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Abstract 

Using seawater for concrete production is potentially advantageous from a sustainability 

perspective. However, the fundamental mechanisms underlying seawater-mixed concrete are 

far from being understood, especially from the nanoscale. Herein, molecular models are 

developed to study, for the first time, the influence of seawater (NaCl solutions) on the behavior 

of calcium silicate hydrate (C-S-H, the main binding phase of concrete). Thermodynamically, 

Na+ showed a strong adsorption capacity on the C-S-H surface, resulting in the partial release 

of Ca2+ from the surface (termed as “Na−Ca cation exchange”). Mechanically, the presence of 

NaCl in the interlayer solutions enhanced the bond performance between the C-S-H layers 

because Na+ ions provided a greater stress transfer capacity than H2O molecules. Under shear 

loading, the C-S-H layers slid over each other with the interlayer solutions acting as lubricant. 

Increase in NaCl concentration enhanced the sliding resistance, which was attributed to the 

increased viscosity of the interlayer solutions and strengthening of the solid-solution interfaces. 

The above atomic-level findings facilitate a better understanding of the influence of seawater 

on concrete properties. 

 

Keywords: Seawater; Calcium silicate hydrate; Cation exchange; Bond performance; Sliding 
behavior 
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1. Introduction 

The shortage of freshwater, one of the most precious resources on earth, has become a global 

concern due to climate change, industrialization and urbanization.1 However, a massive amount 

of freshwater (~16.6 × 109 m3) is annually consumed for global concrete production, which 

contributes to ~18% of industrial freshwater consumption worldwide.2 Considering the 

increasing shortfalls of freshwater, especially for regions that experience freshwater stress,1 

seawater-mixed concrete has gained increasing interest in recent years, which is advantageous 

from a sustainability perspective. Generally, seawater can be used to produce various types of 

concrete, including (i) plain concrete, (ii) reinforced concrete using coated steel bar (e.g. epoxy-

coated steel), and (iii) reinforced concrete using fibre-reinforced polymer (FRP) bar as the 

reinforcement.3-5 

A significant number of experimental studies have been carried out on seawater-mixed 

concrete.6, 7 It is widely accepted that seawater, compared to freshwater, can accelerate the 

early-age hydration of cement, resulting in the increased formation of Ca(OH)2 and a higher pH 

in the seawater-mixed cement paste.8, 9 As the hydration consumes water, the pore solution in 

seawater-mixed cement concentrates, leading to higher sodium (Na+) and chloride (Cl−) ion 

concentrations compared to seawater.10 It was also reported that the ionic strength of cement 

pore solution is increased by four times in seawater-mixed paste due to the increased Na+ and 

Cl− concentrations.8 In addition, seawater can refine the pore structure, especially for large 

capillary pores (>100 nm), and reduce the porosity of the hydrated cement.5, 6, 11-13 In terms of 

mechanical properties, it has been shown that seawater-mixed concrete exhibits 5–30% higher 

early strength than freshwater-mixed concrete within the first 3 days, due to the accelerated 

hydration at early stages.6, 14 However, the effect of seawater on the long-term strength of 

concrete is still unclear and contradictory results have been reported. For example, Shi et al. 15 

found that the 28-day compressive strength of seawater-mixed concrete was increased by 22%, 

compared to that of the freshwater-mixed counterpart. Similarly, Taylor and Kuwairi 16 reported 

that the 28-day compressive strength of seawater-mixed concrete increased linearly with 

increasing seawater salinity from 0 to 7%. On the contrary, Younis et al. 17 and Mbadike et al. 
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18 both indicated that the compressive strength of seawater-mixed concrete was lower than that 

of ordinary concrete. These apparent contradictions and complexities in experimental studies 

call for an atomic-level investigation of the fundamental role of seawater in cement pastes, 

especially considering that a cement paste undergoes a series of complex physical and chemical 

processes in its fresh and hardened states.  

The macroscale material properties of concrete largely rely on the underlying mechanisms 

at smaller scales. Fig. 1 exhibits a schematic view of calcium silicate hydrate (C-S-H, the 

principal binding phase in concrete) in seawater-mixed concrete at the mesoscale and nanoscale. 

At the mesoscale, C-S-H gel exhibits a globular texture as revealed by atomic force microscopy 

imaging with the gel pores filled with a high concentration solution of salts.10, 19 The interactions 

between C-S-H globules play a key role in the mechanical properties and durability (e.g. creep 

and shrinkage) of concrete.20-24 From nanoscale insight, the interactions between C-S-H 

globules can be viewed as the interactions between two C-S-H layers interspersed with a layer 

filled with pore solution, which can be modeled through atomistic simulation.25-27 In 2009, 

Pellenq et al. 28 proposed the first all-atom model of C-S-H by modifying the Hamid’s 

tobermorite model. In recent years, atomistic simulations have been widely applied for 

investigating the physical and chemical properties of C-S-H gel. For example, Zhang et al. 29 

studied the structure and mechanical properties of C-S-H gel, considering the influence of 

temperature. Hou et al. 30 simulated the capillary transport process of water in C-S-H pores of 

various sizes. Duque-Redondo et al. 31 and Jiang et al. 32 explored the adsorption and diffusion 

behaviors of different ions (Cs+, Na+, K+, Ca2+, Ba2+, and Cl⁻) in C-S-H gel, and Masoumi et al. 

22 investigated the effective interactions of C-S-H nanolayers separated from each other by a 

layer of water. These atomic-level studies have facilitated a better understanding of the 

chemistry and physics of cement-based materials, which are usually not accessible through 

experimental approaches. However, to the best of the authors' knowledge, no atomic-level 

investigations have been carried out to explore the fundamental influence of seawater on the 

properties of C-S-H gel.  
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Fig. 1 Schematic view of the C-S-H binder gel in seawater-mixed concrete at the mesoscale and nanoscale. At the 

mesoscale, C-S-H gel exhibits a globular texture with the pores filled with a high concentration solution of salts. 

