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Abstract 

A comprehensive insight into the interactions between cementitious matrices and graphene 

oxide (GO) remains critical to the understanding of fundamental factors, such as reinforcing 

mechanisms, governing the engineering performance of cement composites. Herein, for the 

first time, this study investigated the snubbing effect on the interaction of GO in cement mortar. 

Molecular dynamic (MD) simulations were performed to pull out GO sheets from the mortar 

matrix from different angles. Simulation results showed that the increase of pull-out angle led 

to an up to a 4-fold increase of the bridging stress of GO, which confirmed the critical role that 

the snubbing effect played on the reinforcing mechanism of GO. To further understand the 

snubbing effects, interactions between GO and mortar matrix were analysed from both physical 

and chemical perspectives, showing the increase of bridging stress caused by pull-out angles 

is mainly attributed to the enhanced mechanical interlocking and the facilitated formation of 

interfacial bonds. Based on these findings, an analytical model was developed to quantify the 

key parameters of the snubbing effects, including snubbing coefficient, adhesion band, friction 

and strain-hardening coefficient, which guides design inputs of GO reinforced cementitious 

composites. 

Keywords: Graphene oxide; Calcium–silicate–hydrate; Silica; MD simulation; Reinforcing 

mechanism 

1 Introduction 

Owing to its superior mechanical and physical properties, such as ultra-high-strength (~25 

GPa) [1, 2], large surface area ( 736.6 m2/g) [3] and multiple surface functional groups [4, 5], 

graphene oxide (GO), is widely studied as one of the best candidate materials for nano-

reinforcement in many composites, including polymers [6-9], metals [10-12] and cementitious 

composites [13, 14]. Of these, GO-reinforced cementitious composites have drawn great 
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attention in recent years [14]. A small proportion of GO nanosheets (0.05wt%) can lead to a 

significant increment of 41–59% in the flexural strength and 15–33% compressive strength of 

cement paste [15]. Moreover, GO reinforcement can also optimize the transport characteristics 

of cement, which effectively improves the overall durability of cement composites [16]. 

One of the major advantages of using GO as a nano-reinforcement in the cementitious 

composites is that the initial crack propagation in the matrix can be arrested at the nano-scale 

[14, 17, 18]. The reinforcing effect of GO is mainly attributed to its strong interaction with the 

cementitious matrix. With this strong interaction, pull-out of GO in the matrix is effectively 

resisted during fracture, which is regarded as the major reinforcing mechanism in GO-

reinforced cementitious composites [17-21]. Therefore, much research has been conducted to 

investigate the pull-out of GO from cementitious composites. A previous study [19] indicated 

that when GO was pulled out perpendicularly from the crack surface in C-S-H, a variation of 

the pull-out rate from 0.0016 Å/ps to 0.08 Å/ps resulted in around 28.1% fluctuation of the 

shear strength. Kai et al.[17] found that due to the coordination bonds between the functional 

groups of GO and Ca2+ in calcium silicate hydrates (C-S-H), the elastic modulus and tensile 

strength of GO-reinforced C-S-H can be enhanced by more than 17% and 31%, respectively. 

Fan et al [20] reported that the interaction between GO and C-S-H increased the plasticity of 

C-S-H gel, leading to a double-peak phenomenon in compressive stress-strain response.  

In almost all previous simulation models of GO-reinforced cementitious composites, the GO 

sheets have been pulled out perpendicularly from the C-S-H matrix at the fracture surface, 

therefore, the understanding of the snubbing effect of GO is limited. As indicated in Figure 1, 

the snubbing effect, defined as the effect of pull-out angle (𝜃) on the bridging stress (𝜎), played 

a significantly role in the reinforcing mechanism [22], especially for GO-reinforced 

cementitious composites where GO is randomly orientated [23, 24], since 𝜃  will induce 

additional compression between GO and the cement matrix [18], which significantly influences 

the interaction between GO and cementitious matrix. Therefore, investigation of the effect of 

𝜃 on GO pull-out process is critical to gaining a clearer understanding of the GO reinforcing 

mechanism [25, 26]. 
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Figure 1 Illustration of bridging effect of graphene oxide (GO) in cement mortar, where the 

GO sheet is pulled out at a specific angle 𝜃 at the crack surface. 𝜎 indicates the bridging stress 

In this study, molecular dynamic (MD) simulations were carried out to quantify the effect of 

𝜃  on the GO pull-out process in cement mortar. Given that the size of GO sheets is in 

nanometres, the GO pull-out process is studied by investigating the interactions between GO 

and the separated components of cement mortar [27]. Therefore, because cement mortar is a 

composite of sand and cement, two MD simulation systems were constructed, namely, GO 

with C-S-H and GO with SiO2. A monolayer GO nanosheet was embedded in the matrix (C-S-

H or SiO2) and pulled out from different 𝜃 at a constant speed. An analytical model of the GO-

reinforcing mechanism was proposed to derive the relationship between 𝜃  and 𝜎  based on 

these simulation results. With this analytical model, the bridging stress attributed by GO 

reinforcements at crack surface can be quantified [28, 29]. Consequently, mechanical 

properties, such as tensile strength and toughness, of GO-reinforced cementitious composites 

can be generally predicted, which can guide the design principles of these composites. To our 

knowledge, for the first time, this study provides an insight into the interactions of GO in 

cement mortar to quantify its reinforcing mechanism associated with 𝜃. 

