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Abstract 

The interfacial characteristics between cement paste and silica are far from being fully 

understood, especially from the nanoscale perspective. Herein, molecular models were used to 

provide comprehensive insights into the interfacial characteristics between calcium silicate 

hydrate (C-S-H, the main binding phase of cement paste) and silica. Chemically, various types 

of bonds existed at the interface, including H-bonds and Ca−O bonds, and proton (H+) exchange 

occurred between C-S-H and silica. An increase in the water content of C-S-H could depress 

the deprotonation of the Si-OH groups on the silica surface. Structurally, an atomic-level 

interfacial transition zone (ITZ) with a low density was identified, which was attributed to the 

rich presence of –OH groups at the C-S-H−silica interface. The water molecules and calcium 

ions in the ITZ diffused faster than those in the bulk C-S-H. Mechanically, the interfacial bond 

strength was inversely related to the water content of C-S-H, with the higher water content 

reducing the interfacial interactions. Under loading, the interfacial fracture underwent three 

stages: crack propagation, atomic chain bridging (responsible for the interfacial residual 

strength), and complete failure. These atomic-level findings provide hitherto unknown 

mechanisms of the interfacial interactions between cement paste and silica. 

Keywords: Interfacial bonding; Proton exchange; Interfacial transition zone; Bond strength; 

Interfacial fracture 
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1. Introduction 

Concrete, composed of fine and coarse aggregates bonded together by hydrated cement, is 

one of the most consumed building materials. However, the concrete production brings forth 

noteworthy environmental burdens, contributing to 7–10% of the global human-made CO2 

emissions [1, 2]. Besides, buildings constructed with concrete may confront structural 

vulnerability due to the low tensile strength of concrete, leading to unignorable safety issues. 

To reduce the environmental footprint and address the safety concerns, the concept of 

introducing additional materials from the nano- to macro-scale has been advocated to enhance 

the performance of concrete over the past decades. Among these materials, silica of varied 

forms, including nano-silica particles [3], silica fume [3], glass fiber [4], silica-coated fiber [5], 

and so on, is one of the most commonly used materials to improve the mechanical properties 

of concrete. However, the reinforcing efficiency of silica is strongly dependent on the interfacial 

characteristics between cement paste and silica [6-8].  

To date, many experimental studies have been carried out to unravel the interfacial 

interactions between cement paste and silica of varied forms. For nano-silica and silica fume, 

they could serve as nanofillers between the gel particles of calcium silicate hydrates (C-S-H, 

the main binding phase of hydrated cement) [9, 10]. Besides, nano-silica and silica fume could 

also facilitate the formation of C-S-H gel and densify the matrix through reactions with calcium 

hydroxide (the secondary hydrates in cement paste) [9, 10]. For fibrous silica (e.g., glass fiber), 

the Ca/Si ratio was lower at the matrix-fiber interface with respect to that of the matrix [7]. In 

addition, the interfacial strength between cement matrix and glass fiber clearly increases with 

the decrease in the water/cement (w/c) ratio of the matrix [7]. For larger-scale silica (e.g., silica 

sand), its interface with the matrix usually has a low density, as observed by backscattered 

electron imaging, by virtue of the so-called “wall effect” [11-13]. In contrast to the matrix-fiber 

interface, the Ca/Si ratio at the matrix-silica sand interface is higher than that of the matrix due 

to the richness of portlandite in the interfacial transition zone (ITZ). Undoubtedly, the roles of 

different silica structures in the cement paste could vary with each other. However, a common 

principle shared by these silica structures is that the interfacial nature between cement paste and 
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silica plays a vital role in altering the performance of cement matrix. The interfacial strength 

can be affected by many factors, such as the chemical composition of cement, the type, shape 

and surface texture of silica, the curing age, and temperature [13-16]. Despite this, many 

interfacial features, especially at the nanoscale level, still remain somewhat an enigma due to 

the complexity of the interfacial microstructure and the constraints imposed by existing 

experimental techniques [17]. 

Molecular dynamics (MD), a tool for analyzing the movements of atoms and molecules, 

can provide direct nanoscale insight into the chemical and physical basis of materials [18, 19]. 

Most of the classical MD use empirical interatomic potentials with predefined functional forms 

to capture the chemistry and physics of materials. To incorporate flexibility in the functional 

form, the machine learning approach shows marked success in developing interatomic 

potentials for a wide range of materials (e.g., two-dimensional (2D) materials, metals and 

oxides) [20, 21]. In 2009, Pellenq et al. [22] developed a tobermorite-like C-S-H model with a 

stoichiometry of (CaO)1.65(SiO2)(H2O)1.75. Following this model building procedure, many 

studies have been carried out to investigate the mechanical, fracture, thermal, and transport 

properties of cement paste at the molecular level [23-30] . Recently, some amorphous C-S-H 

molecular models have also been developed, which shed atomic-level lights on the 

understanding of structural characteristics, elastic deformation, hydration mechanisms, silicate 

chain growth in cement paste, and the growth of amorphous C-S-H gel on substrates [31-35]. 

