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ABSTRACT

Graphene oxide (GO) cementitious composites have recently attracted considerable
interest due to their improved mechanical properties and durability. However, most
research is focused on the macroscale performance of these composites with very little
experimental and modelling research on the characterization of their nanoscale behavior.
This makes the design of these new GO-cementitious composites challenging. In this paper,
we present a novel molecular dynamics (MD) model for GO-cementitious nanocomposites
to understand their behavior and predict their mechanical and fracture properties. In this
model, different numbers of GO nanoplatelets were inserted into the C-S-H structure and
a number of nanoscale mechanical parameters and crack bridging mechanism were
obtained. The MD simulation results revealed that the addition of GO sheets increased the
tensile and compressive strength of C-S-H by roughly 50% and 100%. The MD simulation
results also identified a double-peak phenomenon which is an indication of additional
plasticity when the intercalated GO/C-S-H structures are subjected to compressive stress.
The fracture simulation results showed that the failure mode of the intercalated GO/C-S-
H composites was marked by high energy release. The results of fracture simulations with
different notch lengths also indicated that the addition of GO could improve the fracture

performance due to a good interfacial connection between the GO and the C-S-H gel.

KEYWORDS: Graphene oxide; Cementitious materials; Molecular dynamics modeling;

Nanocomposites; Mechanical properties; Fracture.
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1. INTRODUCTION

There has been a concerted research effort to improve the mechanical properties and
durability performance of cementitious composites using a variety of macrofibers[1-5].
Nanomaterials have been extensively used in cementitious nanocomposites to enhance
their properties. Amongst these nanomaterials, graphene oxide (GO), is considered to be a
potentially good inclusion in cememtitious composites as nano-material. This is because
of its distinctive properties including better dispersibility in water due to hydroxyl
functional groups, high specific area and high mechanical properties[6]. A considerable
amount of research revealed that the addition of GO improved the flexural and compressive
strength of GO cementitious composites[7-9]. The literature review also suggested that the
large aspect ratio of GO helped improve the overall durability of cement-based materials

by reducing permeability and chloride ingress[10].

Calcium silicate hydrates (C-S-H) gels are the main phases of the cement hydration
products, which provide the most cohesion and strength of the cement matrix. The C-S-H
gels are typically imperfect crystalline with a density of 2.604 g/cm?® and a chemical
formula (Ca0);.7(Si02)(H20)1.80, measured by combining small-angle neutron and X-ray
scattering data[11, 12]. Richardson [13] has developed Tobermorite/Jennite (T/J) model
and Tobermorite/Calcium Hydroxyl (T/CH) model for interpreting the atomic structure of
C-S-H. The T/J model combines the Tobermorite and Jennite domains while the T/CH
model contains Tobermorite silicate chains sandwiching calcium hydroxide with Ca/Si
ratios higher than 1.0. Pellenq, Kushima, Shahsavari, Van Vliet, Buehler, Yip and Ulm
[14] proposed a realistic model for the atomic structure of the C-S-H with a mean Ca/Si
value of 1.7, based on the 11A Tobermorite crystalline structure. To achieve high Ca/Si
value in establishing the molecular structure of C-S-H, the long silicate chains were
defected according to results from 2°Si nuclear magnetic resonance (NMR)[15]. Water
molecules were randomly added in the molecular system to achieve a density of 2.6 g/cm?

for C-S-H. Another C-S-H model was hypothetically formulated for C/S ratio lower than
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1.6[16] in which a number of dimeric and pentameric Si-O tetrahedra structures were
proposed. In these structures, calcium atoms were coordinated to 6, 7 or 8 oxygen atoms.
Meanwhile, the interface between the C-S-H particles plays an important role in the
mechanical behavior of C-S-H at the mesoscale. Based on the colloid model[17, 18], Fan
and Yang [19] determined the interfacial properties between the unit C-S-H
particles/globules via molecular dynamics method. By assuming the maximum packing of
C-S-H globules, large-scale simulations of C-S-H at the colloidal level (~15nm) were

conducted and the deformation and mechanical property were obtained[20].