2 Simulation Method 

2.1 Force field 

In this study, the Reax/c package in LAMMPS software was used to simulate GO pull-out 

from the C-S-H and SiO2 matrices. The ReaxFF force field is an empirical force field based on 

quantum mechanics, which is widely used and has shown good performance in systems 

containing C, H, O, Si, and Ca [30-32]. In addition, the ReaxFF force field utilizes distance-

dependent bond-order functions to describe the interatomic potential. This enables the ReaxFF 
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force field to simulate atom connectivity (i.e formation and breakage of chemical bonds). In 

addition to the physical interaction, the chemical bonds between GO and the cementitious 

matrix also played a significant role in GO reinforcing mechanism [28, 33], therefore, the 

Reaxff is applied in this study to provide an insight into the chemical reaction between GO and 

the matrices. The parameters of ReaxFF were obtained from published reference data [34], 

merging Si-O-H, C-O-H, and Ca-O-H sets from previous studies [35-37]. 

2.2 Model construction 

As indicated in Figure 2(a), the C-S-H model structure in this study was based on 14 Å 

tobermorite from the literature [38], which is also compliant with the ReaxFF force field [39]. 

A supercell containing 2 × 2 × 1 unit cell of tobermorite was created lattice constants of a = 

45.06 Å, b = 44.55 Å, c = 27.987 Å and α = 90°, β = 90°, γ = 90°, where a, b, are the lengths 

of the cell edges meeting at a vertex, and α, β, γ are the angles between these edges. The GO 

unit cell, as shown in Figure 2(a), was obtained from the CSRIO data access portal with a = 

22.15 Å, b = 21.980 Å, c = 10 Å and α = 90°, β = 90°, γ = 90° and characterized by epoxy 

groups and hydroxyl groups randomly distributed on the surface. The GO unit cell was then 

replicated twice in both the x and y directions. The O/C ratio of GO was designed to be 0.21, 

with 60 hydroxide and 92 epoxide functional groups on the surface of GO. This structure of 

GO is consistent with XPS results in the literature [40]. Owing to its ultra-large surface area, 

the interaction between GO and cement mainly occurred at the planar surface of GO [14]. 

Therefore, carboxyl functional groups at the edge of the GO sheet were neglected for 

simplification. Similar simplification was also used in previous studies [29], where the 

contributions of the ends of the reinforcements were neglected when investigating the 

reinforcing mechanism in cementitious composites.  
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Figure 2 Molecular structure of the incorporated (a) C-S-H and (b) GO, illustration of pull-out 

of monolayer GO from (c) C-S-H matrix and (d) SiO2 matrix at a specific angle (𝜃) 

To construct a model of GO-reinforced C-S-H composites, a periodic simulation box was 

created (a = 45.06 Å, b = 44.55 Å, c = 65.98 Å, and α = 90°, β = 90°, γ = 90°) with two layers 

of C-S-H sandwiching a monolayer of GO. The mismatch rate of GO and C-S-H was kept at 

less than 3% to prevent crushing or deformation of the system. In the next step, a 10-nm 

vacuum gap was introduced in the x-direction, leaving space for the pull-out of GO from the 

C-S-H matrix [17], as shown in Figure 2(c), while the simulation model remains to be 

continuous in the y-direction. Because the introduced vacuum breaks the chemical bonds at the 

edge of the GO sheet in the x-direction, additional hydrogen atoms are added and connected to 

the edge of the GO sheet to stabilize these edge atoms during simulation [28, 33]. A similar 

model construction process was followed to build the GO-reinforced SiO2 composites with two 

layers of SiO2 sandwiching a monolayer of GO in the middle. The mismatch rate of GO and 

SiO2 was also restricted to be less than 3%, followed by creating a 10-nm gap in the x-direction. 

As illustrated in Figure 2(d), the lattice constant of the GO with SiO2 model are of a = 45.06 

Å, b = 44.55Å, c = 65.98Å and α= 90°, β = 90°, γ= 90°. 

2.3 Pull-out test 

Relaxation of the GO-reinforced composites models (GO with C-S-H and GO with SiO2) 

began with optimization of geometry. The positions of all the atoms in the model were adjusted 

according to the conjugate gradient algorithm with a force convergence criterion of 10-4 

kcal/mol/Å, which relaxed the structures and minimized the potential energies in both systems. 

Next, to optimize the lattice size and further relax the systems, a 20 ps isothermal–isobaric 

(NPT) ensemble was utilized at 300 K and atmospheric pressure with a time step of 1 × 10-4 

ps. Temperature, volume and energies were stabilized during this 20ps NPT, as shown in Figure 

A1 in the Supplementary Information, which indicates an equilibration of the system. 