In addition, the MD tool has been widely applied to study the interfacial properties in many 

composite systems. For example, Kai et al. [36] studied the interfacial chemical events and 

mechanical behaviors between geopolymer and silica, focusing on the influence of the Si/Al 

ratio of geopolymer. Sun et al. [37] performed MD simulation of the interactions of amine 

molecules with C-S-H substrates in an aqueous environment. Other interfacial structures, such 

as C-S-H−geopolymer [38], water−silica [39], polymer−silica [40], polymer−metal [41], and 

graphene−polymer [42], were also investigated. These studies led to a better understanding of 

the interfacial physics and chemistry in different composites, which are often not accessible 

experimentally. In addition, the atomic-level properties obtained from atomistic simulation can 



5 
 

provide essential information for the multiscale investigation, which is beneficial for 

understanding the material performance from the nanoscale to macroscale [43, 44]. To the best 

of the authors' knowledge, however, only a few MD studies have been carried out on the 

interfacial characteristics between cement paste and silica. Zhou et al. [45] constructed a C-S-

H−silica model to reveal the interfacial behaviors between cement paste and silica, but the 

surface structure (Si-O−) of the silica model did not consist with the fact that the silica surface 

is in the hydrated form (Si-OH) [46, 47]. Therefore, it calls for a comprehensive molecular-

level investigation of the interaction mechanisms at the C-S-H−silica interface.  

In this work, molecular models of C-S-H−silica systems were developed to elucidate the 

interfacial characteristics from the nanoscale perspective. First, the interfacial interaction 

mechanisms between C-S-H and silica were studied, and the interfacial structures were 

characterized. Then, the atom trajectories were recorded to analyze the diffusion behavior of 

the water (H2O) molecules and calcium (Ca2+) ions of the C-S-H molecular structure at the 

silica surface. Finally, the bond strength between C-S-H and silica was determined and the full-

range fracture process at the interface was captured. In addition, the water content of C-S-H, an 

important factor that affects interfacial characteristics, was considered. The atomic-level 

information provided in this work can reveal unknown mechanisms underlying the interfacial 

interactions between cement paste and silica and be used to derive the essential interaction 

parameters for the multiscale simulation of cement paste-silica interface. 

2. Simulation Method 

2.1 Model construction 

To start, a quartz-alpha unit was selected as the building block structure for the silica model 

[48-50], as shown in Fig. 1(a). This unit is a monoclinic cell with a size of a = 5.402 Å, b = 4.91 

Å, c = 4.91 Å (α = 120o, β = γ =90o). To construct the silica substrate, a (7 × 8 × 10) supercell 

of the unit was converted into an orthorhombic configuration with a size of 37.81 Å × 39.28 Å 

× 42.52 Å (Fig. 1a) [51]. Next, two exposed silica surfaces were created by assigning hydrogen 

(H) atoms to the exposed oxygen (O) atoms on the upper and lower surfaces to produce a 
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hydrated form (Si-OH) at the surfaces (Fig. 1a), in agreement with the experimental observation 

that silicon (Si) atoms usually exist in the hydrated form at the silica surface [46, 47]. Please 

note that for some real silica materials (e.g., nano-silica and silica fume), their molecular 

structures prefer to be amorphous [46, 47], but it is not necessary to transform the crystalline 

silica model into an amorphous one as the interfacial nature between two phases is determined 

by the surface chemistry [52]. Next, amorphous C-S-H molecular models with various water 

contents were created and placed in contact with the surface of the silica model. The C-S-H 

molecular structures were composed of the silicate chains (including 12 monomers, 30 dimers, 

8 pentamers, and 2 octamers), 218 Ca2+ ions resulting in a Ca/Si ratio of 1.7 [22], and 38 O2− 

ions (for charge balance [22]), as well as different numbers of H2O molecules (for representing 

various water contents). The H2O/Si ratio of these C-S-H structures ranged from 1.0 to 3.0, 

which was within the range (1.0−4.0) obtained from experiments reported in the literature [53]. 

The silicate chain length followed the 3n-1 rule [54], and the silicate chains had a Qn distribution 

(Q0 = 9%, Q1 = 63% and Q2 = 28%) that was close to that of experimental samples (Q0 =10%, 

Q1 = 67% and Q2 = 23%) [55]. These silicate chains, ions, and H2O molecules were randomly 

packed into the empty space at the silica surface to construct the initial amorphous C-S-H 

molecular structures, as done in Ref. [56]. The empty space increased gradually from 40 Å to 

50 Å in height when the H2O/Si ratio ranged from 1.0 to 3.0. Fig 1 (b) shows three molecular 

models of the C-S-H−silica systems with H2O/Si ratios of 1.0, 2.0 and 3.0.  
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Fig. 1 (a) Procedure to prepare the atomic model of silica: Step 0: SiO2-alpha unit cell; Step 1: orthorhombic 

configuration of the silica; Step 2: final molecular model of silica with the surfaces in hydrated form; and (b) 

Perspective views of the molecular models of C-S-H−silica systems with a H2O/Si ratio of 1.0, 2.0, and 3.0, 

respectively. (Yellow spheres denote the Si atoms; Red spheres denote the O atoms; White spheres denote the H 

atoms; Green spheres denote the Ca atoms.) 

