1

Molecular dynamics study of interfacial stress transfer
in graphene-oxide cementitious composites

Ding Fan®, Leo LueP, Shangtong Yang®*

@ Department of Civil and Environmental Engineering, University of Strathclyde, James
Weir Building, 75 Montrose Street, Glasgow G1 1XJ, United Kingdom.
b Department of Chemical and Process Engineering, University of Strathclyde, James
Weir Building, 75 Montrose Street, Glasgow G1 1XJ, United Kingdom.

Abstract

Graphene oxide has been recently used to create cementitious nanocompos-
ites with enhanced mechanical properties and durability. To examine the
improvement on the mechanical properties of cement by adding graphene ox-
ide, the understanding of the interfacial stress transfer is a key. In this work,
pull-out tests were carried out using molecular dynamics simulations, incor-
porating cement and graphene oxide, to determine the shearing mechanism
at the interface. For the first time, the shear stress-displacement curve, which
represents the bond-slip relation has been calculated for a graphene oxide /
cement nanocomposite at the molecular scale. This relation is significant and
essential in multi-scale numerical modeling as it defines the mechanical prop-
erties for the interface elements. A yielding-like phase is found prior to the
shear strength and a roughly bilinear softening phase (i.e. fracture/damage).
Furthermore, the shear strength has been found in the range of 647.58 +

91.18 MPa, based on different repeated simulations, which indicates strong
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interfacial bonding strength in graphene oxide cement.
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transfer, molecular dynamics.

1. Introduction

Cementitious material, which is composed of mainly cement and possibly
a mixture of fly ash, slag, limestone fines, silica fume, etc., is the most used
construction material in the world. Since the invention of modern cement,
there has been considerable research to improve its characteristics in terms of
toughness [1], strength [2, 3], and durability [4, 5]. Other than the direct im-
provement of cement itself, a variety of fibers have been added to cement to
enhance the properties of the cementitious materials. More recently, thanks
to the rapid development of nanotechnology, a new dimension of research
has been initiated in cementitious nanocomposites, investigating the prop-
erties of cement containing nanomaterials such as nanoparticles composed
of metal oxide or silica [6], nanofibers [7], and nanotubes [8]. It has been
shown that these nano-inclusions can significantly improve the compressive
strength, flexural strength, Youngs modulus and other material properties of
cement. Since the first successful isolation of the individual graphene sheet
9], graphene has been considered as an ideal nano-inclusion in numerous ma-
terials including cement [10]; however, the direct application of graphene in
forming cementitious nanocomposites is currently limited due to dispersion
issues.

Graphene oxide (GO), the oxidized form of graphene, has started to be-

come accepted as a suitable inclusion in cement for its combined advan-



24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

tages of enhancement in mechanical properties, durability, and dispersibility
(11, 12, 13]. For example, GO cement at 28 days with 0.06 wt% of GO
content can increase compressive strength by 72.7%, and 0.04 wt% of GO
content can increase the flexural strength by 67.1% [12]. As a 2-D structure,
GO has a large aspect ratio, which could lead to reduced permeability and
chloride ingress for optimal durability of the composite cementitious materi-
als [13]. This shows that GO has significant potential in enhancing a variety
of properties of cement. Scanning electron microscopy (SEM), x-ray diffrac-
tion (XRD), atomic force microscopy (AFM) has been used by Alkhateb
and co-workers [10] to obtain the physical and chemical properties and res-
onant ultrasound spectroscopy (RUS) for certain mechanical properties of
GO cement. Lv and co-workers [14] examined the effects of graphene oxide
on the cement hydration process in terms of the crystals shapes and their
formation with different dosages of GO inclusions. They found that cement
formed flower-like structures on the surface when the dosages of GO ranged
from 0.01% to 0.04%; however, it formed polyhedral structures from rod-like
crystals on the surface when the dosages of GO exceeded 0.05%. Moreover,
XRD tests showed [14] the GO sheets generate more crystalline phases such
as calcium hydroxide, ettringite, and monosulfoaluminate in cement.
Despite the promising future of incorporating GO in forming cementitious
nanocomposites for optimal engineering properties, the current research of
GO cement is still at a very early stage. To investigate the massive increase
in the mechanical properties of GO cement, it is necessary to study the inter-
facial stress transferring mechanisms between the cement and the GO. The