When GO sheets are present in the cement matrix, their functional groups enable them to
react with the C-S-H gel to produce a strong chemical bond which leads to improved
mechanical properties. To better understand the strengthening effect of GO, molecular
dynamics (MD) simulations can provide unique insight into the mechanical behavior of
GO-cementitious composites by elucidating the main mechanical and chemical interaction
mechanisms between the two materials at nanoscale. MD simulations have successfully
been used to understand the hydration process of cementitious materials and calculate their
deformation, stress, and other molecular properties[21-23]. Such simulations are
particularly useful when physical nanoscale experiments are not available. Alkhateb, Al-
Ostaz, Cheng and Li [24] was perhaps the first to investigate the microcosmic properties
of GO/C-S-H using the MD approach. In their study, COMPASS force field was applied
on a unit cell with a layer of GO in the middle of the C-S-H structure. A pull-out test was
conducted for calculating the interfacial strength and energy. Fan, Lue and Yang [25]
investigated the complete shearing mechanism between GO and C-S-H through MD
simulations with ReaxFF force field, and quantitatively derived the full shear stress-strain
curve. Hou, Lu, Li, Ma and Li [26] examined the intrinsic interaction between GO and C-
S-H and suggested that the functional groups could stabilize the atoms in the C-S-H gel

and enhance its mechanical strength at the nanoscale.
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Research efforts on understanding the interaction mechanisms between GO and C-S-H and
their effect on the nanoscale mechanical properties are rather limited. Amongst the relevant
work, Yang, Jia, Hou, Li, Jiang and Zhang [27] found the weakening effect of moisture
content on GO reinforced C-S-H composite causing a decrease in failure strength of the
structure. Wan and Zhang [28] provided the bond information between GO and C-S-H in
details, and Lu, Zhang and Yin [29] presented the structure evolution of the interface
between GO and C-S-H at high temperature. However, the fracture properties and failure
modes of intercalated GO/C-S-H remain a knowledge gap. Therefore, this paper aims to
examine the mechanical properties of GO-cementitious composites, and uncover their
fracture behavior and failure modes through MD simulations. In these MD simulations,
different numbers of GO sheets were inserted into the C-S-H gel to form intercalated
GO/C-S-H structures. The mechanical and fracture properties, and the failure modes of the
GO/C-S-H composites were determined, and compared to previous experimental data.
Further, the effect of different notch sizes on the mechanical performance of the GO/C-S-

H was investigated and the crack bridging mechanism of the GO sheets was elucidated.

2. MODEL CONSTRUCTION

The C-S-H structure used in this study is from Richardson [16]. It is a Tobermorite-based
monoclinic structure having 11 A mean length of silicate chains, 14 A interlayer spacing
and Ca/Si ratio of 0.82. This structure is a good representation of the imperfect crystalline
C-S-H (e.g. the coordination of Ca-O) and the existence of intraglobular pores (IGP)[18].
The atomic structure of GO used in this study is based on the Lerf-Klinowski GO
model[30]. In addition, the epoxy and hydroxyl functional groups of the GO sheet are
randomly distributed[31] to avoid the reduction of energy caused by the agglomeration of
the functional groups[32]. Usually, the oxidation of the graphene sheet should range from
4:1 to 2:1 in terms of the C/O ratio[33]. The distribution of oxygen atoms is based on the
density functional theory (DFT) analysis[32, 34]. The O-H bond length is found to be 0.98

A and the angle of C-O-H bond is 107.9°. The attached carbon atom is distorted out of the
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plane by 0.37 A. The hydrogen and oxygen atoms are placed at the same plane

perpendicular to the basal plane for simplicity..

The molecular structure of C-S-H and one layer of GO sheet embedded in the C-S-H gel
is shown in Figure 1. The chemical formula of the C-S-H is CasH2(Si1207).Ca4H>0 and the
lattice parameters area=11.35 A, b=7.3 A and ¢ =21.5 A and duplicated 4 x 6 x 2 along
the x, y, z directions, respectively. The GO sheet was inserted into the inter Calcium layer
which is a natural cleavage plane[35] and also the weakest layer in the structure. The
simulation box hence has the lattice parameters a = 45.4 A, b=438A,c=61.46 A. The
C-S-H gel contained one, two and three GO sheets with a C/O ratio of 3.2 and
hydroxyl/epoxy ratio 4.5. The GO were placed in the cleavage plane. To examine their
effect on the overall performance of the GO/C-S-H composite structures, the GO sheets
were adjusted to fit into the size of the C-S-H unit with the period boundary conditions.
The C-S-H gel and the GO/C-S-H intercalated structures were then subjected to

compressive and tensile stress along the y and z directions.