At the nanoscale, the interactions between two C-S-H globules can be described as the interactions between two 

C-S-H layers interspersed with a layer filled with NaCl solution.33, 34 

In this study, atomistic simulations were performed to offer direct insights into the working 

mechanisms of seawater (using NaCl solutions) in C-S-H gel. The molecular structure of two 

C-S-H layers interspersed with a 5.0 Å space in between the two layers was created to establish 

the molecular models of C-S-H layered structures. The interlayer space was then filled with 

NaCl aqueous solutions to represent seawater, considering three different NaCl concentrations 

(NaCl/H2O mole ratios = 0.00, 0.05, and 0.10). While the cement pore solution has a high pH 

and other ions that affect the near surface composition and properties of the C-S-H gel, the goal 

here was to understand the direct effect of NaCl on the interaction between C-S-H globules. 

The atomic trajectories of Na+ ions, Cl⁻ ions, H2O molecules, and Ca2+ ions from the C-S-H 

layer surfaces were recorded to reveal the influence of Na+ ions and Cl⁻ ions on the C-S-H 

layered structures. Next, a series of out-of-plane uniaxial tensile tests along the z-direction using 

the strain constant method was conducted to investigate the debonding behavior of the C-S-H 

layers. Finally, shear loading in the xy plane along the y-direction was applied to the C-S-H 

layered structures to observe the sliding behavior of the C-S-H layers, focusing on the influence 

of NaCl concentrations. 

2. Computational Methods 
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2.1 Model construction 

To construct the C-S-H layered models, a (6 × 5 × 1) supercell of the Hamid’s monoclinic 

11Å-tobermorite structure (6.69 Å × 7.39 Å × 22.77 Å, α = β = 90o, γ = 123.49o) was first 

transformed into an orthogonal model (33.48 Å × 36.95 Å × 22.77 Å, α = β = γ = 90o) containing 

two C-S-H layers 35. The C-S-H layers were composed of negatively charged calcium silicate 

layers with the Si-O⁻ surfaces charge-balanced by Ca2+ cations.22, 36 Then an initial 18.0 Å 

interlayer space was created to separate the two C-S-H layers from each other. Setting such an 

initial value provided sufficient space for placing the interlayer solutions without causing 

improper interactions (i.e. close contact) between the C-S-H layers and the interlayer solutions. 

Fig. 2(a) shows a perspective view of the initial atomic backbone of the C-S-H layered structure 

with an 18.0 Å interlayer space. The resulting structure contained a total of 1800 atoms. Next, 

three different interlayer solutions were constructed with an 8.0 Å thickness to investigate the 

influence of different NaCl concentrations on the properties of the C-S-H layered structure, as 

shown in Fig. 2(b). The 8.0 Å thickness corresponded to a 5.0 Å thickness of interlayer space 

after equilibration as discussed in Section 3.1. The 5.0 Å interlayer space is in the distance range 

within which two C-S-H layers can interact with each other, corresponding to the situation 

where two C-S-H globules are in close contact at the mesoscale.22, 36-38 The density of the three 

model aqueous solutions was 1.05, 1.07, and 1.08 g/cm3, respectively, and the corresponding 

NaCl/H2O mole ratios of these solutions were 0.00, 0.05 and 0.10 respectively, which 

represented a reasonable range of NaCl concentrations found in the pore solution of seawater-

mixed cement.10, 16 The aqueous solutions were placed in the middle of the interlayer space. As 

a result, three different C-S-H layered models were constructed with the interlayer space filled 

with different NaCl solutions (NaCl/H2O = 0.00, 0.05, and 0.10). Fig. 2(c-e) shows a 

perspective view of these initial models of C-S-H layered structures.  
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Fig. 2 Construction of the initial C-S-H layered models consisting of two C-S-H layers interspersed with a layer 

filled with different aqueous solutions: (a) A perspective view of the initial C-S-H atomic backbone (two C-S-H 

layers) with an 18.0 Å interlayer space; (b) Three different aqueous solutions with an 8.0 Å thickness to be placed 

into the middle of the interlayer space. The NaCl/H2O mole ratios of these aqueous solutions are 0.00, 0.05, and 

0.10 respectively; and (c-e) Perspective views of the initial C-S-H layered structures with the interlayer filled with 

the different aqueous solutions (NaCl/H2O = 0.00, 0.05, and 0.10) before equilibration. 

2.2 Force field 

To describe the interatomic interactions in the C-S-H layered models, the empirical force 

field CSH-FF, specifically designed for C-S-H structures, was employed in this study. This 

force field is an updated version of the ClayFF force field.39, 40 Generally, the total potential 

energy is comprised of Coulombic (electrostatic) interactions, van der Waals (vdW) 

interactions, and bonded interactions in water molecules, 

𝐸𝐸𝐶𝐶−𝑆𝑆−𝐻𝐻 = 𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐸𝐸𝑣𝑣𝑣𝑣𝑣𝑣 + 𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 + 𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎                                  (1) 
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where the bonded terms include the bond stretch and angle bend energy terms. To represent 

water, CSH-FF employs the flexible single point charge (SPC) water model, which considers 

the bond stretch term and angle bend term to be harmonic. Since CSH-FF does not include the 

parameters for Na+ and Cl⁻ ions, the parameters from ClayFF for these two types of ions were 

added to CSH-FF to describe their interactions with other atoms,41 as done in the literature.31, 

40, 42 The force field parameters employed in this study have been widely proven to be able to 

accurately study the performance of various aspects of C-S-H based systems, including the 

mechanical properties of C-S-H structure influenced by sodium/calcium cation exchange,43 the 

diffusive behavior of solutions in porous C-S-H structures,38 and alkali (Na+, K+, and Cs+) 

adsorption on C-S-H surfaces.40, 42 Different from Reactive force field (e.g., ReaxFF), CSH-FF 

is a non-reactive force field, which does not consider the potential chemical events as well as 

any charge transfer in a system. 

