr and κ-1. The investigated mechanical properties included compressive 73 

stiffness, hardness, and strength. The packing density and cohesion of C-S-Hgel were also 74 

investigated to reveal the effect of εr and κ-1 on C-S-Hgel structure that eventually affect the 75 

mechanical properties of C-S-Hgel. The results obtained not only provided insight into the ionic 76 

effect on the mechanical properties of C-S-Hgel but also demonstrated that εr and κ-1 are useful 77 

parameters for characterizing C-S-Hgel pore solutions that can improve the performance (e.g., 78 

mechanical properties and durability in aggressive environments) and sustainability (e.g., use of 79 

seawater and sea sand) of cementitious materials. 80 

 81 
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2. Mesoscale simulations  82 

The mesoscale model consisted of C-S-Hparticle of different sizes in an implicit model of ionic 83 

solution and equilibrated as governed by the selected pairwise potential. The effect of the ionic 84 

solution on the mechanical properties of the C-S-Hgel was investigated by varying εr and κ-1. Figure 2 85 

shows the flowchart of the simulation stages. 86 

 87 

  88 
Figure 2. Flowchart of the simulation stages. LD and HD C-S-Hgel are low- and high-packing-89 

density C-S-Hgel, respectively. εr and κ-1 are the dielectric constant and Debye length, respectively.  90 

 91 

2.1 C-S-Hgel model 92 

The C-S-Hgel was modeled as a polydisperse assembly of nano-scale colloidal (spherical) C-S-93 

Hparticle (building blocks) that were surrounded by an ionic solution (i.e., implicitly characterized 94 

by εr and κ-1). Based on information obtained from the literature [14, 15, 17, 24-26] on the 95 

characteristics of LD and HD C-S-Hgel, two models of C-S-Hgel with different PSD of spherical C-96 
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S-Hparticle as shown in Figure 3 were studied. The spherical shape has been previously used to 97 

model C-S-Hparticle in mesoscale simulations of C-S-Hgel [27-29]. The model of LD C-S-Hgel 98 

consisted of C-S-Hparticle with a diameter of 5 nm, which is the size commonly used in the literature for 99 

monodisperse C-S-Hparticle to construct the LD C-S-Hgel model [28]. The HD C-S-Hgel was composed 100 

of C-S-Hparticle that followed a Gaussian PSD with a mean (μ) of 5 nm and a standard deviation (SD) 101 

of 8. These values provided a PSD ranging from 1-30 nm, which is the size-range of C-S-Hparticle 102 

typically reported in the literature from experiments [15, 17, 22, 25, 30]. Cubic simulation boxes 103 

with a length of 106 nm and containing 1,000 C-S-H particles were used to simulate the LD and HD C-104 

S-Hgel. The number of C-S-Hparticle used was within the amount (i.e., a few hundred to several 105 

thousands) of particles typically used in the literature in previous studies [31-33]. In addition, a C-106 

S-Hgel model with a simulation box of 228 nm in length and containing 10,000 C-S-Hparticle was 107 

used to verify that the C-S-Hgel model with 1,000 C-S-Hparticle was sufficient to represent a large 108 

simulation system. 109 

 110 

 111 

Figure 3. Particle size distribution (PSD) of (a) low- (LD) and (b) high-packing-density (HD) C-112 

S-Hgel. Gaussian distribution was assumed for the HD C-S-Hgel with μ and SD as mean and 113 

standard deviation, respectively. The LJ unit of σ is equal to the physical unit of nm. 114 

 115 
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A schematic representation of the interface between the surface of a C-S-Hparticle and the 116 

gel-pore ionic solution of the C-S-Hgel showing the electrical double layer (EDL) at the surface of 117 

the C-S-Hparticle and the ions in the gel-pore solution is given in Figure 4. The EDL of the C-S-118 

Hparticle is initiated by the surface formation of the silanol sites (i.e., negatively surface charge) 119 

during the hydration of cement [34]. In the high pH environment of the pore solution of C-S-Hgel, 120 

Ca2+ cations are adsorbed by the silanol sites [35] and act to decrease the potential surface charge 121 

of C-S-Hparticle [36]. The lower potential surface charge is associated with the initial agglomeration 122 

of C-S-Hparticle to form cohesive C-S-Hgel. Similar to other colloidal systems, the ionic solution of 123 

the cohesive C-S-Hgel can be characterized by εr and κ-1.  124 

 125 

 126 

Figure 4. Schematic representation of the interface between the surface of C-S-Hparticle and the gel-pore 127 

ionic solution. Adapted from [37].  128 

 129 

2.2 C-S-Hparticle interactions 130 

The combined pairwise potential for C-S-Hparticle interactions was used. This potential considers εr 131 

and κ-1 to estimate the C-S-Hparticle interactions (Equation 1). The first term in Equation 1 is the 132 