After the NPT ensemble, a steered MD simulation (SMD) was applied to pull the GO 

nanosheets out of the C-S-H or SiO2 matrix at different angles (𝜃 ) within the canonical 

ensemble (NVT) at 300 K. In this approach, a virtual spring with a constant (𝑘) of 1000 

kcal/mol/Å2 was attached to the selected group of atoms (SMD atoms) at the edge of the GO 

sheet and moved in a predefined direction at constant velocity (𝑣) of 1 Å/ps，as suggested in 
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the literature [28, 41]. The exerted pulling force (𝑃) was distributed to the SMD atoms and 

recorded as a function of the movement of the atoms, indicated in Eq. 1 [21]: 

𝑃 = 𝑘[ 𝑣𝑡 − (𝑠(𝑡) − 𝑠0) · �⃑�  ] Eq. 1 

where 𝑃 is the pulling force, 𝑘 is the spring constant, 𝑣 is velocity, 𝑡 is the simulation time, 

𝑠(𝑡) is the position of the SMD atoms at time 𝑡, 𝑠0 is the initial position of the SMD atoms and 

�⃑�  is the predefined pull-out direction. 

3 Results and Discussion 

3.1 Reinforcing effect of GO in the matrix 

In order to investigate the snubbing effect of GO in GO-reinforced cementitious composites, 

we conducted MD simulations of pulling a monolayer GO from a C-S-H matrix at different 𝜃. 

Furthermore, besides C-S-H, there is also a large proportion of sand in cement mortar. 

Therefore, another MD simulation was also carried out by replacing the C-S-H matrix with a 

SiO2 matrix, with a similar simulation process of GO pull-out. The snubbing effect was studied 

by investigating the relationship between pull-out stress (𝜎) and crack width (sliding distance 

of GO in the x-direction, 𝛿) of GO pull-out from the C-S-H and SiO2 matrices at different 𝜃. 

Based on previous research [28, 29], a new analytical model was developed to describe the 

relationship between 𝜎 and 𝛿, where 𝜎 is expressed as a function of 𝑃, as shown in Eq. 2:  

𝜎 =
𝑃

𝑤 ∙ 𝑡
 

Eq. 2 

where 𝑤 is the width of the GO sheet in the y-direction (44.55 Å and 42.79 Å for GO with 

C-S-H and SiO2 respectively), and 𝑡 is the thickness of the GO sheet (3.35 Å). 

In this analytical model, the pull-out process of GO was divided into two stages, namely the 

debonding stage and the pull-out stage. During the debonding stage, the interface between GO 

and the matrix is dominated by cohesion, and 𝛿 is mainly attributed to the strain of GO when 

subjected to 𝑃. After debonding, at the pull-out stage, sliding between GO and the matrix 

occurs, and GO is gradually pulled from the matrix. A detailed derivation of the relationship 

between σ  and 𝛿  is shown in the Supplementary Information. Results from the analytical 

model showed that owing to the large elastic modulus of GO [2], 𝛿 at the debonding stage is 

small enough to be negligible (<10-2 Å). Therefore, the pull-out process of monolayer GO 
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mainly comprises the pull-out stage where the relationship between 𝜎 and 𝛿 is shown in Eq. 3. 

A detailed computation is provided in the Supplementary Information. 

𝜎(𝛿, 𝜃) =  
𝜏𝑒𝜇𝜃

𝑡
(𝐿𝑒 −

𝛿 + 𝛿0

𝑐𝑜𝑠𝜃
) (1 + 𝛽 ∙

𝛿 − 𝛿0

𝑡
) + 𝐶 ∙ 𝑐𝑜𝑠𝜃 

Eq. 3 

where 𝜏 is the friction between GO and the matrix, 𝐿𝑒 is the embedment length of GO in the 

matrix, 𝛿0  corresponds to GO movement in the x-direction at which full debonding is 

completed, 𝜇 and 𝛽 are the snubbing coefficient and strain-hardening coefficient respectively, 

and 𝐶 is the pull-out stress caused by the adhesion band [28]. 

 

Figure 3 Relationships between pull-out stress (𝜎) and graphene oxide movement in the x-

direction (𝛿) in (a) calcium silicate hydrates (C-S-H) and (b) SiO2 matrices 

Figure 3(a) shows the curve of GO pull-out from C-S-H at different 𝜃 with the corresponding 

curve fitting the results from the analytical model, where the value of R2 for all curve fitting 

was kept being greater than 0.7. This violent fluctuation of 𝜎 vs 𝛿 is attributed to the breaking 

and reformation of the chemical bonds between GO and matrix during the pull-out process 

[28]. With the increase of 𝛿, 𝜎 decreased gradually, which is mainly due to the reduction in 

contact surface area between GO and the C-S-H matrix during GO pull-out from more than 

4000 Å2 to 0 Å2
. Estimation of the contact surface (𝑆) was computed by applying Eq. 4 [28]. 