2.3 Simulation details 

First, the initial atom positions and cell dimensions were relaxed based on the energy 

minimization technique at 0 K and 0 kPa with a convergence criterion of 10−6 kcal/mol. Then 

the atomic structures were equilibrated for 250 ps under an isothermal-isobaric (NPT) ensemble. 

The Nose-Hoover thermostat and barostat algorithms were employed for the temperature (300 

K) and pressure (101 kPa, atmospheric pressure) control.44 Next, a heat treatment at 500 K for 

2.5 ns was used to accelerate the dynamic equilibrium of the atomic structures,45 followed by a 

quenching process (cooling rate = 10 K/ps) to cool the structures down to 300 K. Finally, a 

further dynamic equilibrium was carried out for another 250 ps under an NPT ensemble (300 

K and 101 kPa). During the entire equilibrium process, the atom trajectories were recorded to 

observe the interactions between the C-S-H layers and the interlayer solutions.  

To investigate the debonding behavior of the C-S-H layered structures under the influence 

of different interlayer solutions, a uniaxial tensile loading (σz) was applied to the equilibrated 

models along the z-direction. A constant-strain method (strain rate = 0.01%/ps) was employed 

for the loading scheme, which indicates that the cell dimension along the z-direction changed 
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linearly with the simulation time. The strain rate of 0.01%/ps is in the typical range of 

1 × 10−2/ps to 1 × 10−4/ps suggested in the literature for atomistic simulations of mechanical 

tests.34 Similarly, a shear loading (τyz) was applied to the equilibrated models using the constant-

strain method (strain rate = 0.01%/ps) to cause the sliding of the C-S-H layers and investigate 

the influence of different interlayer solutions. For all the loading schemes mentioned above, an 

NPT ensemble (300 K and 101 kPa) was implemented to consider the potential Poisson effect.  

All the simulations were performed using the Large-scale Atomic/Molecular Massively 

Parallel Simulator (LAMMPS) package with a time step of 0.25 fs. Periodic boundary 

conditions were applied to all directions of the structures during all the simulation processes 

mentioned above. 

3. Results and Discussion 

3.1 Structural analysis 

During the dynamic equilibrium process, the adsorption from the interlayer solutions on the 

C-S-H layer surfaces was observed by recording the atom trajectories. The negatively-charged 

calcium silicate layers could adsorb both H2O molecules and Na+ ions from the interlayer 

solutions (Fig. 3a and b). Initially, the H2O molecules in the interlayer solutions interacted with 

each other via hydrogen bonds (H-bonds), as shown in Fig. 3(a.1). Due to the hydrophilicity of 

the calcium silicate layers, the H2O molecules could be adsorbed at different locations, as shown 

in Fig. 3(a.2−a.4). The H-bond number between one H2O molecule and the C-S-H layers was 

either one or two, and the total H-bond number of one H2O molecule was usually 4, which is 

typical for H2O molecules.46 Together with the H2O molecules, the Na+ ions in the interlayer 

solutions were adsorbed by the calcium silicate layers (Fig. 3b). Initially, the Na+ ions in the 

interlayer solutions were coordinated mainly with the H2O molecules and occasionally with the 

Cl⁻ ions, as shown in Fig. 3(b.1). During the dynamic equilibrium process, the Na+ ions could 

coordinate with the oxygen (O) atoms of the layers due to electrostatic adsorption. The bond 

number between one Na+ ion and the layers ranged from 1 to 3, as shown in Fig. 3(b.2−b.4). 

The charge-balancing Ca2+ ions that were tightly coordinated with the calcium silicate layers 
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could also adsorb the H2O molecules via Ca−Ow bonds (Ow denotes the O from H2O), as shown 

in Fig. 3(c.1). Interestingly, with the adsorption of the H2O molecules and Na+ ions on the 

surface of the calcium silicate layers, a few Ca2+ ions were found to be released from the surface, 

as shown in Fig. 3(c.2−c.4). The Ca−Os bonds (Os denotes the O from the layers) were gradually 

replaced by the Ca−Ow bonds, leading to the release of Ca2+ ions from the surface. In summary, 

the C-S-H layers interacted with the interlayer solution via H-bonds, Na−Os bonds, and Ca−Ow 

bonds, and the interaction between the C-S-H layers and the NaCl solutions caused the release 

of a few Ca2+ ions from the C-S-H surface. 
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Fig. 3 Snapshots of the inter-atomic interactions between the C-S-H layers and the interlayer solutions: (a) 

absorption of H2O molecules on the surface of calcium silicate layers; (b) adsorption of Na+ ions on the surface of 

calcium silicate layers; and (c) release of Ca2+ ion from the C-S-H surface. The H-bond is defined according to the 

geometric criterion that characterizes two molecules to be hydrogen bonded if the O–O distance is separated by 

≤ 3.5 Å and the O–H…O angle is less than 30°.46 The Ca–O bond was defined according to the geometric criterion 

that the O–O distance is separated by ≤ 3.5 Å and the O–H…O angle is less than 30°. The Ca–O bond is defined 

when the Ca–O distance is shorter than 3.0 Å according to the criterion proposed by Hou et al. 47 based on the 

radial distribution function. 

After the dynamic equilibrium, snapshots of the distribution of the Na+ ions and Cl− ions in 

the interlayer solutions and Ca2+ ions in the calcium silicate layers were taken, as shown in Fig. 