2.2 Simulation procedure 

First, the initial molecular models were geometry-optimized by performing an energy 

minimization of the systems via the conjugate gradient (CG) algorithm with a convergence 

criterion of 10−6 kcal/mol for energy and 10−6 kcal/mol-Å for force, followed by thermodynamic 
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equilibrium that was carried out for 500 ps in an isothermal-isobaric (NPT) ensemble with a 

temperature of 500 K and a pressure of 101 kPa (atmospheric pressure). The Berendsen 

thermostat and barostat algorithms were applied for the temperature and pressure control [57]. 

This thermal treatment accelerated the chemical and physical events in the interfacial structures 

to reach the equilibrium state. During this process, some H2O molecules of the C-S-H 

dissociated into OH− and H+ ions [58, 59]. The OH− ions predominantly reacted with the Ca2+ 

ions of the C-S-H to form Ca–OH bonds, while the H+ ions were adsorbed by the silicate chains 

to transform the Si-O− into the Si-OH groups. After thermal treatment, the systems were cooled 

down to 300 K (room temperature) with a cooling rate of 10 K/ps. Subsequently, the systems 

were further equilibrated for an additional 300 ps in an NPT ensemble with a temperature of 

300 K and a pressure of 101 kPa.  

A series of analyses was then performed on these C-S-H−silica molecular models. First, 

the interfacial interaction between C-S-H and silica was investigated at the equilibrium states 

by determining the interfacial bonding. Next, the density fields of these molecular models were 

analyzed to further understand the structural characteristics of the C-S-H−silica systems. To 

study the diffusion characteristics of the H2O molecules (including dissociated H2O, namely 

OH− ions) and Ca2+ ions in the C-S-H structures, the atom trajectories of the H2O molecules 

and Ca2+ ions were recorded by further equilibrating these systems for 200 ps in a canonical 

(NVT) ensemble with a temperature of 300 K. To investigate the interfacial mechanical 

properties and fracture characteristics of these C-S-H−silica molecular models, a uniaxial 

tensile load was applied on the structures along the z-direction (perpendicular to the interface). 

The load scheme was carried out by fixing the lower regions (z coordinate smaller than 5.0 Å) 

and then assigning a constant velocity (0.0001 Å/ps) to the upper regions (z coordinate larger 

than 80.0 Å). The tensile velocity employed in this study was in the range widely suggested in 

the literature for MD simulation of uniaxial tensile loading [36, 60]. During the tensile loading, 

the Berendsen thermostat (300 K) was employed to control the temperature of the middle 

regions that were subject to tension.  

All the simulations were performed using the Large-scale Atomic/Molecular Massively 
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Parallel Simulator (LAMMPS) package. The simulation timestep was set to 0.25 fs, and 

periodic boundary conditions (PBCs) were applied to all directions (x, y, and z) of the molecular 

models for all simulations.  

2.3 Reactive force field 

In this study, the reactive force field (ReaxFF), originally developed by Adri van Duin et 

al. [61], was adopted to describe both inter- and intra-molecular interactions in the systems. The 

ReaxFF is a bond order-based force field that is able to deal with both chemical (i.e., bond 

formation and dissociation) and physical events in materials. In this force field, the total 

potential energy is a sum of various partial contributions given by the equation, 

ETotal = Ebond + Eangle + Etor + Eover + Eunder + Elp + EH-bond + EvdW + Ecoul             (1) 

where Ebond, Eval and Etor represent bond energy, valence angle energy, and torsion angle energy, 

respectively; Eover and Eunder are over-coordination energy penalty and under-coordination 

stability, respectively; Elp is a lone-pair energy based on the number of lone pairs around an 

atom; EH-bond, EvdW and Ecoul represent hydrogen-bond (H-bond) energy, van der Waals energy, 

and Coulomb energy, respectively. The atomic charges were adjusted at each MD timestep 

using the Charge equilibration (QEq) scheme. A more detailed description of these energy terms 

in the ReaxFF can be found elsewhere [62].  