Lennard-Jones (LJ) pairwise potential, which has been commonly used in the literature to estimate 133 
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the attractive profile of C-S-Hparticle [22, 28, 31]. The second term is the hard-core pairwise repulsive 134 

Yukawa potential that considers εr and κ-1 [38, 39].   135 

 136 

𝑉 = 4𝜀 ((
𝜎𝑖𝑗

𝑟
)
2𝛾

− (
𝜎𝑖𝑗

𝑟
)
𝛾
) +

𝐶𝑉𝑅

𝜅
𝑒𝑥𝑝−𝜅(𝑟−𝜎𝑖𝑗)                                                                        (1) 137 

 138 

In the first term of Equation 1, ε is the depth of the potential well (Equation 2) [27, 28], σij 139 

is the averaged diameter of particles i (diameter σi) and j (diameter σj) as expressed in Equation 3, 140 

r is the centre-to-centre distance of particles i and j, γ is the LJ exponent, k is a constant determined 141 

from the serial spring model of C-S-Hgel (k = 0.002324) [40, 41], and E is the Young’s modulus 142 

(E = 63.6 GPa from atomistic simulations of C-S-Hlayer [40, 41]). For γ, a value of 14 was selected 143 

to obtain a rupture strain (𝜀𝑢) of 4.8% as per Equation 4, which was in good agreement with the 144 

estimation of 5% from the atomistic simulation results reported in [14].  145 

 146 

𝜀 = 𝑘𝐸𝜎𝑖𝜎𝑗𝜎𝑖𝑗  (2) 147 

 148 

𝜎𝑖𝑗 =
𝜎𝑖+𝜎𝑗

2
                                                                                                                                            (3) 149 

 150 

𝜀𝑢 =
( √

4𝛾+2

𝛾+1

𝛾
𝜎𝑖𝑗− √2

𝛾
𝜎𝑖𝑗)

√2
𝛾

𝜎𝑖𝑗
                                                                                                                   (4) 151 

 152 

In the second term of Equation 1, κ-1 is the Debye length and CVR is the repulsive potential 153 

energy at the surface of C-S-Hparticle [36]. In the framework of coarse-grained simulation, the value 154 

of CVR can be adjusted to fit the profile of pairwise potential. A κ-1 value of 5 nm and CVR value of 155 

0.003 kBT.ε-1 were selected, so that a similar profile of pairwise potential and force of C-S-Hparticle 156 

interactions to that developed by Ioannidou et al. [22] was obtained. Profiles of the pairwise potential 157 

and force are shown in Figure 5. The pairwise force is the derivative of pairwise potential with 158 

respect to the inter-particle distance. The pairwise potential and force were defined by the Lennard-159 

Jones and hard-core Yukawa’s pairwise potential over the inter-particle distance (Equation 1). 160 

 161 
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   162 

Figure 5. (a) Pairwise potential and (b) pairwise force as a function of inter-particle distance. V-163 

1st term (F-1st term), V-2nd term (F-2nd term) and V (F) are the attractive (negative values), 164 

repulsive (i.e., positive values), and total pairwise potential (pairwise forces), respectively.  165 

 166 

To study the effect of the gel-pore ionic solution, the value of εr was varied from 20 to 80 167 

in increments of 10 for fixed values of κ-1 corresponding to 2, 5 and 8 nm. The values of εr and κ-168 

1 were chosen to be below and above those of a reference C-S-Hgel for which εr and κ-1 were 169 

assumed to be 30 and 5 nm, respectively. εr values ranging from 16-40 [42] and value of κ-1 varying 170 

by a few nm [22, 36, 43] have been reported in the literature for HCP. The upper εr value of 80 171 

corresponded to that of water [44]. Changes in εr affected the CVR value with respect to that of the 172 

reference C-S-Hgel (0.003 kBT.ε-1 for CVR-ref) according to equation 5 [39]. The selected range of εr 173 

corresponded to CVR values ranging from 0.002 to 0.008 kBT.ε-1. 174 

 175 

𝐶𝑉𝑅 =
𝜀𝑟

𝜀𝑟−𝑟𝑒𝑓
𝐶𝑉𝑅−𝑟𝑒𝑓                                                                                                                                (5) 176 