4(a). Many Na+ ions located at the surface of the C-S-H layers with different penetration depths 

due to electrostatic adsorption. In contrast, the Cl− ions preferred to locate in the middle of the 

interlayer solutions. For the Ca2+ ions, most of them remained within the layers, while a few 

were found away from the layers. To reveal the influence of the NaCl concentrations on the 

bonding at the solid-solution interface, the variation of the bonds (including Na−Os bond, H-

bond and Ca−Os bond) was determined, as shown in Fig. 4(b). The Na−Os bond number at the 

solid-solution interface increased gradually with increasing NaCl concentration. It increased by 

~ 49.3/nm2 when the NaCl/H2O mole ratio increased from 0.00 to 0.10. However, the H-bond 

number decreased by ~ 7.70/nm2, due to the competition between the Na+ ions and H2O 

molecules for the Os of the layers. In addition, the increasing NaCl concentrations led to the 

loss of Ca−Os bonds on the surface of the calcium silicate layers, and ~ 1.02/nm2 Ca−Os bonds 

were lost with the NaCl/H2O mole ratio increasing from 0.00 to 0.10. The increasing number 

of Na−Os bonds was ~ 5−6 times the lost number of Ca−Os bonds, which indicated that the Na+ 

absorption capacity was much larger than the Ca2+ release capacity. The results demonstrated 

that there existed an Na−Ca cation exchange between the C-S-H layers and the NaCl solutions, 

which is a common phenomenon observed in experiments.43, 48 In conclusion, the Na+ ions 

showed a strong adsorption capacity on the calcium silicate layers, which can cause the partial 
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release of Ca2+ ions from the surface (termed as “Na−Ca cation exchange”). Increasing NaCl 

concentration led to more Na−Ca cation exchange as well as the loss of H-bond at the solid-

solution interface.  

    

(a) Distribution of Na+, Cl− and Ca2+ ions 

       
(b) Variation of interfacial bonds 

Fig. 4 (a) Snapshots of the distribution of Na+, Cl− and Ca2+ ions in the C-S-H layered structures (NaCl/H2O = 

0.05). The dash lines represent the surface lines (where the O of Si−O− locates) of the calcium silicate layers, 

which can be used to observe the penetration depth of Na+; and (b) Variation of the interfacial bonds (the values 

were normalized using the surface area of C-S-H), including the Na−Os bond, H-bond, and Ca−Os bond. Note: to 

better reveal the influence of NaCl concentrations on the variation of the interfacial bond, two more cases 

(NaCl/H2O = 0.25 and 0.75) are shown. 

Based on the findings above, Fig. 5 shows a schematic view of the Na−Ca cation exchange 

between NaCl solution and C-S-H gel. When the solution was NaCl rather than water, the 

interfaces between the solution and the C-S-H layers were in a non-equilibrium state. It was 
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because the Ca2+ ions on the C-S-H surface were the concentrated charge points and each Ca2+ 

balanced several negatively charged O atoms exposed on the surface, which means that the 

exposed O atoms were more than the Ca2+ in quantity on the C-S-H surface. Therefore, the O 

atoms that were not fully coordinated by cations had the potential to adsorb more cations (i.e., 

Na+) from the solutions, leading to the C-S-H surface being over-charged. As a result, the 

confinement (electrostatic adsorption) of the C-S-H surface on the Ca2+ became weaker, thus 

in the thermodynamics process, the Ca2+ ions had more possibility to leave from the C-S-H 

surface. Similar results leading to a positively-charged surface that can further absorb anions at 

the outer layer have been reported by Bourg et al. 49 for the adsorption of cations from 

electrolyte (NaCl–CaCl2) solutions by smectite surfaces. Burgos et al. 50 also found that NaCl 

solutions in pores of quartz can result in an over-charged surface of the quartz.  

 

Fig. 5 A schematic view of the Na−Ca cation exchange between NaCl solution and C-S-H gel. Initially, the 

negative-charged surface is charge-balanced by Ca2+ ions, but the surface is in a non-equilibrium state. At the 

equilibrium state, many Na+ ions from the solution are adsorbed on the C-S-H surface, while a few Ca2+ ions are 

released from the surface, which is termed as “Na−Ca cation exchange.” 

To further understand the influence of seawater on the C-S-H layered structures, the atomic 

density profiles of the C-S-H layers (including the calcium silicate layers and the Ca2+ ions 

from the C-S-H layer surfaces) and interlayer solutions were plotted (Fig. 6) as a function of 
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distance along the z-direction. Due to the semi-crystalline character of the calcium silicate 

layers, different peaks corresponding to the position of different atom types could be observed 

(Fig. 6(a)), and the position of the surface line where the O of the Si−O− of the calcium silicate 

layers locates could be characterized. The distance between the surface lines of the two layers, 

defined as the width of the interlayer space,51, 52 was 5.0 Ǻ for the three different C-S-H layered 

structures, which satisfied the design requirement to keep the interlayer space constant for 

different interlayer solutions. The three density profiles of the calcium silicate layers were 

almost the same, suggesting that the variation of NaCl concentrations did not significantly 

influence the structure of the calcium silicate layers. Fig. 6(b) shows the atomic density profiles 

of the Ca2+ ions of the C-S-H layers. For the C-S-H layered structure with NaCl/H2O = 0.00 

(Fig. 6(b.1)), the two peaks at z = 11.6 Å and 18.1 Å (corresponding to the Ca2+ ions on the wet 

C-S-H layer surfaces) were wider than the other two peaks at z = 1.6 Å and 28.1 Å 

(corresponding to the Ca2+ ions on the dry C-S-H layer surfaces), indicating that the water 

molecules weakened the tight-bonding of Ca2+ ions of the C-S-H layer surfaces. With the 

increase in NaCl concentrations (Fig. 6(b.2) and (b.3)), the Ca2+ ions at the solid-solution 

interfaces distributed over a wider range, and the average z-coordinate of these Ca2+ ions moved 

away from the C-S-H surface towards the interlayer, which was consistent with the previous 

findings that a few Ca2+ ions were released from the surface due to the presence of NaCl. Fig. 