In this study, the ReaxFF parameter set was obtained from Ref. [63], which was developed 

by Adri van Duin’s group and have benchmarked against high-level quantum mechanics (QM) 

calculations of Ca/Si/O/H systems via a successive one-parameter search technique to minimize 

the error [62]. This parameter set has already been successfully applied to study a variety of 

materials, such as calcium hydroxide (Ca(OH)2) [64], silica [65], and C-S-H gel [55]. Based on 

the radial distribution function (RDF) analysis, the bond length for various bond types in the C-

S-H and silica was obtained, as shown in Table 1. The values agreed well with the DFT results 

from the literature, indicating that the ReaxFF used in this study can well model the molecular 

structures. 
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Table 1 The average bond length of various bond types in the C-S-H and silica models based on the RDF analysis 

Bond type 
C-S-H Silica 

This work From literature This work From literature 

Ca-O bond 2.52 Å 2.5 Å [66] – – 

Si-O bond 1.56 Å 1.6 Å [66] 1.59 Å 1.61 Å [67] 

O-H bond 0.97 Å 0.97 Å [68] 0.99 Å 0.98 Å [69] 

H-bond 2.45 Å 2.37 Å [70] – – 

3. Results and Discussion 

3.1 Interfacial interactions  

Interfacial interactions are an important material characteristic that plays a key role in the 

properties of various composites. By studying the C-S-H−silica systems at the equilibrium state, 

different types of interfacial bonds could be identified, as shown in Fig. 2(a). The silicate chains 

of the C-S-H structure (Fig. 2a.1) could interact with the silica via H-bonds (defined as type 1 

H-bonds). The interfacial H-bond could be formed (1) between two Si-OH groups, one of which 

donated the H atom while the other provided the O atom to accept the H atom, or (2) between 

one Si-OH group that donated the H atom and one Si-O− group that accepted the H atom. 

Similarly, the H2O molecules (or OH− ions) of the C-S-H structure (Fig. 2a.2) could also interact 

with the silica via H-bonds (defined as type 2 H-bonds) by either donating or accepting the H 

atoms. Moreover, they could also interact with the silicate chains of the C-S-H structure via H-

bonds, which could be viewed as the link between the silicate backbone of the C-S-H structure 

and the silica. The Ca2+ ions of C-S-H structure (Fig. 2a.3) could interact with the silica via 

Ca−O ionic bonds. The interfacial Ca−O bond number per Ca2+ ion ranged from 1 to 4. At the 

same time, they could also interact with the silicates of the C-S-H structure via Ca−O ionic 

bonds, which could also be viewed as the link between the silicate backbone of the C-S-H 

structure and the silica. In addition, the H-bond number (type 1 and 2) and Ca−O bond number 

between the C-S-H structure and the silica were counted for all structures with H2O/Si ratio 

ranging from 1.0 to 3.0, as shown in Fig. 2(b). The interfacial H-bond number (type 1 and 2) 

increased while the interfacial Ca−O bond number decreased with increasing H2O/Si molar 
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ratio. For all interfaces, the H-bond number was much more than the Ca−O bond number for 

H2O/Si ratio ranging from 1.0−3.0. In conclusion, the C-S-H molecular structures interacted 

with the silica via H-bonds (type 1 and 2) and Ca−O ionic bonds. H-bond was the dominant 

bond type at the interface. Increasing the water content of C-S-H led to more H-bonds (type 1 

and 2), but reduced the Ca−O ionic bonds at the interface.  

    

(a) Snapshots of the different interfacial bond schemes 

    

(b) Interfacial bond numbers 

Fig. 2 (a) Snapshots of the interfacial bonds between C-S-H and silica: (a.1) Type 1 H-bonds representing bonding 

between the silicate chains of C-S-H and silica; (a.2) type 2 H-bonds representing bonding between H2O (or OH–) 

of C-S-H and silica; (a.3) Ca–O ionic bonds between Ca2+ ions of C-S-H and silica; and (b) Interfacial bond number 

between C-S-H and silica, including type 1 H-bonds, type 2 H-bonds, and Ca–O bonds. 

Interestingly, it was found that there were some chemical events between C-S-H and silica 

due to proton (H+) transfer among the interfacial components. Two chemical reaction pathways 
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could be concluded from the chemical events at the interface, as exhibited in Fig. 3(a). For 

pathway 1 (the main reaction pathway), the OH− ions that dissociated from the H2O molecules 

could take the H+ from the Si-OH groups at the silica surface, which transformed the OH− ions 

into H2O molecules and the Si-OH groups into Si-O− groups. The Si-O− groups on the silica 

surface could further take the H+ from the H2O molecules of the C-S-H, which transformed the 

H2O molecules into OH− ions and the Si-O− groups back to Si-OH groups. For pathway 2 

(occasional reaction pathway), a few Si-O− groups of the silicates in the C-S-H could directly 

take the H+ from the Si-OH groups at the silica surface, and these H+ could also be taken back 

by the new Si-O− groups at the silica surface. During the reaction process, more H+ were 

transferred from the silica surface to C-S-H, resulting in some Si-O− groups that could be 

observed on the silica surface at the equilibrium state, which is counted in Fig. 3(b). The results 

demonstrated that increasing the H2O/Si ratio of the C-S-H can reduce deprotonation of the Si-