LAMMPS[36] was used to perform the MD simulations. ReaxFF has been used in C-S-H
structures[20, 37], making it reasonable to model the GO-cementitious composites. The
timestep was set as 0.25 fs. After energy minimization, the simulation box was relaxed for
500 ps in the isobaric-isothermal ensemble (NPT) and each structure was coupled to zero
external pressure in the X, y, z dimensions. The Nose-Hoover thermostat was used to keep
the temperature at 300 K, and the Nose-Hoover barostat was used to maintain the pressure
at p = 0 Pa. After reaching equilibrium, the system was then subjected to a tensile or
compressive stress along the z or y axis with a constant loading rate of 0.08 A/ps. To obtain
the mechanical properties along the z direction, the pressure in the x and y directions was
kept at zero; and for determining the mechanical response along the y-direction, the

pressure in the x and z directions was also kept at zero.

Figure 2 shows the molecular structure of C-S-H with 2 and 3 sheets of GO. To eliminate

the natural separation in the interface between the GO sheets and the C-S-H gel, an extra
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relaxation step under compressive pressure was applied along the z-direction before NPT
relaxation. To create compression, a strain is added to the entire structure in the z-direction.
For the compressive and tensile tests, the starting structure was chosen when the stress
started to increase from zero. In this process, it is believed that the separation between the
GO sheet and C-S-H can be removed without incurring any additional stress. In this case,
the thickness of the interface decreases from 7.9 A, 17.8 A and 25.0 A, to 7.2 A, 13.5 A
and 20.3 A for the 1, 2 and 3 GO sheets, respectively. The potential energy and RMSD
(root-mean-square deviation) value during the relaxation period of three structures

containing GO sheets are shown in Figure 3. The RMSD is defined as follows:

Natoms

Natomsy,.. el 2
RMSD = \[Zi—l [ri(t)—1i(t2)] (1)

where ri(t) means the position where atom i is at time t and Nuwoms 1S the number of atoms
being compared. It has shown that both the potential energy and RMSD stop increasing
after 350 ps for all structures. It is therefore, in this study, a relaxation period of 350 ps is
chosen for all nanocomposite structures. In addition , the relaxation time for the pure C-S-

H structure is about 300 ps[38] as well.

To investigate the fracture behavior of the nanocomposites, a notch with a width of 8 A
along y direction and infinite depth along x direction was induced in both C-S-H and C-
S-H with 1 non-periodic GO sheet. For both structures in Figure 4, four notches were cut

with depths of 5 A, 10 A, 15 A and 20 A along z direction.

3. RESULTS AND DISCUSSION
3.1. Mechanical properties of GO/C-S-H composites

The stress-strain curves for all GO/C-S-H intercalated structures under tensile stress (y

direction) and compressive stress (z direction) are shown in Figure 5. As it can be seen,
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the four structures exhibited similar linear stress-strain relationships in the elastic stage
with slightly different gradients. The initial tangent modulus of the intercalated GO/C-S-
H composites is higher than that of the plain C-S-H gel and appears to increase with
increasing the number of the GO sheets. As depicted in Figure 5a, all stress-strain curves
are marked by a yielding phase. This yielding phased however is more pronounced in the
plain C-S-H. From Figure 5a, one can see a sudden drop of the tensile stress which is
followed by a stress yielding stage, and the sudden drop after the first peak indicates the
breakage of GO sheet(s). Such a behavior prevents the sudden release of fracture energy

when a crack is propagated thereby enhancing the fracture resistance of C-S-H.