6(c) shows the atomic density profiles of the interlayer solutions for different NaCl 

concentrations. The total width of the different interlayer solutions remained at ~ 12.5 Å. This 

width was larger than the width of the interlayer space (5.0 Å) because of the filling of the H2O 

molecules and ions into the molecular voids at the surface of the C-S-H layers, as illustrated in 

Fig. 3 and Fig 4(a). In addition, the density in the middle zone of the interlayer solution 

increased gradually with increasing NaCl concentration, which was attributed to the 

accumulation of Cl− ions in this zone, as shown in Fig 4(a). In conclusion, the increase in NaCl 

concentration of the interlayer solutions caused two effects: (1) a wider distribution range of 

Ca2+ ions at the surface of the C-S-H layers due to the release of Ca2+ ions, and (2) a higher 

density in the middle of the interlayer solution due to the accumulation of Cl− ions in this zone.  
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(a) Density profiles of the calcium silicate layers 

   

(b) Density profiles of the Ca2+ ions of the C-S-H layers 

   

(c) Density profiles of the interlayer solutions 

Fig. 6 Atomic density profiles of the C-S-H layered structures made of different interlayer solutions (NaCl/H2O = 

0.00, 0.05, and 0.10): (a) density profiles of the calcium silicate layers (the dash lines represent the surface lines 

where the O of the Si−O− of the calcium silicate layers locates); (b) Density profiles of Ca2+ ions of the C-S-H 

layers (the dash lines label the average z-position of the Ca2+ ions from each C-S-H surface); (c) Density profiles 

of the interlayer solutions.  

3.2 Debonding behavior 

The debonding between C-S-H layers at the atomic level, which corresponds to the 

debonding between C-S-H globules at the mesoscale, is one of the most noteworthy features 

that play an important role in the mechanical and fracture properties of C-S-H gel.24, 53 
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Therefore, a series of tensile loading along the z-direction was carried out on the C-S-H layered 

structures made of different interlayer solutions (NaCl/H2O = 0.00, 0.05, and 0.10) in order to 

investigate the role of seawater in the debonding process. First, the tensile stress (𝑃𝑃𝑧𝑧) was 

calculated using the following equation during the debonding process,34  

𝑃𝑃𝑧𝑧 =
∑ 𝑚𝑚𝑘𝑘𝑣𝑣𝑘𝑘𝑧𝑧𝑣𝑣𝑘𝑘𝑧𝑧
𝑁𝑁
𝑘𝑘

𝑉𝑉
+

∑ 𝑟𝑟𝑘𝑘𝑧𝑧𝑓𝑓𝑘𝑘𝑧𝑧
𝑁𝑁′
𝑘𝑘

𝑉𝑉
                                                (2) 

where 𝑁𝑁 denotes the number of atoms in the system; 𝑉𝑉 denotes the system volume; 𝑚𝑚𝑘𝑘 is the 

mass of the 𝑘𝑘th atom; 𝑣𝑣𝑘𝑘𝑧𝑧 is the component in the z-direction of the velocity of the 𝑘𝑘th atom; 𝑁𝑁′ 

includes the atoms from the neighboring sub-domains (so-called “ghost atoms”); 𝑟𝑟𝑘𝑘𝑧𝑧 and 𝑓𝑓𝑘𝑘𝑧𝑧 

are the component in z-direction of the position and force of the 𝑘𝑘th atom. 

Fig. 7(a) presents the stress-strain curves of the C-S-H layered structures made of different 

interlayer solutions during tensile loading along the z-direction. For all structures, the tensile 

stress increased linearly with the tensile strain (the elastic stage) and then reached a maximum 

peak, after which the tensile stress decreased gradually with the further increase in tensile strain 

(the fracture stage). The Young's modulus of the C-S-H layered structures, determined by 

calculating the slope of the curves at the elastic stage, was 37.9, 40.1, and 41.2 GPa for the three 

structures, respectively. The bond strength (peak stress) between the two C-S-H layers was 1.03, 

1.19 and 1.32 GPa, respectively. At the fracture stage, the tensile stress at a given strain (e.g. 

10% and 15% strain, as shown in Fig. 7a) was also higher with increasing NaCl concentration. 

The results indicated that the bond between the two C-S-H layers was enhanced by increasing 

the NaCl concentration. Furthermore, the strain value at the peak became larger, from 4.5%. to 

5.5%, indicating that increasing the NaCl concentration delayed the occurrence of fracture of 

the C-S-H layered structure. In addition, the system potential energy (i.e. sum of the interaction 

energy of all atoms in a system) was recorded during the debonding process, as shown in Fig. 

7(b). Before tensile loading, the potential energy of the three structures was -410,539, -412,724, 

and -414,669 kcal/mol respectively, indicating that increasing NaCl concentration caused a 

decrease (more negative) in the system potential energy. In other words, the total atomic 

interactions in the structures were enhanced by increasing the NaCl concentration of the 
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interlayer solution. During the debonding process, the system potential energy increased 

gradually (less negative) and then reached a plateau. The maximum change in the system 

potential energy was 559, 603, and 630 kcal/mol respectively for the three different C-S-H 

layered structures. With increasing NaCl concentration in the interlayer solution, more energy 

was needed to overcome the atomic interactions during the debonding process. In conclusion, 

increasing the NaCl concentration of the interlayer solution (1) enhanced the bond performance 

between the C-S-H layers, (2) delayed the occurrence of fracture of the C-S-H layered structure, 

and (3) required more energy during the debonding process.  