OH groups at the silica surface. Deprotonation of silica is a common characteristic in alkaline 

environment as the ≡Si-OH groups possess weak acidity [71]. In conclusion, there existed H+ 

exchange between C-S-H and silica through two reaction pathways: one was the H+ transfer 

from the Si-OH groups of silica to the OH− in the C-S-H and then from the H2O in C-S-H to 

the Si-O− groups of silica; the other pathway was the H+ transfer between the Si-OH groups of 

silica and the Si-O− groups of C-S-H. Moreover, less Si-OH groups were deprotonated from the 

silica surface with increasing water content of the C-S-H. 
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Fig. 3 (a) The two chemical reaction pathways between C-S-H and silica. The atoms labeled in blue color represent 

the H+ involved in the reaction process; and (b) Number of Si-O− groups on the silica surface as a function of the 

H2O/Si ratio of C-S-H. 

3.2 Interfacial transition zone 

The atomic structures of the C-S-H−silica model systems were characterized by 

calculating the density field. Fig. 4(a−c) presents three density fields of the systems with a 

H2O/Si ratio of 1.0, 2.0 and 3.0. By analyzing the density distribution based on colors, it could 

be found that the C-S-H−silica interface had a relative lower density than the bulk C-S-H, which 

could be defined as an atomic-level ITZ [36]. The formation mechanism of this ITZ could be 

attributed to the rich presence of –OH groups at the interface provided by both the C-S-H (Si-

OH, H2O and OH−) and the silica (Si-OH). As shown in Fig. 2 (a) and (b), the interfacial 

interactions were dominated by H-bonds, which generated a density field approaching that of 

water (1 g/cm3 for a complete H-bond system). To further understand the ITZ features and the 

effect of C-S-H water content, the mass density profile of the three C-S-H–silica model systems 

(H2O/Si ratio = 1.0, 2.0 and 3.0) was plotted in Fig. 4(b) as a function of distance along the z-

direction. The ITZ widths of these systems were 3.20 Å, 3.35 Å, and 3.40 Å, respectively, which 

indicated a slight increase (~ 6%) of the width with the H2O/Si ratio. The ITZ density were 1.12 

g/cm3, 1.06 g/cm3, and 0.99 g/cm3, respectively, suggesting that the ITZ density can decrease 

gradually when the H2O/Si ratio of C-S-H increases as a result of more –OH groups 

concentrating at the interface. Atomic-level ITZ of low density has been previously reported at 

the interface of various composites, such as the SiO2−epoxy interface [72], the 

SiO2−geopolymer interface [36], and the carbon nitride−epoxy interface [73]. In conclusion, 

the results evidenced the presence of an atomic-level ITZ of low density between C-S-H and 

silica. Increasing the water content of C-S-H led to an increase of the ITZ width but a decrease 

of the ITZ density.  
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Fig. 4 (a−c) Density fields of the C-S-H−silica systems with a H2O/Si ratio of 1.0, 2.0 and 3.0. In this study, PBCs 

were employed for all systems, so there was another ITZ at the boundary, which is not labeled; and (d) Mass 

density profiles of the three C-S-H−silica model systems (H2O/Si ratio of 1.0, 2.0 and 3.0) as a function of the 

distance along z-direction. 

Next, the diffusion behavior of the H2O molecules (including OH− ions) and Ca2+ ions in 

the ITZ was characterized. To assess the diffusion behavior, the mean squared displacement 

(MSD), a measure of the deviation of the position of an atom with respect to its reference 

position over time, was computed over a timescale of 200 ps using the following equation:  

𝑀𝑀𝑀𝑀𝑀𝑀(𝑡𝑡) = 〈|𝒓𝒓(𝑡𝑡) − 𝒓𝒓𝟎𝟎|2〉 =
1
𝑁𝑁
�|𝒓𝒓𝑖𝑖(𝑡𝑡) − 𝒓𝒓𝑖𝑖(0)|2
𝑁𝑁

𝑖𝑖=1

                              (1) 

where N is the atom number to be averaged;  𝒓𝒓𝑖𝑖(𝑡𝑡) and 𝒓𝒓𝑖𝑖(0) are the position of the i-th atom 

at time and 𝑡𝑡 and 0 (the reference position). Fig. 5 summarizes the MSD values of the H2O 

molecules and Ca2+ ions in the ITZ of the three C-S-H−silica model systems with a H2O/Si ratio 

of 1.0, 2.0 and 3.0. For reference, the MSD values of the H2O molecules and Ca2+ ions in the 
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bulk C-S-H (as taken from the middle 10 Å-thick zone of the C-S-H structures) were also 

calculated. Overall, the MSD values of the H2O molecules and Ca2+ ions in both the ITZ and 

bulk C-S-H increased over time, which was indicative of the diffusion process. For all structures, 

the MSD values of the H2O molecules and Ca2+ ions in the ITZ were higher than those in the 

bulk C-S-H. Moreover, the MSD values of the H2O molecules and Ca2+ ions in the ITZ became 

larger as the H2O/Si ratio of the C-S-H increased. Therefore, it can be concluded that the H2O 

molecules and Ca2+ ions diffused faster in the ITZ than in the bulk C-S-H. Furthermore, 

increasing the water content of C-S-H accelerated the diffusion of the H2O molecules and Ca2+ 

ions in the ITZ. 