 177 

2.3 Mechanical properties 178 

The mesoscale simulations were performed using LAMMPS (Large-scale Atomic/Molecular 179 

Massively Parallel Simulator), which is a well-tested and widely used open source code for 180 

simulations at varying length and time scales [45]. Periodic boundary conditions were applied in 181 
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all directions throughout the simulation stage. In order to investigate the mechanical properties, 182 

the C-S-Hgel was first equilibrated under NPT ensemble at a temperature of 300 K and a pressure 183 

of 0 GPa. The averaged potential energy and root-mean-square displacement (RMSD) of the C-S-184 

Hparticle were monitored as a function of time until a steady state was achieved to ensure 185 

equilibrium. The RMSD at the equilibrium state was chosen to correspond to the vibration of C-186 

S-Hparticle within 0.05 nm. Following the equilibration process of LD and HD C-S-Hgel, the 187 

mechanical properties were investigated as a function of εr and κ-1. 188 

The compressive stiffness and strength were determined (i.e., after equilibration state) 189 

under uniaxial deformation in one direction. While performing the deformation, the pressure along 190 

the other two directions was maintained at 0 GPa. The strain rate was 0.005 for each deformation, 191 

which was performed with a timestep of 0.0001 τ (i.e., LJ unit for time). The strain rate and timestep 192 

were selected to attain a pressure of 0 GPa along the two lateral directions for a stable simulation 193 

during the uniaxial deformation. The non-pressure setting in the directions perpendicular to the 194 

deformation was used to eliminate the artificial constrain and allow the free development of 195 

compression without any restriction [46]. The gradually evolved pressure along the deforming 196 

direction was plotted against the strain to obtain the stress-strain profile. Based on this profile, the 197 

compressive Young’s modulus and ultimate strength were determined. The Young’s modulus (Ec) 198 

was calculated from the slope of the stress-strain curves [47]. The best linear fit was determined 199 

from the group of stress-strain data with a strain increment of 0.001 (i.e., within the linear portion 200 

of the stress-strain plot) that had an optimum R2. The ultimate strength (fc-u) was determined as the 201 

maxima of the stress-strain profile. 202 

The hardness of the C-S-Hgel (Hc) was determined based on the determination of the Mohr-203 

Coulomb failure envelope, which is a function of the normal and shear stress [48-50], and was 204 

approximated as 5.8 times that of the cohesive stress, C [48]. The C was obtained from the intercept 205 

with the axis of the failure envelope of the shear stress. The Mohr-Coulomb failure envelope was 206 

determined by performing the uniaxial compressive deformation under three different lateral 207 

pressures (i.e., 0.00, 0.05 and 0.10 GPa). The maximum elastic compressive strengths (fc-e) were 208 

then obtained from the developed stress-strain profiles under the three different lateral pressures. 209 

By adopting the similar identification of the elastic limit or yield stress from the macroscale stress-210 

strain profile, the fc-e is determined as the average of the first local maximum and minimum stresses 211 

before the strain hardening curve. Afterward, the lateral pressures and fc-e from the three cases of 212 
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different lateral pressures were used to draw the Mohr circles. The envelope of the Mohr circles 213 

was fitted by a Mohr-Coulomb failure criterion (Equation 6).  214 

 215 

𝜏𝑐 = 𝐶 − 𝑓𝑐−𝑒𝑡𝑎𝑛𝜃                                                                                                                        (6) 216 

 217 

Where τc, C, fc-e and θ are the shear stress, cohesive stress, maximum elastic compressive stress, 218 

and friction angle, respectively.  219 

 220 

2.4 Inter-particle spacing distance and cohesion of C-S-Hgel  221 

To better understand the effect of εr and κ-1 on the mechanical properties of LD and HD C-S-Hgel, 222 

the inter-particle spacing distance and cohesion of C-S-Hgel were investigated. The inter-particle 223 

spacing distance was approximated by considering the Voronoi volume (Vv) of the particles as 224 

spheres. The inter-particle spacing distance (dB) was then calculated by using Equation 7. 225 

 226 

𝑑𝐵 = 2(
3

4𝜋
𝑉𝑣)