 
(a) Stress-strain curves 

 

(b) System potential energy 

Fig. 7 (a) Tensile stress-strain curves for the C-S-H layered structures made of different interlayer solutions 

(NaCl/H2O = 0.00, 0.05, and 0.10); and (b) System potential energy of the C-S-H layered structures made of 

different interlayer solutions (NaCl/H2O = 0.00, 0.05, and 0.10) as a function of tensile strain. 
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To understand the influence of seawater on the fracture mechanisms of the C-S-H layered 

structures, the fracture process of two C-S-H layered structures (NaCl/H2O = 0.00 and 0.10 for 

the interlayer solutions) was recorded. Fig. 8(a) and (b) show snapshots of the two structures at 

10%, 20% and 30% strains. At strain = 10%, the crack initiated at the interlayer solution, 

suggesting that the interatomic interactions within the solutions were weaker than those at the 

solid-solution interface due to the strong hydrophilicity of C-S-H layers. At strain = 20%, the 

crack propagated nearly through the entire interlayer solution, leaving only a few atoms 

bridging the upper and lower layers. By observing the local structures of these atoms (Fig.8c), 

it could be seen that in the layered structure with NaCl/H2O = 0.00 for the interlayer solution, 

a few H2O molecules formed a chain to bridge the upper and lower layers. These H2O molecules 

interacted with each other via H-bonds, while the chain end bridged the C-S-H layers via H-

bond or Ca−O ionic bond. For the layered structure with NaCl/H2O = 0.10 for the interlayer 

solution, the chain was composed of H2O molecules, Na+ ions and Cl− ions, and thus the chain 

involved H-bond, Na−O ionic bond, and Cl−H ionic bond. The chain end bridged the C-S-H 

layers via H-bond, Ca−O ionic bond, or Na−O ionic bond. It is widely reported in the literature 

that atomic chain bridging contributes to the residual strength of materials.44, 47, 54 At strain = 

30%, the chains broke and thus the two C-S-H layers were completely debonded. Fig.8 (d)) and 

(e) show the density profiles of two C-S-H layered structures (NaCl/H2O = 0.00 and 0.10 for 

the interlayer solutions) at different strains (10%, 20% and 30%). It is clear that the density of 

the middle region of the solution deceased gradually during the tensile process, and finally the 

interlayer solutions were separated equally to the two surfaces of the C-S-H layers, which 

agreed well with the fracture process shown in Fig. 8(a) and (b). In conclusion, the fracture 

process of the C-S-H layered structures underwent three stages: (i) crack propagation in the 

interlayer solution, (ii) atomic chain bridging between the C-S-H layers, and (iii) complete 

debonding of the C-S-H layers. After introducing NaCl into the interlayer solutions, both Na+ 

and Cl− ions were involved in the H2O chain bridging, which may have contributed to the 

residual bond strength.  
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(d) Density profile at different strains (NaCl/H2O = 0.00) 

   
(e) Density profile at different strains (NaCl/H2O = 0.10) 

Fig. 8 Fracture process of the C-S-H layered structures with two different interlayer solutions: (a) snapshots of the 

structure (NaCl/H2O = 0.00); (b) snapshots of the structure (NaCl/H2O = 0.10). The black circles are used to label 

the sites where chain bridging was formed between the two C-S-H layers; (c) local structures at the sites where the 

atomic chain bridging was formed (the color assigned to the atoms is the same as that in Fig. 1); (d and e) density 

profile of the interlayer solution (NaCl/H2O = 0.00 and 0.10) at different strains (10%, 20% and 30%). 
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To gain a deeper insight into how seawater influenced the bond performance of C-S-H 

layered structures, the atomic stresses of the H2O molecules, Na+ ions and Cl− ions in the 

interlayer solutions were calculated to reveal their contribution to the stress transfer in the 

system. The bond strength between the two C-S-H layers of the C-S-H layered structures was 

the combined result of the direct interactions between the two C-S-H layers and the stress 

transfer via the interlayer solution.34 Since the interlayer space was the same for all layered 

structures, the direct interactions between the two C-S-H layers during the debonding process 

could be considered the same and is therefore not further discussed. To study the stress transfer 

capacity of the interlayer solutions, the atomic stress (𝜎𝜎𝑖𝑖) of the H2O molecules, Na+ ions and 

Cl− ions in the interlayer solutions was calculated in the form of virial stress using the following 

equation: 

𝜎𝜎𝑖𝑖 =
1
𝑉𝑉𝑖𝑖
�−𝑚𝑚𝑖𝑖𝑣⃗𝑣𝑖𝑖 ⊗ 𝑣⃗𝑣𝑖𝑖 +

1
2
�(𝑟𝑟𝑖𝑖𝑖𝑖

𝑁𝑁

𝑗𝑗≠𝑖𝑖

⊗ 𝐹⃗𝐹𝑖𝑖𝑖𝑖) �                                        (3) 

where 𝑚𝑚𝑖𝑖  and 𝑣⃗𝑣𝑖𝑖  represent the mass and velocity vectors of the 𝑖𝑖 th atom; 𝑟𝑟𝑖𝑖𝑖𝑖 = 𝑟𝑟𝑖𝑖−𝑟𝑟𝑗𝑗  is the 

relative position of atom 𝑖𝑖  in relation to atom 𝑗𝑗 ; 𝐹⃗𝐹𝑖𝑖𝑖𝑖  is the force acting upon atom 𝑖𝑖  due to 

interaction with atom 𝑗𝑗 ; the symbol ⊗  represents the cross product operator; and 𝑉𝑉𝑖𝑖  is the 

atomic volume based on the Voronoi analysis.55 

Fig. 9(a) shows the atomic stress of the H2O molecules, Na+ ions, and Cl− ions in the C-S-