     
       (a) H2O molecules 

     
       (b) Ca2+ ions 

Fig. 5 (a) MSD values of the H2O molecules in the ITZ and bulk C-S-H (H2O/Si ratio = 1.0, 2.0 and 3.0); (b) MSD 

values of the Ca2+ ions in the ITZ and bulk C-S-H (H2O/Si ratio = 1.0, 2.0 and 3.0). According to the overall trend 

of the MSD values, the linear logarithmic transform function (𝑦𝑦 = 𝑎𝑎 + 𝑏𝑏𝑏𝑏^𝑐𝑐) was employed to fit the data.  
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3.3 Interfacial bond strength 

The interfacial bond strength between C-S-H and silica is one of the most significant 

features that plays a key role in concrete performance. A series of tension tests was carried out 

on the C-S-H−silica model systems to investigate the interfacial bond strength. Fig. 6(a) 

illustrates the loading scheme that fixes 5Å-thick silica atoms at the bottom and then applies a 

pull force on the upper C-S-H atoms, leaving 75Å-thick structures to deform. During the tensile 

process, the pull force−displacement curves were plotted, as shown in Fig. 6(b). For all model 

systems, the pull force increased linearly with the pull displacement (elastic stage) and then 

reached a peak, after which the pull force decreased gradually (fracture stage). The peak load 

was 39.6 nN, 31.9 nN, and 25.2 nN, respectively for the three systems with a H2O/Si ratio of 

1.0, 2.0 and 3.0, corresponding to an interfacial bond strength of 2.56 GPa, 2.08 GPa, and 1.63 

GPa, respectively. These results demonstrated that the bond strength between C-S-H and silica 

was reduced by increasing the H2O/Si ratio of the C-S-H. At the fracture stage, the pull force 

existed over a long range, suggesting that the C-S-H−silica systems sustained a residual strength 

under a large tensile deformation until reaching the failure point. The interfacial residual 

strength of the three systems at a given strain followed the following order: H2O/Si ratio = 1.0 > 

H2O/Si ratio = 2.0 > H2O/Si ratio = 3.0. In contrast, the occurrence of the failure point followed 

a different order: H2O/Si ratio = 1.0 > H2O/Si ratio = 3.0 > H2O/Si ratio = 2.0, which indicated 

that the C-S-H−silica systems with the H2O/Si ratio of 2.0 could resist the largest tensile 

deformation before reaching the failure point. In conclusion, the interfacial bond strength and 

residual strength between C-S-H and silica were inversely related to the water content of C-S-

H. The C-S-H−silica systems sustained a long-range residual strength until reaching the failure 

point, which occurred in the following order: H2O/Si ratio = 1.0 > H2O/Si ratio = 3.0 > H2O/Si 

ratio = 2.0.  
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Fig. 6 (a) Loading scheme performed on the C-S-H−silica model systems with a H2O/Si ratio of 1.0, 2.0 and 3.0. 

A 5 Å-thick layer of silica atoms at the bottom (green color) was fixed while the upper atoms (green color) with z 

coordinates > 80 Å were subjected to a pull force. As a result, all model systems had a 75 Å-thick structure 

(represented in purple color for the C-S-H atoms and in blue color for the silica atoms) that could deform under 

the pull force; (b) Pull force−displacement curves of the C-S-H−silica model systems with a H2O/Si ratio of 1.0, 

2.0 and 3.0; and (c) Variation of the interfacial total potential, coulomb potential, and H-bond potential as a 

function of the pull displacement.  

To further understand the interfacial bond properties, the variation of the interfacial 

potential was calculated during the tensile process using the following equation: 

 𝐸𝐸𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 − 𝐸𝐸𝐶𝐶−𝑆𝑆−𝐻𝐻 − 𝐸𝐸𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴                                 (2) 

where 𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  is the system potential of the C-S-H−silica model systems; 𝐸𝐸𝐶𝐶−𝑆𝑆−𝐻𝐻  is the 

potential of C-S-H, and 𝐸𝐸𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 is the potential of silica. Fig. 6(c.1) shows the variation of 

the total interfacial potential of the three C-S-H−silica systems with a H2O/Si ratio of 1.0, 2.0 



18 
 

and 3.0 as a function of the pull displacement. For all systems, the total interfacial potential 

increased with the pull displacement, and then reached a plateau, at which stage the total 

interfacial potential fluctuated over a small range. The maximum increase of the total interfacial 

potential was 212.6 kcal/mol/nm2, 166.2 kcal/mol/nm2, and 132.3 kcal/mol/nm2, respectively 

for the three systems (H2O/Si ratio = 1.0, 2.0, and 3.0), respectively. These results indicated 

that increasing the water content of C-S-H reduced the interfacial energy consumption during 

the tensile process. Since the variation of interfacial potential corresponds to the loss of 

interfacial interactions, it was concluded that the interfacial interaction between C-S-H and 

silica was weakened by increasing the water content of C-S-H.  