As depicted in Figure 5b, the structures exhibited different stress-strain relationships under
compressive stress. The addition of GO significantly increased the compressive strength
of the C-S-H gel but it seems to have no effect on the compressive initial tangent modulus.
The GO also substantially increased the energy absorbed in the C-S-H gel during the
loading as reflected by the increase in the areas under the curves. However, when the
number of GO is relatively high in a given small space (i.e., 2 and 3 GO layers in the
current simulation box), a repaid energy release occurred after the peak stress which led to
the appearance of second stress peak which corresponds to the maximum compressive
stress. The residual stresses observed in the stress-strain curves are the same for all
structures. However, the presence of GO sheets can significantly increase the strength and

the work/energy required to fail the GO/C-S-H structure.

The MD simulation results suggest that GO increases the plasticity of the GO/C-S-H
composite in compression. As shown in Figure 5b, the compressive stress-strain responses
of the intercalated GO/C-S-H composites are marked by two peaks compared to one peak
for the plain C-S-H. For one GO sheet, the maximum stress occurred at the first peak;
while for higher GO sheets, the maximum stress occurred at the second peak. The second

stress peak becomes clearer and more noticeable when the number of GO is increased.
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This two-peak phenomenon demonstrates the enhancement of plasticity of the C-S-H as a

result of GO.

The molecular morphology of the C-S-H and GO/C-S-H structures with different numbers
of GO sheets under tension at typical stages are shown in Figure 6. This figure shows the
effect of the number of the GO sheets on the failure mode of the C-S-H at nanoscale. As
depicted, the failure of the structures in tension occurs where the silicate chain is broken.
Some local atoms are relocated when the GO sheets start to break just after the maximum
stress. Figure 6(ao — ayi;) shows that under tension, the cracking of the pure C-S-H structure
tend to occur close to the left boundary of the simulation box, whereas, the failure of the
intercalated GO/C-S-H composites seems to be due to the failure of the GO sheets as
shown in Figure 6(byi;, cyii and dyi)). The MD simulations elucidate the interaction between
the GO sheet and the C-S-H gel. The C-C bonds in the GO sheets, typically much stronger
than the chemical bonds in the C-S-H gel, are transferred to the C-S-H which results in

stronger composites.

As illustrated in Figure 7, under compressive stress, the intercalated GO/C-S-H composites,
showed a time delay-difference from the re-configuration of the C-S-H structure to the
breakage of the GO sheets, which is probably the reason for the two-peak phenomenon in
the stress-strain curves as discussed above. This means that the C-S-H gel will likely break
first and after 50 ps, be followed by the failure of the GO sheets. Because of this, when
more GO sheets are added, the second peak becomes more pronounced. According to the
hydrogen bond networks between GO sheets[39] and structure of C-S-H[40], for
multilayer GO sheets, the interlayer molecular interaction between the GO sheets[34]
provide a weaker connection than the intrinsic interaction within the C-S-H gel and thus
yields no improvement in the initial tangent modulus of the GO/C-S-H gels. The

interactive (hydrogen) bonding system between GO sheets are illustrated in Figure 8.

The mechanical properties of the composites were determined from the stress-strain curves.

The addition of GO increased the maximum tensile strength of the intercalated GO/C-S-H
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composites by 19%, 34% and 45% for 1, 2 and 3 GO sheets, respectively. The addition of
GO also increased the tensile initial tangent modulus by 13%, 28% and 38% for 1, 2 and
3 GO sheets, respectively. The GO significantly improved the compressive strength of the
C-S-H gel and it was increased by 16%, 51% and 96% for 1, 2 and 3 GO sheets,
respectively. The improvement of the mechanical properties of the intercalated GO/C-S-
H composites in our study can be attributed to strong inherent bond between the GO and

the C-S-H gel[26], as shown in Figure 9.

3.2. Validation of the MD results

To date, there are no experimental data on nanoscale mechanical properties of GO/C-S-H
composites. This makes the direct verification of the MD results impossible. In this paper,
we compare the mechanical properties of nanoscale C-S-H from the simulated MD results
and the experiments from literatures which will show the robustness of the MD method
and partially verify the model. Given the scarce nanoscale experimental data on GO/C-S-
H composites, we believe this procedure can provide reasonable validation strategy and

bring in added confidence of using MD method for cementitious nanocomposites research.