𝑆 = 2𝐿𝑒𝑚𝑤  Eq. 4 
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where 𝑤 is the width of the GO sheet in the y-direction, and 𝐿𝑒𝑚 is the embedment length of 

GO which reduced gradually from 45.06 Å and 42.79 Å to 0 Å for GO with C-S-H and GO 

with SiO2 respectively during GO pull-out 

It can also be seen that 𝜃 had a significant influence on 𝜎. Increasing 𝜃 from 0° to 45° greatly 

improved 𝜎, with the maximum value (𝜎𝑚𝑎𝑥) increasing more than 3-fold. However, a further 

increase of 𝜃 from 45° to 60° had limited influence on 𝜎, because the reduction of 𝐶𝑐𝑜𝑠𝜃 

compromised the increase of 𝜎 caused by 𝜇𝜃, as shown in Eq. 3. On the other hand, as indicated 

in Figure 3(b), the curves of GO pull-out from SiO2 at 𝜃=0° and 15° are quite similar. This is 

because the increase of 𝜃 from 0 to 15° has a limited effect on the change of 𝜎 calculated from 

Eq. 3, with only a 3.4% decrease of 𝐶𝑐𝑜𝑠𝜃 and less than 5.4% increase of 𝑒𝜇𝜃. Nevertheless, 

further increase of 𝜃  from 15° to 45° and 60° reduced 𝜎  by about 40.4% and 25.8% 

respectively, primarily because the reduction of 𝐶𝑐𝑜𝑠𝜃 dominated the change of 𝜎. 

Table 1 Snubbing parameters of GO-reinforced C-S-H 

𝜃 (°) 𝜇 𝐶 (GPa) 𝜏 (GPa) 𝛽 

0 1.40 1.60 0.42 -0.09 

15 2.00 2.84 0.40 -0.13 

45 1.24 3.00 0.74 -0.17 

60 1.00 2.38 0.80 -0.20 

Average 1.41±0.37 2.45±0.54 0.59±0.18 -0.15±0.04 

Note: 𝜃: Pull-out angle; 𝜇: Snubbing coefficient; 𝐶: Adhesion band; 𝜏: Friction; 𝛽: Strain-

hardening coefficient 

Table 1 and Table 2 show the parameters derived from the analytical model of GO with the 

C-S-H and SiO2 matrices, respectively. As shown, the average τ of GO with the C-S-H matrix 

was much smaller than that with SiO2 (0.59 GPa and 4.53 GPa for GO with C-S-H and SiO2 

respectively). This was attributed to lubrication by the water layer in C-S-H [21]. In addition, 

𝐶  for GO with SiO2 is also about 47.7% greater than its counterpart for GO with C-S-H, 

indicating GO has a stronger attraction to SiO2 than C-S-H [28]. Value of 𝐶 for GO with C-S-
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H (2.45GPa) showed good agreement with literature values, which helps validate our 

simulation results. It can also be noticed that 𝛽 for GO with both C-S-H and SiO2 was negative. 

As a result, these negative values of 𝛽 lead to a convex curve of 𝜎 vs 𝛿 shown in Figure 3, 

indicating strain-softening instabilities occur in these GO-reinforced quasi-brittle materials 

[29]. 

Table 2 Snubbing parameters of GO-reinforced SiO2 

𝜃 (°) 𝜇 𝐶 (GPa) 𝜏 (GPa) 𝛽 

0 0.20 5.00 4.50 -0.10 

15 0.12 3.48 5.50 -0.31 

45 0.10 3.01 3.10 -0.43 

60 0.10 2.98 5.00 -0.16 

Average 0.13±0.04 3.62±0.82 4.53±1.17 -0.25±0.13 

Note: 𝜃: Pull-out angle; 𝜇: Snubbing coefficient; 𝐶: Adhesion band; 𝜏: Friction; 𝛽: Strain-

hardening coefficient 

3.2 Interfacial interaction between GO and matrix 

In order to further understand the reinforcing mechanism of GO in cement mortar, the 

interaction between GO and matrix was investigated. Figure 4(a) shows the evolution of the 

chemical bonds between GO and the silicate chain in C-S-H. First, a deprotonation reaction 

removes the H atom from the GO sheet, followed by a connection between this H atom and the 

adjacent OH group on the silica chain. The hydrogen and hydroxyl groups are then released 

from the silica chain by forming a free water molecule, resulting in the formation of Si-C bonds 

between GO and C-S-H [42]. Finally, during GO pull-out, the Si-C bonds are stretched and 

broken, causing the activated Si to undergo a cycle of bond breaking/reformation with GO.  
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Figure 4 (a) Illustration of the evolution of Si-C bonds between GO and the silicate chain in C-

S-H, and (b) the interaction between GO and Ca ions. (c) The accumulated number of bonds 

between GO and C-S-H with time at different 𝜃 . Purple and blue cirlces illustrate the 

deprotonation reaction that occurs on GO and the dehydration reaction that occurs on C-S-H. 

As illustrated in Figure 4(b), the interlayer calcium ions in the C-S-H structure also interact 

with GO during the GO pull-out process. Through electronic attraction, the calcium ions diffuse 

and approach the OH groups on the GO surface. The electronegativity of the oxygen atom in 

OH is shared with its adjacent calcium ion [39]. Consequently, calcium ions bridge the silica 

chain in C-S-H and the OH groups on the GO sheet by forming O-Ca-O bonds [43]. Similar to 

the Si-C bonds, with the movement of the GO sheets, the bridge of O-Ca-O also undergoes a 

cycle of breaking/reformation until GO is fully pulled from the C-S-H matrix [19, 21]. 