To explain how the water content of C-S-H affected the interfacial interaction between C-

S-H and silica, two key contributions to the total interfacial potential, including the interfacial 

Coulomb potential and H-bond potential, were calculated, as shown in Fig. 6(c.2) and (c.3). It 

should be noted that the interfacial van der Waals (vdW) potential is not discussed here because 

this potential did not increase during the tensile process, which indicated that its contribution 

to the interfacial bond strength could be ignored. The variation of the interfacial Coulomb 

potential almost followed the same trend as that of the total interfacial potential, which 

demonstrated that the interfacial Coulomb potential was the main contributor of the interfacial 

interaction. Increasing the H2O/Si ratio of the C-S-H reduced the interfacial Coulomb potential. 

During the tensile process, the maximum increase of the interfacial H-bond potential was 10.68 

kcal/mol/nm2, 16.18 kcal/mol/nm2, and 22.77 kcal/mol/nm2, respectively for the three C-S-

H−silica systems (H2O/Si ratio = 1.0, 2.0 and 3.0), suggesting that increasing the H2O/Si ratio 

of the C-S-H enhanced the interfacial H-bond potential, but that its contribution to the 

interfacial interactions was very small. It could, therefore, be concluded that increasing the 

water content in C-S-H reduced the interfacial Coulomb potential (the main contributor of the 

interfacial interaction), leading to a weakened interface, despite the fact that the interfacial H-

bond interaction (a small contributor of the interfacial interaction) was enhanced. These results 

further explain why higher water content of C-S-H can weaken the interfacial interaction 

between C-S-H and silica.  
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3.4 Fracture properties 

Snapshots of the C-S-H−silica systems were captured during the tensile loading to provide 

insight into their fracture process, as shown in Fig. 7. Overall, the fracture process of the 

structures underwent three stages: crack propagation, atomic chain bridging through the C-S-H 

atoms (Ca2+ ions, OH− ions, H2O molecules, and short silicate chains), and complete failure 

(breakage of all atomic chains). The cracks always propagated at the interface between C-S-H 

and silica, which indicated that the interface was relatively weak compared to bulk C-S-H and 

silica. For all structures, the cracks propagated very quickly, and large cracks were easily 

observed at the interface when the pull displacement reached 5.0 Å. A long-range atomic chain 

bridging process could then be observed, which involved the simultaneous gradual growth and 

loss of the atomic chains. For example, for the pull displacement ranging from 5.0 Å to 20.0 Å 

(Fig. 7a; H2O/Si ratio = 1.0), the atomic chains between C-S-H and silica grew gradually while 

at the same time the partial atomic chains ruptured during the tensile process. The main 

difference among the systems with a H2O/Si ratio of 1.0, 2.0 and 3.0 was that their atomic chain 

bridging process lasted for different displacements, ~22.5 Å, ~35.0 Å, and ~30.0 Å, respectively. 

After reaching complete failure, a few C-S-H atoms were found on the silica surface. By 

comparing Fig.6(b) with Fig. 7, it can be seen that the failure point of the structures at which 

the residual bond strength dropped to 0 corresponded to a displacement where the last atomic 

chain broke. These results indicated that the residual strength of the structures under tensile 

loading was attributed to atomic chain bridging. In summary, atomic chain bridging was 

responsible for the residual strength of the C-S-H−silica systems during tensile loading, which 

is why the breakage of the last atomic chain led to the complete loss of the interfacial bond 

strength.  
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Fig. 7 Perspective views of the evolution of the C-S-H−silica systems during tensile loading for C-S-H with (a) 

H2O/Si ratio = 1.0, (b) H2O/Si ratio = 2.0, and (c) H2O/Si ratio = 3.0. Note that only the deformed portion of the 

model systems is shown (the C-S-H atoms are in purple and the silica atoms are in blue).  

The contribution of the atomic chains to the residual bond strength between C-S-H and 

silica was further studied by calculating the per-atom stress (𝜎𝜎𝑖𝑖) of the C-S-H−silica systems 

using the following equation: 
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𝜎𝜎𝑖𝑖 = −𝑚𝑚𝑖𝑖𝑣⃗𝑣𝑖𝑖 ⊗ 𝑣⃗𝑣𝑖𝑖 +
1
2
�(𝑟𝑟𝑖𝑖𝑖𝑖

𝑁𝑁

𝑗𝑗≠𝑖𝑖

⊗ 𝐹⃗𝐹𝑖𝑖𝑖𝑖)                                            (3) 

where 𝑚𝑚𝑖𝑖 and 𝑣⃗𝑣𝑖𝑖 represent the mass and velocity vectors of the 𝑖𝑖th atom; 𝑟𝑟𝑖𝑖𝑖𝑖 = 𝑟𝑟𝑖𝑖𝑖𝑖−𝑟𝑟𝑖𝑖𝑖𝑖 is the 