1
3⁄

                                                                                                                          (7) 227 

 228 

 Steered molecular dynamics (SMD) simulations were employed to examine the cohesive 229 

energy of the C-S-Hgel. SMD applies a steered external force to accelerate the conformational 230 

change of the investigated system along the assumed path [51]. Thus, the process can be observed 231 

within the time scale that is applicable to MD. By employing the Jarzynski’s equality in the 232 

framework of SMD, the potential of mean force (PMF) can be used to capture the energy of the 233 

system studied [52]. SMD is a simulation method that allows to study force‐induced behaviour 234 

and probe the molecular mechanisms of the binding forces between particles, similar to atomic 235 

force microscopy experiments. The configuration used for the SMD simulations along with the 236 

parameters is shown in Figure 6. After the equilibration process under the NPT ensemble, the 237 

simulation box was enlarged three times from the equilibrated size in the direction of pulling by 238 

SMD simulations. Subsequently, the C-S-Hgel was equilibrated under NVT ensemble at a 239 

temperature of 300 K. Then, the lower one third of the bottom part of the C-S-Hgel was restrained 240 

and the upper third part was vertically pulled. The conformational change of the pulling virtual 241 

spring (i.e., along with its stiffness value of k) facilitated the calculation of the cohesive energy. 242 
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The cohesive energy was associated with the potential mean force (PMF) [52]. The obtained 243 

cohesive energy to separate the upper part of C-S-Hgel from its lower part was then normalized to 244 

1 nm2. The spring was assigned with a stiffness (k) of 1000 GPa.nm and was pulled with three 245 

different speed (v) of 1, 0.1 and 0.01 nm.τ-1.  246 

 The LJ unit was employed for the time dimension to allow the qualitative comparison of 247 

the cohesion of the LD and HD C-S-Hgel under different εr and κ-1 by using SMD.  The 248 

experimentally obtained LD and HD C-S-Hgel cohesions remain missing to scale the LJ's time unit 249 

to the real one. However, the AFM experiment has been performed to show the role of ionic 250 

presence on the cohesion of HCP [21]. The information from AFM experiment can be used to 251 

qualitatively validate the finding from our simulation to demonstrate the ionic role on the cohesion 252 

of C-S-Hgel. 253 

 254 

 255 

Figure 6. Schematic representation of the configuration used for the steered molecular dynamics 256 

(SMD) simulations of the C-S-Hgel. The lower one-third part of the C-S-Hgel was restrained. The 257 

virtual spring of SMD was tethered at the centre of the upper third part of the C-S-Hgel.  258 

 259 

3. Result and discussion 260 

3.1 Validation of the mesoscale model 261 
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The reference C-S-Hgel (εr = 30 and κ-1 = 5 nm) was used to validate the mesoscale model prior to 262 

the study of the effect of different gel-pore ionic solutions on the packing density (η) and 263 

mechanical properties of C-S-Hgel. The size of the simulation box (106 nm versus 228 nm) and 264 

number of C-S-Hparticle (1,000 versus 10,000) in the simulation box were evaluated. The greater η 265 

of the reference HD C-S-Hgel compared to the reference LD C-S-Hgel (Figure 7) was associated 266 

with the interspacing occupation of the large C-S-Hparticle with small C-S-Hparticle. Consistent with 267 

the η, the mechanical properties (ultimate compressive strength fc-u, Young’s modulus Ec, and 268 

hardness Hc) of the reference LD C-S-Hgel were lower than those of the reference HD C-S-Hgel 269 

(Figure 8). The simulation results for the η, Ec, and Hc of the reference LD and HD C-S-Hgel overall 270 

compared well with experimental results of nanoindentation reported in the literature [16] as 271 

summarized in Table 1. In addition, there was no significant difference in the simulation results 272 

when 10,000 C-S-Hparticle were used in the simulation box compared to when 1,000 C-S-Hparticle 273 

were used. A simulation box with 1,000 C-S-Hparticle was thus used for the remainder of the study.  274 

 275 

  276 
Figure 7. Packing density (η) of LD and HD C-S-Hgel by volume (1,000 C-S-Hparticle) after 277 

equilibration state in NPT ensemble with temperature of 1 300 K and pressure of 0 GPa. The size 278 

of the simulation boxes of LD and HD C-S-Hgel after equilibration was 46.4893 nm3 and 279 

106.1703 nm3, respectively.  280 

 281 
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   282 

Figure 8. (a) Stress-strain profile, (b) Young’s modulus (Ec) and (c) and (d) Mohr-Coulomb and 283 