H layered structure with NaCl/H2O = 0.10 for the interlayer solution. For the H2O molecules, 

the atomic stress was negative before tensile loading, which indicated that the H2O molecules 

were under compression. With the increase in tensile strain, the atomic stress increased 

gradually until the peak stress was reached, at which point the atomic stress turned positive, 

indicating that the H2O molecules were then under tension and thus contributed to the transfer 

of the tensile stress. For the Na+ ions, the atomic stress was positive before tensile loading, 

which indicated that the Na+ ions were under tension. With the increase in tensile strain, the 

atomic stress increased gradually until the peak stress, which indicated that the Na+ ions also 

contributed to the transfer of the tensile stress. Furthermore, the increase rate of the atomic 
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stress for the Na+ ions was ~ 3 times that of the H2O molecules, indicating that the stress transfer 

capacity of Na+ was much greater than that of the H2O molecules. For the Cl− ions, the atomic 

stress was negative before tensile loading and the Cl− ions were under compression. With the 

increase in tensile strain, the atomic stress increased gradually and then reached a plateau, but 

remained always negative during the entire tensile loading. This result indicated that the tensile 

process only led to the release of the compressive stress of the Cl− ions, and thus that the Cl− 

ions did not contribute to the transfer of the tensile stress.  

To further understand the different stress transfer capacities of the H2O molecules, Na+ ions 

and Cl− ions in the interlayer solutions, the per-atom potential for the H2O molecules, Na+ ions 

and Cl− ions was calculated, as shown in Fig. 9(b). Overall, the per-H2O potential and per-Na+ 

potential increased gradually until reaching their peaks, indicating that the H2O molecules and 

Na+ ions contributed to resist the tensile load. The maximum increase of the per-H2O potential 

and per-Na+ potential was respectively 0.79 kcal/mol and 2.44 kcal/mol, indicating that the 

contribution of Na+ ions to resist the tensile load was much greater than that of H2O molecules. 

For Cl− ions, however, the per-Cl− potential decreased gradually until reaching a plateau. The 

decrease of the per-Cl− potential indicated that the debonding process led to the release of 

compressive stress of the Cl− ions. Therefore, it can be concluded that the Na+ ions had much 

greater stress transfer capacity than the H2O molecules, which is why the introduction of NaCl 

into the interlayer solution can enhance the bond strength of the C-S-H layered structures. In 

contrast, the Cl− ions did not contribute to enhancing the bond strength. 
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(a) Atomic stress 

 

(b) Per-atom potential 

Fig. 9 (a) Atomic stress of the H2O molecules, Na+ ions and Cl− ions of the C-S-H layered structure with NaCl/H2O 

= 0.10 for the interlayer solution; (b) Per-atom potential for the H2O molecules, Na+ ions, and Cl− ions of the C-S-

H layered structure with NaCl/H2O = 0.10 for the interlayer solution. 
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(Fig. 10(b.1)), most of the Ca2+ ions on the C-S-H layer surfaces remained tightly bonded to the 

layers during the deformation process. However, after introducing NaCl into the interlayer 

solution, a few Ca2+ ions moved over the C-S-H surface, as labelled in Fig. 10(b.2−b.3). This 

further indicated that a few Ca2+ ions had a weak bond strength with the layers due to the 

presence of NaCl in the interlayer solution, which was consistent with the previous finding of 

the release of Ca2+ ions from the C-S-H surface.  

 

(a) Deformed C-S-H layered structures 
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Fig. 10 (a) Deformed C-S-H layered structures made of different interlayer solutions (NaCl/H2O = 0.00, 0.05, and 

0.10) at 50% shear strain; and (b) Atom displacement along y-direction of the C-S-H layers and the interlayer 

solution (NaCl/H2O = 0.00, 0.05, and 0.10) of the C-S-H structures at 50 % shear strain. 
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Fig. 11 shows the shear stress-strain curves of the C-S-H layered structures made of different 

interlayer solutions (NaCl/H2O = 0.00, 0.05, and 0.10). Overall, the shear stress of the three 

structures had a linear relationship with the shear strain during the initial stage (elastic stage) 

of the loading. After reaching a maximum value, the shear stress fluctuated with peaks and 

valleys around a mean shear stress as the strain further increased. The maximum peak shear 

stress was 0.29, 0.35, and 0.42 GPa for the three C-S-H layered structures, respectively and the 

mean shear stress at the fluctuation stage was 0.14, 0.26, and 0.36 GPa, respectively. These 

results indicated that the shear performance was enhanced by increasing NaCl concentration in 

the interlayer solution. Since the shear deformation of C-S-H layered structures originated from 

the sliding of the C-S-H layers over each other, it could be concluded that the sliding resistance 

between the C-S-H layers was enhanced by introducing NaCl into the interlayer solutions. In 

other words, the lubrication effect of the interlayer solution was reduced after introducing NaCl 

into the interlayer solutions.  