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

interaction with atom 𝑗𝑗 . Fig. 8 depicts the per-atom stress mapping of the local interfacial 

structure between C-S-H (H2O/Si ratio of 1.0, 2.0 and 3.0) and silica during tensile loading. In 

Fig. 8 (a), it can be observed that two atomic chains were in tension. When one of the chains 

ruptured, the tensile stress was released from the chain (the atoms turned green), leaving the 

other chain to sustain more tensile stress (partial atoms turned red). When this chain ruptured, 

the tensile stress was also released. Similarly, in Fig 9 (b) and (c), the atomic chains also 

sustained the tensile stress during the tensile process, and the tensile stress was released when 

the chains ruptured. In addition, the atomic chains were composed of Ca2+, OH−, H2O and 

silicates, all of which could be responsible for bearing the tensile stress, as labeled in Fig. 8. 

Therefore, the atomic chains transferred the stress between C-S-H and silica, and thus 

contributed to the residual strength of the interfacial structures at the fracture stage. 

 

Fig. 8 Per-atom stress mapping on the local structures between C-S-H and silica during tensile loading: (a) H2O/Si 
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ratio = 1.0 for C-S-H; (b) H2O/Si ratio = 2.0 for C-S-H; (c) H2O/Si ratio = 3.0 for C-S-H. 

In addition, to illustrate the effect of the length scale of C-S-H−silica system on the fracture 

process, a larger interfacial structure (H2O/Si ratio = 1.0) was established with twice the length 

in the x- and z-direction. Fig. 9(a) shows the snapshots of the fracture process of the larger C-

S-H−silica system during the tensile process using the tensile method described in Fig. 6(a). 

Similarly, the fracture process of this larger interfacial structure also underwent three stages: 

crack propagation, atomic chain bridging through the C-S-H atoms, and complete failure 

(breakage of all atomic chains). Compared to the smaller case (Fig. 7a), it can be found that 

there exist more atomic chains that bridge the C-S-H and silica of the larger interfacial model, 

and the atomic chain bridging can last for a longer distance during the tensile process. Fig. 9(b) 

shows the pull force−displacement curve of this C-S-H−silica model. Compared to the smaller 

case, it is no doubt that the larger interfacial model had a higher peak load (162.1 nN), about 4 

times higher than that (39.6 nN) of the smaller case. It proved that the interfacial strength was 

almost the same for the two cases. Due to the longer atomic chain bridging, it can be seen that 

the interfacial residual strength of the larger model can sustain for a longer distance. 

 
Fig. 9 (a) Perspective views of the fracture evolution of the larger C-S-H−silica model (H2O/Si ratio = 1.0) during 

tensile loading; (2) Pull force−displacement curve of the larger C-S-H−silica model. The failure point occurred at 

30.8 Å displacement. 

4. Conclusions 
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The interfacial characteristics between cement paste and silica are far from being fully 

understood, especially from the nanoscale perspective. In this work, molecular models for the 

C-S-H−silica systems were developed, considering the influence of the water content of C-S-

H. The following conclusions can be drawn from the atomistic simulations: 

(1) Chemically, there were various types of bond schemes at the C-S-H−silica interface, 

including H-bonds and Ca−O ionic bonds. Increasing the water content of C-S-H 

increased the interfacial H-bond number, but decreased the interfacial Ca−O bond 

number. Moreover, there existed H+ exchange between C-S-H and silica, and an increase 

in the water content of C-S-H could depress the deprotonation of the Si-OH groups on 

the silica surface. 

(2) Structurally, an atomic-level ITZ with a low density was identified at the C-S-H–silica 

interface, which was attributed to the rich presence of –OH groups at the interface. By 

increasing the water content of C-S-H, the ITZ width increased slightly while the ITZ 

density decreased.  

(3) Dynamically, the H2O molecules and Ca2+ ions diffused in a faster rate in the ITZ than 

those in the bulk C-S-H. Increasing the water content of C-S-H accelerated the diffusion 

of the H2O molecules and Ca2+ ions in the ITZ. 

(4) Mechanically, the interfacial bond strength and residual strength between C-S-H and 

silica were inversely related to the water content of C-S-H because the interfacial 

interaction was weakened by increasing the water content of C-S-H. More specifically, 

the interfacial Coulomb potential (the main contributor of the interfacial interaction) was 

reduced by increasing the water content of C-S-H. 

(5) Overall, the fracture process of the C-S-H–silica systems occurred in three stages: crack 

propagation, atomic chain bridging, and complete failure. The atomic chains between 

C-S-H and silica were composed of Ca2+, OH−, H2O, and silicates, all of which could 

sustain the tensile stress and contributed to the residual bond strength of the structures 

at the fracture stage. 
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