Hardness (Hc) of LD and HD C-S-Hgel. fc is the compressive stress. The ultimate compressive 284 

strength (fc-u) of LD and HD C-S-Hgel was 0.40±0.05 GPa and 0.75±0.06 GPa, respectively. τc is 285 

the shear stress from the envelope of the Mohr’s circles that was fitted by a Mohr-Coulomb 286 

failure criterion. 287 

 288 

 289 

 290 
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Table 1. Comparison of simulation results obtained for two different numbers of C-S-Hparticle 291 

(1,000 and 10,000) in the C-S-Hgel model with nanoindentation results from the literature [16] for 292 

the packing density (η), Young’s modulus (Ec), and hardness (Hc) of low- (LD) and high-packing-293 

density (HD) C-S-Hgel.  294 

Property Number of  

C-S-Hparticle 

LD HD 

 Simulation Experiment 

[16] 

Simulation Experiment 

[16] 

η  1,000 0.651±2.2x10-5  
0.647±0.048 

0.726±0.1x10-5 
0.746±0.047 

η  10,000 0.653±4.7x10-5 0.727±0.6x10-5 

Ec (GPa)  1,000 15.52±0.27 
18.69±4.75 

32.24±0.92 
32.10±5.23 

Ec (GPa) 10,000 15.71±0.28 32.78±0.57 

Hc (GPa) 1,000 0.52±0.06 
0.46±0.19 

0.99±0.12 

0.97±0.24 
Hc (GPa) 10,000 0.59±0.02 0.87±0.08 

 295 

The values of the simulated fc-u of the reference LD and HD C-S-Hgel were between the 296 

values found in the literature for the C-S-Hlayer (several GPa [47]) and HCP (0.07 to 0.8 GPa for 297 

water-to-cement ratios ranging from 0.075 to 0.4 [53]). The decreasing trend of fc-u from C-S-Hlayer 298 

to C-S-Hgel and HCP as shown in Figure 9 was consistent with their increasing porosity. C-S-Hlayer 299 

is composed of atomic structure and has no porosity (i.e., the interatomic space within the C-S-300 

Hlayer is not considered as effective porosity). The porosity of C-S-Hgel consists of the gel-pore and 301 

that of HCP is composed of the sum of the gel and capillary pores.  302 

 303 
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  304 

Figure 9. fc-u of hydrated cement paste (HCP) and its components. Results from this paper shown 305 

for comparison. The fc-u of C-S-Hlayer-z and -xy are the values measured along the parallel and 306 

perpendicular directions to the layer of C-S-Hlayer, respectively. 307 

 308 

3.2 Effect of dielectric constant (εr) and Debye length (κ-1) on packing density (η) 309 

of C-S-Hgel 310 

For both the LD and HD C-S-Hgel, a decrease in εr and κ-1 (i.e., increase in ionic concentration) 311 

resulted in an increase in η (Figure 10). This result was consistent with a greater inter-C-S-Hparticle 312 

attraction for lower values of εr and κ-1 (greater ionic concentration) and was in good agreement 313 

with a greater cohesion of C-S-Hgel reported in the literature in the presence of salt-based 314 

admixtures such as CaCl2 [54-56]. The effect of εr and κ-1 was more noticeable for the LD C-S-315 

Hgel than the HD C-S-Hgel. This was thought to be attributed to the greater pore space filled by the 316 

gel-pore ionic solution between C-S-Hparticle for the LD C-S-Hgel compared to the HD C-S-Hgel. 317 

 318 

 319 

 320 

 321 
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  322 

Figure 10. η of (a) LD C-S-Hgel and (b) HD C-S-Hgel as a function of the dielectric constant (εr) 323 

for different values of the Debye length (κ-1 = 2, 5, and 8 nm). Standard deviations were small 324 

and therefore not visible. 325 

 326 

 327 

3.3 Effect of εr and κ-1 on the mechanical properties of C-S-Hgel 328 

The effect of εr and κ-1 on the mechanical properties of the C-S-Hgel is shown in Figures 11, 12, 329 

and 13. Overall, there was a tendency for the lower values of εr and κ-1 (greater ionic concentration) 330 

to result in higher Ec, Hc and fc-u. The intensified tendency depends on the difference between the 331 

two paired εr and κ-1 selected to observe the changing effect of εr and κ-1 on Ec, Hc, and fc-u. The 332 

higher the difference between two paired εr and κ-1 is, the higher the probability of observing the 333 

apparent contrast of Ec, Hc, and fc-u is. The t-test was performed to confirm the tendency for 334 

resulting in higher Ec, Hc and fc-u from lowering the values of εr and κ-1. The t-test indicated that 335 

the probability of obtaining higher Ec, Hc, and fc-u values by decreasing εr and κ-1 was above 95% 336 

for both the LD and HD C-S-Hgel. The greater likelihood of higher Ec, Hc, and fc-u values with 337 

decreasing εr and κ-1 is further shown in Figure 14 as obtained from 21 combinations of εri and εrj 338 