Shown in Figure 4(c), with an increase of 𝜃  from 0° to 60°, the number of Si-C bonds 

integrated over time (∫𝑁𝑆𝑖𝐶(𝑡)𝑑𝑡) grows rapidly from 0.0ps to 30.1ps, indicating a stronger 

interaction between GO and the silica chain at higher 𝜃. It should be also noted that Si-C bonds 

only form at high pull-out angles (𝜃=45°, 60°), suggesting that in order to form Si-C bonds, a 

strong interaction is essential to trigger the chemical reaction between GO and the silica chain. 

Similar to Si-C bonds, ∫𝑁𝑂𝐶𝑎𝑂(𝑡)𝑑𝑡  also increase significantly from 102.7ps at 𝜃=0° to 

250.6ps at 𝜃=60°. Because the change of ∫𝑁𝑂𝐶𝑎𝑂(𝑡)𝑑𝑡 with 𝜃 is consistent with 𝜏 changing 

with 𝜃 in Table 1, the bridge of O-Ca-O, compared with Si-C, is believed to play a dominant 

role in the friction between GO and C-S-H [21, 39, 44]. 
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Figure 5 Illustration of the evolution of (a) Si-C bonds and (b) Si-O-C bonds between GO and 

SiO2. (c) The accumulated number of bonds between GO and SiO2 is integrated with time at 

different 𝜃. Orange and red circles indicate GO reduction and oxidization respectively. 

Figure 5(a) shows the formation of Si-C bonds between GO and the SiO2 matrix. During the 

pull-out process, O in the epoxide group of the GO surface bonds to Si in SiO2, generating Si-

O-C bonds at the GO/SiO2 interface. With GO approaching the silicate chain, Si-C bonds form, 

and the structure of the adjacent silicate chain is altered correspondingly. However, this Si-C 

bond only exists for a short period and then breaks. As GO is continuously pulled out, the Si-

O-C bond between GO and SiO2 is stretched and broken, removing the oxide atom on the GO 

surface, resulting in GO reduction. However, in contrast with GO reduction, the interaction 

with SiO2 can also oxidize the GO sheets. Illustrated in Figure 5(b), the oxygen atom at the 

defect of the SiO2 matrix, where the silicate chain is discrete, is likely to approach and connect 

with the carbon on the GO sheets, forming Si-O-C bonds. The Si-O-C bond between GO and 

SiO2 is stretched and broken with GO movement, leaving the oxygen atom on the GO sheets 

and recovering the defect of SiO2. 

Figure 5(c) shows that both ∫𝑁𝑆𝑖𝐶(𝑡)𝑑𝑡 and ∫𝑁𝑆𝑖𝑂𝐶(𝑡)𝑑𝑡 fluctuate with the increase of 𝜃 

for GO with the SiO2 matrix. This indicates a limited influence of 𝜃 on the chemical reaction 

between GO and SiO2, which is quite different from GO with C-S-H. Because for GO with the 

C-S-H matrix, interlayer water acts as a lubricant, separating GO and the silicate chain or Ca 

ions[44]. Consequently, the formation of chemical bonds between GO and the silicate chain or 

Ca ions were replaced by a series of relatively weak hydrogen bonds formed between GO and 

water molecules [21]. To overcome this steric effect of interlayer water, additional compression 

න
𝑁

𝑏
𝑜
𝑛
𝑑
𝑠
( 𝑡

) 𝑑
𝑡 

 



12 

 

caused by a large 𝜃 [18] is essential to bring GO close enough to the silicate chain in C-S-H. 

This small interatomic distance can then induce the formation of chemical bonds between GO 

and the silicate chain, according to the bond-order function of Reaxff [31]. Therefore, for GO 

with C-S-H, 𝜃 plays an important role in the interfacial chemical reaction. However, for GO 

with the SiO2 matrix, without the steric effect of water, a strong van-der Waals force makes the 

interatomic distance between GO and the silicate chain small enough for the chemical reaction 

at 𝜃=0. Therefore, a further increase of 𝜃 has a limited effect on the formation of Si-C bonds. 

It should be also noted that for GO with SiO2, a larger value of ∫𝑁𝑆𝑖𝑂𝐶(𝑡)𝑑𝑡 with different 𝜃 

corresponds to a greater 𝜏, as indicated in Table 2, suggesting that friction between GO and 

SiO2 is mainly attributed to the Si-O-C bonds. 