 

Fig. 11 Shear stress-strain curves of the C-S-H layered structures made of different interlayer solutions (NaCl/H2O 

= 0.00, 0.05, and 0.10).  
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of a liquid is the quantity that describes the resistance of the molecules to transport, which 

therefore has a reciprocal relationship with the diffusion ability of the molecules.33, 62 In this 

study, the diffusion coefficient (𝐷𝐷) of the interlayer solutions was calculated to reveal the 

diffusion ability of the interlayer solutions, following the equation below,44 

𝐷𝐷 =
1
6

lim
𝑡𝑡→∞

〈|𝒓𝒓(𝑡𝑡) − 𝒓𝒓𝟎𝟎|2〉
𝑡𝑡

≈
1

6𝑁𝑁
∑ |𝒓𝒓𝑘𝑘(𝑡𝑡1) − 𝒓𝒓𝑘𝑘(0)|2𝑁𝑁
𝑘𝑘=1

𝑡𝑡1 − 𝑡𝑡0
                       (4) 

where N is the number of atoms to be averaged; vector 𝒓𝒓𝑖𝑖(𝑡𝑡1) is the position of the 𝑘𝑘th atom at 

time 𝑡𝑡1; vector 𝒓𝒓𝑖𝑖(0) is the reference position of the 𝑘𝑘th atom at time 𝑡𝑡0. Fig. 12a shows the 

diffusion coefficient of the interlayer solutions (NaCl/H2O = 0.00, 0.05, and 0.10) as a function 

of distance along the z-direction. For all interlayer solutions, the diffusion coefficient increased 

gradually with the distance and reached a maximum in the middle of the interlayer solution, 

after which it decreased with a further increase of the distance in the z-direction. The results 

indicated that the diffusion of the interlayer solutions was faster the further away from the 

surfaces of the C-S-H layers. The overall diffusion coefficients for the three interlayer solutions 

were 1.13, 0.90, and 0.78 Å2/ns respectively, indicating that the introduction of NaCl into the 

interlayer solutions decreased the diffusion coefficient. In addition, please note that the 

diffusion coefficient of the confined solutions was much lower than that (319. 33, 207.24, and 

137.44 Å2/ns, respectively) of the bulk solutions. In conclusion, the viscosity of the interlayer 

solution was enhanced by the presence of NaCl in the interlayer solution, which had an adverse 

effect to the lubricating role of the solutions.63 This result agreed with experimental data from 

the literature that indicates that the viscosity of NaCl solutions at room temperature decreases 

with increasing NaCl concentration.64  
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          (a) Diffusion coefficients of the interlayer solutions 

 

                                                                  (b) Interfacial interaction energy 

Fig. 12 (a) Diffusion coefficients of the interlayer solutions (NaCl/H2O = 0.00, 0.05, and 0.10) as a function of 

distance in z-direction. For the calculation of diffusion coefficients, the interlayer solution was cut into small 0.5 

Å-thick regions along z-direction. The diffusion coefficients of each region were obtained using Eq. (4). The atom 

positions over a timescale of 500 ps were recorded for the calculation; (b) Variation of the interfacial interaction 

energy between the C-S-H layers and the interlayer solutions under shear loading. 

To reveal the effect of NaCl concentration on the interfacial adhesion between the C-S-H 

layers and the interlayer solutions, the interfacial interaction energy was calculated using the 

following equation:  

𝐸𝐸𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 − 𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 − 𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆                                  (5) 

where 𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  is the total potential energy of the layered structure, 𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿  is the potential 

energy of the two C-S-H layers and 𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 is the potential energy of the interlayer solution. 
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Fig. 12(b) shows the variation of the interfacial interaction energy between the C-S-H layers 

and the interlayer solutions as a function of shear strain. The initial interfacial interaction energy 

for the three structures was ca. -3885, -3964, and -4065 kcal/mol, respectively. Lower 

interfacial interaction energy (more negative) corresponds to a stronger interfacial adhesion.33 

Therefore, the results showed that the interfacial adhesion was strengthened by increasing NaCl 

concentrations in the interlayer solution. Furthermore, the interfacial interaction energy slightly 

decreased during the sliding process, which was attributed to the fact that the sliding process 

could overcome some energy barriers to optimize the atom positions.  

Therefore, it can be concluded that increasing NaCl concentration can increase the viscosity 

of the interlayer lubricant and strengthen the interfacial adhesion between the C-S-H layers and 

the lubricant, both of which are unfavourable to the lubrication effect of the interlayer solution. 

This explains why the sliding resistance between the C-S-H layers was enhanced after 

introducing NaCl into the interlayer solution.  

4. Conclusions 

In this work, molecular models of two C-S-H layers interspersed with NaCl solutions of 

different concentrations (NaCl/H2O = 0.00, 0.05, and 0.10) were constructed. The following 

conclusions can be drawn from the atomistic simulations: 

(1) Thermodynamically, the Na+ ions of the interlayer solutions showed a strong adsorption 

capacity onto the C-S-H layer surfaces, which caused partial release of Ca2+ ions from 

the C-S-H layer surfaces (termed as “Na−Ca cation exchange”) into the interlayer 

solutions. Increasing NaCl concentration in the interlayer solution led to more Na−Ca 

cation exchanges and the loss of H-bond at the solid-solution interface.  

(2) The bond performance between the C-S-H layers was enhanced by introducing NaCl 

into the interlayer solution. The bond strength increased from 0.97 to 1.36 GPa when 

the NaCl/H2O mole ratio increased from 0.00 to 0.10 as a result of Na+ ions having a 

greater stress transfer capacity than the H2O molecules. Cl− ions, however, did not 

enhance the bond performance. 
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(3) The occurrence of fracture of the C-S-H layered structure was delayed by introducing 

NaCl into the interlayer solutions. Overall, the fracture process underwent three stages: 

crack propagation through the interlayer solution, atomic chain bridging between the C-

S-H layers, and complete debonding of the C-S-H layers. After introducing NaCl into 

the interlayer solution, both Na+ and Cl− ions were involved in the H2O chain bridging, 

which may have contributed to the residual bond strength.  

(4) Under shear loading, the C-S-H layers slid over each other with the interlayer solutions 

acting as lubricant. The sliding resistance between the C-S-H layers was enhanced by 

the presence of NaCl in the interlayer solutions. The following two mechanisms 

responsible for the enhanced sliding resistance were identified: (1) NaCl increased the 

viscosity of the interlayer lubricant and (2) the solid-solution interface was strengthened 

by introducing NaCl into the interlayer solution. 
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