(i.e., εri > εrj) for a fixed value of κ-1 and 3 combinations of κ-1
i and κ-1

j (i.e., κ-1
i > κ-1

j) for a fixed 339 

value of εr. 340 

 341 
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   342 

Figure 11. Ec for different εr and κ-1 for (a) LD C-S-Hgel and (b) HD C-S-Hgel.  343 

 344 

   345 

Figure 12. Hc for different εr and κ-1 for (a) LD C-S-Hgel and (b) HD C-S-Hgel. 346 

  347 
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   348 

Figure 13. fc-u for different εr and κ-1 for (a) LD C-S-Hgel and (b) HD C-S-Hgel. 349 

 350 

 351 

 352 

 353 
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 354 

Figure 14. Comparison of the number of output that resulted in increasing (up, open bars) and 355 

decreasing (down, closed bars) effect on Ec, Hc and fc-u values by lowering the values of εr and κ-356 

1.  357 

These results were consistent with the higher nanoindentation modulus results reported for 358 

hydrated alite and cement prepared with the addition of NaOH [19] and seawater [20], respectively 359 

that were attributed to the formation of a denser C-S-Hgel. The presence of ions in the interstitial 360 

solution of hydrating alite or cement provides for greater ionic adsorption onto the surface of the 361 

C-S-Hparticle and thus cohesion of the HCP [19]. The effect of a greater ionic adsorption is a 362 

dielectric decrement, that is, a reduction of εr of the solution. The adsorbed ions furthermore 363 

provide a screening of the surface charge of the C-S-Hparticle, thus reducing κ-1 [24, 34, 35]. The 364 

mesoscale simulation results demonstrated that a decrease in εr and κ-1, and thus increase in ionic 365 

concentration of the gel-pore solution similar to that with the addition of NaOH or seawater, 366 

resulted in an increase in η and Ec. These results further confirmed that εr and κ-1 are suitable 367 

parameters that can be used to link the presence of ions to the effect on the mechanical properties 368 

of C-S-Hgel. 369 

 370 
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3.4 Plot of mechanical properties versus packing density of C-S-Hgel  371 

In order to examine the correlation between the physical change and mechanical properties of C-372 

S-Hgel, the mechanical properties versus packing density (i.e., η-Ec, η-Hc and η-fc-u plots) for the 373 

LD and HD C-S-Hgel were plotted as shown in Figure 15. There was a clear tendency for Ec, Hc 374 

and fc-u to increase with η. This positive correlation was in good agreement with results from 375 

previous studies reported in the literature [16, 31, 40, 57]. A much greater effect of η was seen on 376 

the mechanical properties of the HD C-S-Hgel than of the LD C-S-Hgel. This was in contrast with 377 

the effects of εr and κ-1 that were greater for the η of the LD C-S-Hgel than of the HD C-S-Hgel. This 378 

was thought to be associated with the effect of εr and κ-1 on the physical characteristics of the C-379 

S-Hparticle and the factors defining the mechanical strength of C-S-Hgel (i.e., inter-C-S-Hparticle 380 

spacing distance and cohesive energy of C-S-Hgel). 381 

 382 

  383 

Figure 15. Scatter plots of (a) packing density-Young’s modulus (η-Ec), (b) packing density-384 

hardness (η-Hc), and (c) packing density-ultimate compressive strength (η-fc-u) of LD and HD C-385 