The experimental results on Young’s modulus and hardness of C-S-H with different Ca/Si
ratio are obtained from literature[41]. The hardness achieved from the nanoindentation
test is related to the mean pressure sustained beneath the indenter before permanent
deformation. The Young’s modulus and hardness from experiments are in the range of
93.3 to 115.8 GPa and 12.4 GPa to 13.8 GPa, respectively, for Ca/Si ratio of 0.78 to 0.88.
The simulated results are 114.06 and 12.58 for Young’s modulus and compressive
strength respectively, for Ca/Si equal to 0.82. It can be found that the simulated results are
in a reasonable agreement with those of nanoindentation test for modulus and strength of
C-S-H. It may be noted that the Young’s modulus of C-S-H phases (from Qomi,
Krakowiak, Bauchy, Stewart, Shahsavari, Jagannathan, Brommer, Baronnet, Buehler and

Yip [41]) is about ten times bigger than the nano-indentation results of cement paste[42].
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This is due to the ‘size effect’ or upscalling effect of cement paste since the nano-

indentation test works on larger scales than current MD simulation.

3.3. Fracture properties of the notched molecular structures

The fracture behavior and properties of materials are typically obtained by testing notched
samples under tension. The notch enables stress concentration and damage to be localised
in one area to accurately measure the fracture properties of materials. In this paper, we
investigate the fracture properties of C-S-H and GO/C-S-H structures, and the bridging
mechanisms of GO using MD simulations. Like experimental fracture tests, notches of
depths 5 A, 10 A, 15 A and 20 A were cut in the structure of the C-S-H gel and the GO/C-
S-H composites containing one GO sheet. In the MD simulations, the GO sheet bridges
the notch at different depths under tensile stress. The tensile force was applied directly to
the C-S-H molecular structure which is then transferred to the GO sheet through the
interfacial bond. The stress-strain curves for all the structures are presented in Figure 10.
For notch depths of 5 A and 10 A, the bridging effect of GO is somewhat negligible. For
deeper notch depths, GO seems to enhance the plasticity of the C-S-H gel. However, the
MD simulations did not show any increase in the fracture strength of the C-S-H composites

when the GO sheet is present. Further studies are required to confirm these findings.

The morphology of the C-S-H structure with and without one GO sheet equipped with
notches of 15 A and 20 A under tension at three stages are shown in Figure 11. These three
stages are equilibrium, maximum tensile stress and failure. It can be seen that the notch
size affects the fracture behavior of the composites. The bridging effect provided by the
GO sheet (Figure 10) inhibits failure of the parallel silica chains, thus preventing the C-S-

H from cracking.

The fracture strength and the fracture energy values obtained from the fracture results with
different notch size are displayed in Figure 12. The tensile strength is decreased as the notch

depth increases, similar trend for the fracture energy. This is in line with the common
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understanding that notch or impecfection would degrade the strength and fracture
resistance of materials. However, it is interesting to find out one GO sheet has little effect
(even slightly weakening possibly due to the interface atomic configuration) on the fracture
strength and energy of notched C-S-H for notch size up to 15 A. For notch size over 15 A,

both fracture strength and fracture energy start to increase.

We also conducted a pull-out test on the GO using MD simulations to determine its bond
strength. In these simulations, the GO sheet was anchored into the two completely separate
parts of C-S-H structure through which the tensile load was applied. The change in the
molecular structure of the GO/C-S-H is shown in Figure 13(a)-(c). As shown, GO
sustained the pull-out force through the interfacial bond which was calculated about 0.8
GPa (Figure 13d). Figure 13d shows the stress-strain response of the GO/C-S-H structure
during the pull-out test. As shown, the GO sheet can partially restore the integrity of a

severely cracked C-S-H gel since otherwise there will be no bridging stress.