 

Figure 6 Illustration of functional groups on GO surface before and after the pull-out. Blue and 

red circles indicate the reduction and oxidation of GO at the local area respectively. Black 

circles demonstrate the restoration of C-C bonds 

Figure 6 shows the change in the GO sheet before and after pull-out from the matrix. For 

both GO with C-S-H and GO with SiO2, the oxygen-containing functional groups change 

significantly. Due to the interaction with the matrix, some hydroxyl groups on the GO surface 

are removed and C-C bonds are restored at the defects on the GO sheet [17]. However, in some 

areas of the GO sheet, instead of reduction, oxidization occurs with the formation of additional 

epoxide groups on the GO surface, as indicated in Figure 6(c-d). Although reduction and 

oxidation occur simultaneously at different parts of the GO sheet, the total number of oxygen-

containing functional groups on the GO surface is still reduced after pull-out for both GO with 

C-S-H and with SiO2. It is also worth mentioning that the reduction degree of GO with SiO2  

(22.5%) is much higher than that of GO with C-S-H (4.8%). This is thought to be attributed to 

the stronger interaction between GO and the SiO2 matrix, which is also consistent with the 

results from our analytical model. Previous studies also indicate that removal of the functional 

groups on the GO surface results in a reduction of the pull-out force [17, 21], which also 
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explains the strain-softening instabilities (negative 𝛽 in Table 1 and Table 2) in these GO-

reinforced matrices. 

3.3 The mechanical interlocking of GO in the matrix 

The pull-out force is not only affected by the interfacial chemical bonds between GO and the 

matrix, but also by mechanical interlocking caused by the roughness of the surface of the GO 

sheet [21]. Therefore, in this study, the part of the GO sheet embedded in the matrix was 

extracted, and its roughness (𝑅𝑎) was calculated based on Eq. 5 [45]. 

𝑅𝑎 =
1

𝑛
∑ |𝑧𝑖 − 𝑧̅|

𝑛

𝑖=1
 

Eq. 5 

where 𝑧̅ represents the average height of 𝑛 atoms in the carbon plane and 𝑧𝑖 is the height of 

each individual atom. Figure 7(a-d) illustrates the GO sheets wrinkling due to their interaction 

with the C-S-H matrix. With the increase of 𝜃 from 0° to 60°, a clear ripple-like texture of the 

GO surface in the x-direction (pull-out direction) can be seen, which increases 𝑅𝑎 and provides 

mechanical interlocking. Therefore, besides the bridge of O-Ca-O at the GO–C-S-H interface, 

increasing surface roughness caused by 𝜃 also contributes to the increased friction between GO 

and C-S-H as indicated in Table 1. 

 

Figure 7 (a-d) Surface morphology of GO in C-S-H matrix with 𝜃 = 0°, 𝜃 = 15°, 𝜃 = 45° and 

𝜃 = 60° at t=150 ps; (e) change in surface roughness with time during GO pull-out from C-S-

H. 
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As shown in Figure 8(a-d), although the increase of 𝜃 induced a height difference in the x-

direction, the oblivious ripple-like surface texture of embedded GO in SiO2 was in the y-

direction. Unlike the ripple-like texture of the GO surface caused by 𝜃 with C-S-H, the ripple-

like texture of GO with SiO2 was mainly attributed to the chemical interaction of GO–SiO2. 

Consequently, as indicated in Figure 8(e), a larger 𝜃 for GO with SiO2 had a limited effect on 

the increase of 𝑅𝑎. Therefore, in sharp contrast to GO with C-S-H, the value of 𝜃 for GO with 

SiO2 had a limited effect on the friction between GO and SiO2 as shown in Table 2. The 

generally 𝑅𝑎 value in GO with C-S-H was less than 80% of the 𝑅𝑎 of GO with SiO2, showing 

a weaker mechanical interlocking between GO and C-S-H [21]. Therefore, the weakened 

chemical interaction and the reduced mechanical interlocking largely justify why the 𝜎 of GO 

with C-S-H is about 65% to 83% lower than that of GO with SiO2. 

 

Figure 8 (a-d) Surface morphology of GO in SiO2 matrix at 𝜃 = 0°, 𝜃 = 15°, 𝜃 = 45° and 𝜃 = 

60°; (e) change in surface roughness with time during GO pull-out from SiO2. 

4 Conclusion 

In the present study, reactive MD simulations were performed to pull the GO out from C-S-

H and SiO2 with different 𝜃. Simulation results showed the rise of 𝜃 from 0° to 60° yielded a 

more than 4-fold increase of 𝜎 for GO with C-S-H and 36% fluctuation of 𝜎 for GO with SiO2, 

demonstrating the significance of the snubbing effect to the reinforcing mechanism of GO-

cement mortar. Furthermore, an analytical model was developed to quantitatively describe this 
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snubbing effect by calculating the key parameters, 𝜇, 𝜏, 𝐶, and 𝛽, which helps guide the design 

principles of GO reinforced cementitious composites. 

To further understand the reinforcing mechanism, the interactions between GO and C-S-H 

or SiO2 were also studied from both chemical and physical perspectives. Our results show that 

the chemical interaction of GO with C-S-H was mainly attributed to the formation of chemical 

bonds between GO and Ca ions, and an increase of 𝜃 from 0° to 60° led to a significant 144% 

increase of the value of ∫𝑁𝑂𝐶𝑎𝑂(𝑡)𝑑𝑡. For GO with SiO2, their chemical reaction during GO 

pull-out relied on the formation of Si-O-C bonds, and the value of  ∫𝑁𝑆𝑖𝑂𝐶(𝑡)𝑑𝑡 fluctuated 

about 38% with the increase of 𝜃 from 0° to 60°. Besides the chemical reaction, physical 

interaction (mechanical interlocking) during GO pull-out caused by GO surface roughness (𝑅𝑎) 

was also studied. The increase of 𝜃 resulted in a ripple-like surface texture of GO in the pull-

out direction from C-S-H, improving the value of 𝑅𝑎 about 2 times. However, for GO with 