stress transferring mechanisms and effectiveness at the interfaces controls the
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global mechanical performance of the GO cement. Molecular dynamics (MD)
provides unique insight into the mechanical performance of cementitious ma-
terials and nanocomposites at the nanoscale. MD can be used to calculate the
deformation, the stress, and various molecular properties of cement systems
[15, 16, 17]. A molecular approach to determining the mechanical properties
of cementitious materials is extremely helpful when physical nanoscale exper-
iments are not widely available. In GO cement, the GO is mixed and reacted
with the main binding phase of cement — a calcium-silicate-hydrate (C-S-H)
gel. Alkhateb et al. [10] has investigated the interfacial stress transfer for GO
cement. In their study, a cell containing C-S-H with a layer of GO in the mid-
dle was constructed, and the COMPASS force field was applied. A pull-out
test was conducted, and the interfacial strengths were calculated. However,
the structure of C-S-H was not clear, and the full stress-strain curve, which
represents the complete stress transferring behavior, was not shown. Li and
co-workers [18] simulated the pull-out test of carbon nanotube polymer with
MD and produced the full shear stress and displacement relation at the in-
terface between the carbon nanotube and the polymer. Ding et al. [19]
investigated the effects of GO sheets in poly(vinyl alcohol)/GO composites
by using MD and found that the degree of oxidation of the GO sheet in-
fluenced the strength of interfacial binding characteristics between GO and
the polymer. Liu et al. [20] examined the interfacial mechanical properties
of wrinkled GO /polyethylene and GO/PMMA composites by pull-out tests
with MD; it has been found that the pull-out velocity of the wrinkled GO
sheet has a great impact on the interfacial stress transfer capacity for both

types of composites and the wrinkled shape of GO can also enhance the inter-
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facial mechamical properties. To the best knowledge of the authors, however,
there is very little research in modelling the interfacial mechanical properties
of GO/cement composite and none in deriving the complete interfacial shear
stress/displacement relation with MD.

This paper attempts to model the interfacial stress transferring mecha-
nism in GO reinforced cement using MD and derive the full shearing stress
displacement curve by the pull-out test. The C-S-H structure used is based
on 11 A tobermorite, and the Lerf-Klinowski model for the GO structure
is employed with random distribution of the functional groups. ReaxFF is
used to represent the interatomic interactions in the MD simulation. The
GO sheet is pulled out of the C-S-H and the full stress displacement curve
is obtained based on which the complete stress transferring mechanism is
discussed. The sensitivity of the pulling rate on the results is investigated
and for each pulling rate, three tests/simulations are carried out to ensure
repeatability and reliability. The interfacial shear stress is then calculated as
a function of pull-out displacement. A yielding-like stage, between the linear
stress increase and the stress softening, is identified. The elastic-plastic-
fracture phenomenon has been first observed at nanoscale for GO cement
composite and will have significant impact on engineering mechanical prop-
erties. The energies of the interface between GO and C-S-H, and the carbon
atoms from the GO sheet are also calculated and discussed. The results from
this model are highly complementary to finite element multi-scale modelling
on GO cement composites. In order to accurately simulate the mechancial
behavior of the GO cement, especially at the meso- and micro-scale, the in-

terfacial properties between GO and cement are necessary. However, such
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properties are extremely difficult to determine from experimental tests. This
has motivated the work in this paper.

The remainder of this paper is structured as follows. In Section 2, we
present the formulation of the model which covers the molecular structure
of the composite, the interatomic force field, and the loading protocol for
determining the interfacial mechanical properties. In Section 3, we present
results of the load-displacement relationship for different loading rates, as well
as the energies for both the interface and the carbon atoms. We then analyze
the interfacial mechanism and calculate the shear stress development over the
pull-out displacement. Finally, the conclusions of this work are summarized

in Section 4.

2. Model Construction

The structure of C-S-H analyzed in this paper is constructed based on the
11 A tobermorite structure reported in [21]. The structure of C-S-H is consid-
ered very similar to that of 11 A tobermorite [22] with two main differences:
the calcium/silicon ratio and the silicate chain length. Researchers have
been trying to determine the molecular structure for C-S-H materials based
on 11 A or 14 A Tobermorite, but there are still few widely acknowledged
models. Pellenq et al. [23] have derived perhaps the first realistic molecular
model for C-S-H with MD, which represented the first-step forward towards
modelling the mechanical properties of C-S-H. However, the several short-
comings of the model have been pointed out, such as a few aspects of the
structure do not match with the general observations on crystalline calcium

silicate hydrates, (e.g., the coordination of Ca-O) [24]. In this paper, the
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well-understood 11 A tobermorite structure is used as the structure of C-S-
H, which is believed reasonable, since the interface between the C-S-H and
GO is the focus of the research.