4. CONCLUSIONS

In this paper, we have conducted molecular dynamics simulations to gain a fundamental
understanding of the behavior of intercalated GO/C-S-H composites and determine their
performance in terms of mechanical and fracture properties and crack bridging
mechanisms. The MD simulation results revealed that the addition of GO could increase
the tensile strength by 16% to 45% and the compressive strength by 19% to 96% with one
to three layers of GO sheets. In addition, the initial tangent modulus in tension of silicate
chain direction can be enhanced by about 38%. Compared to the plain C-S-H, a double-
peak phenomenon was identified in the compressive stress-strain response of the
intercalated GO/C-S-H composites. This second peak was due to the presence of GO which
indicates the increases in the plasticity of the C-S-H gel. The failure of the mode of the
intercalated GO/C-S-H was marked by a rapid release of energy with improved fracture
energy. The fracture properties were found to be dependent on the initial crack size. The

addition of GO increased the fracture energy of the C-S-H gel at notch sizes higher than
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15 A. Based on the pull-out simulation result, the maximum interfacial bond strength was
about 0.8 GPa. The proposed MD simulation methodology is a powerful tool for
fundamental understanding of the strengthening mechanisms of GO and other nano-
additives in cementitious materials at the nanoscale. These insights can be used to design
and optimize the macroscale properties of cementitious composites with potential

functional features such as self-sensing and self-healing properties.
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(b)

(a)
Figure 1 (a) Molecular structure of C-S-H produced based on Richardson'* (b) molecular

structure of GO/C-S-H compostie structure with one GO sheet (grey atoms are carbon in

GO sheet, red atoms are oxygen, white atoms are hydrogen, green atoms are calcium and

pearl atoms are silica)
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(a)
Figure 2 Molecular structures of GO C-S-H composites with multilayer GO sheets

after initial equilibrium (a) two layers of GO sheets (b) three layers of GO sheets
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374  Figure 3 Energy reduction and RMSD value of C-S-H structures with one, two and three layers
375  of GO sheets during energy minimization
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Figure 4 The structures with a notch depth of 10 A (a) C-S-H (b) C-S-H with one layer
GO sheet
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(a) (b)
Figure 5 The stress-strain curves for all GO C-S-H structures (a) under tensile test

along y-direction (b) under compression test along z-direction
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Figure 6 Failure mode of molecular structure of C-S-H and GO/C-S-H composites under
tension. (a) C-S-H nanostructure (b) C-S-H with one layer GO sheet (¢) C-S-H with two
layers GO sheet (d) C-S-H with three layer GO sheet for different loading stages: (0)
represents the structure after equilibrium; (i) represents the occasion of the maximum
stress, at strain of 0.14; and (ii) represents the occasion after failure happens, at strain of
0.4
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Figure 7 Failure mode of molecular structure of C-S-H and GO/C-S-H composites under
compression. (a) C-S-H nanostructure (b) C-S-H with one layer GO sheet (c) C-S-H with
two layers GO sheet (d) C-S-H with three layer GO sheet for different loading stages:
(0) represents the structure after equilibrium; (i) represents the occasion of the maximum
stress; and (ii) represents the occasion after failure happens. The stain of (a,) is 0.18,
(b,i) is 0.21, (c4) is 0.32 and (d,) is 0.35; the strain of (a,) is 0.27 and 0.42 for (bzi), (i)
and (dzi)
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382 Figure 8 (a) Atomic structure of partial three GO sheets in the C-S-H interface with hydrogen bonds
383 (b) 2D schematic shows configurations of hydrogen bonds between two GO sheets
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Figure 9 Schematic diagram of partial structure in GO C-S-H nanocomposite. The bonds of one
Calcium atom connected with the oxygen atoms in hydroxyl, silica chain and GO sheet are
presented
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Figure 10 Stress-strain curves of C-S-H structure and one layer GO C-S-H under tension
along y-direction with notch in depth of (a) 5 A (b) 10 A (c) 15 A and (d) 20 A
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Figure 11 Morphologies under y-direction pulling out for (a) C-S-H nanostructure with a
15A notch (b) C-S-H inserted with one layer GO sheet in a 15 A notch (c) C-S-H
nanostructure with a 20 A notch (d) C-S-H inserted with one layer GO sheet in a 20 A
notch under three loading stages, i.e., (0) after equilibrium; (i) the occasion of the

maximum stress; and (ii) the occasion when failure happens
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392 Figure 12 Crack size effect of notch on tensile strength and fracture energy
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Figure 13 One layer GO sheet enhanced C-S-H nanostructure with an infinite crack under

tension (a) at the start; (b) maximum stress happens; (c) de-bonding of GO sheet on one
side; and (d) the pull-out stress-strain curve of the GO C-S-H nanostructure