SiO2, the increase of 𝜃  only improved 𝑅𝑎  slightly less than 20%, indicating a limited 

enhancement of the mechanical interlocking. Therefore, the physical/chemical interaction of 

GO in C-S-H is more dependent on 𝜃 in comparison to GO in SiO2. Besides, results from 

investigations of the chemical/physical interaction between GO and matrix confirm that the 

weaker chemical reaction and reduced mechanical interlocking accounted for observed 𝜎 of 

GO with C-S-H being about 65-82% smaller than that of GO with SiO2. 

5 Acknowledgments 

The authors are grateful for the financial support of the Australian Research Council 

(IH150100006) in conducting this study. 

6 Conflict of Interest 

The authors declare that they have no conflict of interest. 

7 References 

1. Cao, C., et al., High strength measurement of monolayer graphene oxide. Carbon, 2015. 

81: p. 497-504. 

2. Suk, J.W., et al., Mechanical properties of monolayer graphene oxide. ACS nano, 2010. 

4(11): p. 6557-6564. 

3. Montes-Navajas, P., et al., Surface area measurement of graphene oxide in aqueous 

solutions. Langmuir, 2013. 29(44): p. 13443-13448. 

4. Gao, W., The chemistry of graphene oxide, in Graphene oxide. 2015, Springer. p. 61-

95. 



16 

 

5. Xia, Z.M., C.G. Wang, and H.F. Tan, Strain-dependent elastic properties of graphene 

oxide and its composite. Computational Materials Science, 2018. 150: p. 252-258. 

6. Chen, Y., et al., Multifunctional Graphene-Oxide-Reinforced Dissolvable Polymeric 

Microneedles for Transdermal Drug Delivery. ACS Applied Materials & Interfaces, 

2019. 12(1): p. 352-360. 

7. Xiang, Z., et al., Reduced graphene oxide-reinforced polymeric films with excellent 

mechanical robustness and rapid and highly efficient healing properties. ACS nano, 

2017. 11(7): p. 7134-7141. 

8. Xiang, Z., et al., Healability demonstrates enhanced shape-recovery of graphene-

oxide-reinforced shape-memory polymeric films. ACS applied materials & interfaces, 

2018. 10(3): p. 2897-2906. 

9. Xia, X., et al., Uncovering the glass-transition temperature and temperature-dependent 

storage modulus of graphene-polymer nanocomposites through irreversible 

thermodynamic processes. International Journal of Engineering Science, 2021. 158: p. 

103411. 

10. Hu, Z., et al., Laser sintered single layer graphene oxide reinforced titanium matrix 

nanocomposites. Composites Part B: Engineering, 2016. 93: p. 352-359. 

11. Lin, D., C.R. Liu, and G.J. Cheng, Single-layer graphene oxide reinforced metal matrix 

composites by laser sintering: Microstructure and mechanical property enhancement. 

Acta materialia, 2014. 80: p. 183-193. 

12. Zhao, Y.C., et al., Graphene oxide reinforced iron matrix composite with enhanced 

biodegradation rate prepared by selective laser melting. Advanced Engineering 

Materials, 2019. 21(8): p. 1900314. 

13. Chuah, S., et al., Nano reinforced cement and concrete composites and new perspective 

from graphene oxide. Construction and Building Materials, 2014. 73: p. 113-124. 

14. Shamsaei, E., et al., Graphene-based nanosheets for stronger and more durable 

concrete: A review. Construction and Building Materials, 2018. 183: p. 642-660. 

15. Pan, Z., et al., Mechanical properties and microstructure of a graphene oxide–cement 

composite. Cement and Concrete Composites, 2015. 58: p. 140-147. 

16. Mohammed, A., et al., Incorporating graphene oxide in cement composites: A study of 

transport properties. Construction and Building Materials, 2015. 84: p. 341-347. 

17. Kai, M.F., L.W. Zhang, and K.M. Liew, Graphene and graphene oxide in calcium 

silicate hydrates: Chemical reactions, mechanical behavior and interfacial sliding. 

Carbon, 2019. 146: p. 181-193. 

18. Hu, Y., et al., Transformation of pore structure in consolidated silty clay: New insights 

from quantitative pore profile analysis. Construction and Building Materials, 2018. 

186: p. 615-625. 

19. Fan, D., L. Lue, and S. Yang, Molecular dynamics study of interfacial stress transfer 

in graphene-oxide cementitious composites. Computational Materials Science, 2017. 

139: p. 56-64. 

20. Fan, D., S. Yang, and M. Saafi, Molecular dynamics simulation of mechanical 

properties of intercalated GO/CSH nanocomposites. Computational Materials Science, 

2021. 186: p. 110012. 



17 

 

21. Wang, P., et al., Molecular dynamics simulation of the interfacial bonding properties 

between graphene oxide and calcium silicate hydrate. Construction and Building 

Materials, 2020. 260: p. 119927. 