S-Hgel. 386 

 387 

3.5 Inter-C-S-Hparticle spacing distance and cohesion of C-S-Hgel 388 

The effect of εr and κ-1 on the inter-C-S-Hparticle spacing distance and cohesive energy of C-S-Hgel 389 

was investigated using the lowest (i.e., εr = 20 and k-1 = 2 nm) and highest (80 and k-1 = 8 nm) 390 
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paired values of the εr and κ-1 range examined. The difference in inter-C-S-Hparticle spacing distance 391 

between the low and high-paired values of εr and κ
-1 was more significant for the LD C-S-Hgel than 392 

the HD C-S-Hgel (Figure 16). This result was consistent with the greater effect of εr and κ-1 seen on 393 

the η of the LD C-S-Hgel. 394 

 395 

      396 

Figure 16. Average inter-C-S-Hparticle spacing distance of (a) LD C-S-Hgel and (b) HD C-S-Hgel 397 

with low (εr20-k-12, corresponding to εr = 20 and k-1 = 2 nm) and high (εr80-k-18, corresponding 398 

to εr = 80 and k-1 = 8 nm) paired values of εr and κ
-1. 399 

 400 

 Figure 17 shows the potential mean force (PMF) profile obtained from steered molecular 401 

dynamics (SMD) simulations. The PMF is a one-dimensional free energy landscape of C-S-Hparticle 402 

interactions and can be used to indicate the change in cohesion of C-S-Hgel due to different εr and 403 

κ-1. The effect of the pulling speed on the PMF profile was relatively minimal at low speed values 404 

(i.e., from 0.1 to 0.01 nm.τ-1). Regardless of the pulling speed (i.e., 1 and 0.01 nm.τ-1), the effect 405 

of changing εr and κ
-1 on the ultimate PMF was more significant on the HD C-S-Hgel than the LD 406 

C-S-Hgel (Figure 18). This was consistent with the more significant effect of η on Ec, Hc, and fc-u 407 

of the HD C-S-Hgel than LD C-S-Hgel even though the effect of εr and κ
-1 on η of the former was 408 

less significant than that of the latter. The change in εr and κ
-1 was demonstrated to influence the 409 



23 

 

inter-C-S-Hparticle spacing distance and η and, in turn, to lead to changes in cohesion and mechanical 410 

properties of the C-S-Hgel. Figure 18 also shows that the cohesion of C-S-Hgel increases from the 411 

system with higher to lower εr and κ-1. This observation is consistent with the finding from AFM 412 

experiment that showed the generated cohesion of HCP in the ionic presence [21]. The HCP 413 

cohesion was attributed to the ionic pore solution (i.e., lower εr due to dielectric decrement [58, 414 

59]) and the lower potential surface charge of C-S-Hpartcile (i.e., lower κ-1).      415 

 416 

     417 

Figure 17. Profile of potential mean force (PMF) of (a) LD C-S-Hgel and (b) HD C-S-Hgel from 418 

steered molecular dynamics (SMD) with varied pulling speed between 1 nm.τ-1 and 0.01 nm.τ-1. 419 

The PMF is normalized to the value per 1 nm2. 420 

 421 
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 422 

Figure 18. Ultimate PMF with pulling speeds of (a) 1 nm.τ-1 and (b) 0.01 nm.τ-1. 423 

 424 

4. Conclusion 425 

In this study, the effects of the ionic characteristics of the gel-pore solution of HCP – as 426 

represented by the dielectric constant (εr) and Debye length (κ-1) – on the packing density (η) and 427 

compressive properties (i.e., Young’s modulus Ec, hardness Hc, and strength fc-u) of LD and HD 428 

C-S-Hgel, the main products of cement hydration, were investigated using mesoscale simulations 429 

of monodispersed and polydispersed spherical C-S-Hparticle systems. Overall, the simulated results 430 

of η, Ec, and Hc of LD and HD C-S-Hgel agreed well with the experimental data reported in the 431 

literature for HCP. The simulation results showed that changes in εr and κ-1 values influenced the 432 

inter-C-S-Hparticle distance of C-S-Hgel and resulted in changes in η and cohesion, which 433 

consequently influenced the Ec, Hc, and fc-u of the C-S-Hgel. The lower εr and κ-1 values, which 434 

were characteristics of a higher ionic concentration of the gel-pore solution, resulted in a greater 435 

packing density and, in turn, an overall greater stiffness, hardness, and strength of the C-S-Hgel. 436 

This trend was consistent with the higher nanoindentation modulus of C-S-Hgel reported in the 437 

literature in the presence of salts. The results of this study provided insight into the mechanisms 438 

by which the gel-pore ionic solution affects the mechanical properties of C-S-Hgel and showed that 439 
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εr and κ-1 could be useful parameters for engineering cementitious materials with ionic substances 440 

such as salt based chemical-admixture, seawater, and sea sand. 441 
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