22. Li, V.C., Y. Wang, and S. Backer, A micromechanical model of tension-softening and 

bridging toughening of short random fiber reinforced brittle matrix composites. 1991. 

23. Liu, Y., M. Wang, and W. Wang, Electric induced curing of graphene/cement-based 

composites for structural strength formation in deep-freeze low temperature. Materials 

& Design, 2018. 160: p. 783-793. 

24. Tragazikis, I.Κ., et al., Acoustic emission investigation of the effect of graphene on the 

fracture behavior of cement mortars. Engineering Fracture Mechanics, 2019. 210: p. 

444-451. 

25. Fe, S., B. Zhou, and C. Lung, On the pull-out of fibers with fractal-tree structure and 

the interference of strength and fracture toughness of composites. Smart Materials and 

Structures, 1992. 1(2): p. 180. 

26. Fu, S.-Y. and B. Lauke, The fibre pull-out energy of misaligned short fibre composites. 

Journal of materials science, 1997. 32(8): p. 1985-1993. 

27. Zhao, L., et al., Hydration kinetics, pore structure, 3D network calcium silicate hydrate, 

and mechanical behavior of graphene oxide reinforced cement composites. 

Construction and Building Materials, 2018. 190: p. 150-163. 

28. Chen, S.J., et al., Reinforcing mechanism of graphene at atomic level: Friction, crack 

surface adhesion and 2D geometry. Carbon, 2017. 114: p. 557-565. 

29. Lin, Z., T. Kanda, and V.C. Li, On interface property characterization and 

performance of fiber reinforced cementitious composites. 1999. 

30. Duque-Redondo, E., et al., Microscopic mechanism of radionuclide Cs retention in Al 

containing C-S-H nanopores. Computational Materials Science, 2021. 190: p. 110312. 

31. Senftle, T.P., et al., The ReaxFF reactive force-field: development, applications and 

future directions. npj Computational Materials, 2016. 2(1): p. 1-14. 

32. Sadat, M.R., K. Muralidharan, and L. Zhang, Reactive molecular dynamics simulation 

of the mechanical behavior of sodium aluminosilicate geopolymer and calcium silicate 

hydrate composites. Computational Materials Science, 2018. 150: p. 500-509. 

33. Kai, M., L. Zhang, and K. Liew, Graphene and graphene oxide in calcium silicate 

hydrates: Chemical reactions, mechanical behavior and interfacial sliding. Carbon, 

2019. 146: p. 181-193. 

34. Psofogiannakis, G.M., et al., ReaxFF reactive molecular dynamics simulation of the 

hydration of Cu-SSZ-13 zeolite and the formation of Cu dimers. The Journal of Physical 

Chemistry C, 2015. 119(12): p. 6678-6686. 

35. Van Duin, A.C., et al., ReaxFFSiO reactive force field for silicon and silicon oxide 

systems. The Journal of Physical Chemistry A, 2003. 107(19): p. 3803-3811. 

36. Manzano, H., et al., Confined water dissociation in microporous defective silicates: 

mechanism, dipole distribution, and impact on substrate properties. Journal of the 

American Chemical Society, 2012. 134(4): p. 2208-2215. 



18 

 

37. Chenoweth, K., A.C. Van Duin, and W.A. Goddard, ReaxFF reactive force field for 

molecular dynamics simulations of hydrocarbon oxidation. The Journal of Physical 

Chemistry A, 2008. 112(5): p. 1040-1053. 

38. Bonaccorsi, E., S. Merlino, and A.R. Kampf, The crystal structure of tobermorite 14 Å 

(plombierite), a C–S–H phase. Journal of the American Ceramic Society, 2005. 88(3): 

p. 505-512. 

39. Hou, D., et al., Reactive molecular dynamics and experimental study of graphene-

cement composites: Structure, dynamics and reinforcement mechanisms. Carbon, 2017. 

115: p. 188-208. 

40. Gao, W., The chemistry of graphene oxide. Graphene oxide, 2015: p. 61-95. 

41. Jin, Y., F. Duan, and X. Mu, Functionalization enhancement on interfacial shear 

strength between graphene and polyethylene. Applied Surface Science, 2016. 387: p. 

1100-1109. 

42. Lu, L., Y. Zhang, and B. Yin, Structure evolution of the interface between graphene 

oxide-reinforced calcium silicate hydrate gel particles exposed to high temperature. 

Computational Materials Science, 2020. 173: p. 109440. 

43. Hou, D., et al., Reactive force-field molecular dynamics study on graphene oxide 

reinforced cement composite: functional group de-protonation, interfacial bonding and 

strengthening mechanism. Physical Chemistry Chemical Physics, 2018. 20(13): p. 

8773-8789. 

44. zhang, Y., et al., Molecular dynamics study on the weakening effect of moisture content 

on graphene oxide reinforced cement composite. Chemical Physics Letters, 2018. 708: 

p. 177-182. 

45. Daly, M., et al., Interfacial shear strength of multilayer graphene oxide films. ACS 

nano, 2016. 10(2): p. 1939-1947. 

 