The GO structure in this paper is based on the Lerf-Klinowski GO model
[25] with the distortions neglected and the carbon plane structurally unaf-
fected, as shown in Figure 1. In this model, the functional groups, includ-
ing epoxy and hydroxyl, are distributed randomly [26] to avoid the energy
reduction of GO sheet due to the gathering of the functional groups [27].
Generally, the range of oxidation varies from a C/O ratio of 4:1 to 2:1 [28].
In this model, the ratio of C/O is set to 3.2:1. The distribution of oxygen
atoms is derived by Dyer, Thamwattana and Jalili [29], which was based on
the density functional theory (DFT) analysis performed by Yan and Chou
[27]. An epoxy functional group is a single oxygen atom bonded with two
neighboring carbon atoms in the carbon plane. The C-O bond length at
relaxation is found 1.44 A. The C-C bond is stretched to 1.51 A and the two
carbon atoms move out of the plane by 0.34 A. Therefore, the oxygen atom
in an epoxy group is deduced at a perpendicular distance of from the car-
bon basal plane. The hydroxyl functional group is constructed as the OH
group bonds to certain carbon atoms. 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 plane by 0.37A. The hydrogen and oxygen atoms
are placed at the same plane perpendicular to the basal plane for simplicity.
Therefore, the oxygen atoms in hydroxyl groups stay at perpendicular dis-
tance of 1.44sin107.9° 4+ 0.37 = 1.74 A from the basal plane. The average

of the distance between the carbon sheet and oxygen atoms can be simply
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calculated as (1.57 + 1.74) /2 A.

Figure 1: The Lerf-Klinowski model for graphene oxide (reproduced from [30]).

The interface between the GO sheet and the C-S-H matrix is difficult
to model, due to the lack of data for the material composition near the
interface. Figure 2 illustrates the nanostructure of GO C-S-H and especially
the interface between the GO and the C-S-H [30]. The functional groups of
the GO sheet, mainly, oxygen atoms, react with the calcium atoms from the
C-S-H and form a strong interface. To determine the distance between the
calcium ion and the oxygen in carboxyl group, a DFT study was conducted
by Mehandzhiyski and co-workers [31]. The average length of Ca-O bond is
calculated as 2.17 A. In addition, the average distance between the calcium
layer and the carbon plane of the GO sheet can be obtained as 2.17+41.66 =
3.83 A. Moreover, the distance between the two calcium layers, surrounding
the GO sheet, can be derived as 3.83 x 2 = 7.66 A.

ReaxFF has been used in hydrocarbons [33] and C-S-H structures [34, 35],

making it reasonable to model the GO cement. In general, ReaxFF can
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Figure 2: Illustration of GO cement composite at the nanoscale (reproduced from [32]).

simulate the chemical and physical interactions between Ca, Si, O, and H
atoms in the C-S-H gel, C, O, and H atoms in the GO, and Ca, Si, O, and
C atoms at the interface. The potential energy defined by the ReaxFF can
be expressed as [36]:

Esystem = Ebond + Elp + Eover + Eunder + Eval + Epen
+ Ecoa + Etors + Econj + EH—bond (1>
+ EvdWaals + ECoulomb

where Eyong is bond energy, E, is long pair energy, Eoye is over coordination
energy, Funger is under coordination energy, FE.. is valence angle energy,
Epen 1s penalty energy, Eeo, is three-body conjugation energy, o is torsion
rotation energy, E.q,; is four-body conjugation energy, Fy_pona is hydrogen
bond interaction energy, F,qwaas is van der Waals interaction energy, and

Ecouomn is Coulomb interaction energy. The energy of per atom is calculated

9
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by defined potentials from neighbor atoms. In the present study, not all of
terms in Eq. (1) are considered necessary and some of them are set to zero.

The molecular structure of the GO reinforced C-S-H is shown in Figure 3.
A vacuum space is set for technically allowing pulling out the GO sheet
without extending the simulation box. In Figure 3, the blue atoms represent
oxygen in water, the white atoms are hydrogen in water, and the green atoms
represent calcium; the yellow atoms represent oxygen and the red atoms are
silica, which form the silica chains, and the grey atoms are carbon and the
pink atoms are oxygen forming the GO sheet. Periodic boundary conditions
are applied in x-z plane. The procedure to produce the molecular structure of
GO C-5-H is as follows: a unit cell of C-S-H, which has the lattice parameters
of a = 11.265A, b = 7.386 A and ¢ = 10.931 A with space group F2dd [21],
is duplicated as 3 x 4 x 1 along x-, y-, z-directions, respectively.

The initial structure was relaxed for 50 ps in the isobaric-isothermal (NPT)
ensemble. The Nosé-Hoover thermostat is used to keep the temperature at
300K, and the Nosé-Hoover barostat is used to maintain the pressure at
p = 0Pa. This was followed by a 50 ps run in the canonical (NVT) ensemble
for a single layer of atoms where the Ca, Si, and oxygen in C-S-H are fixed.
A time step of At = 0.25fs was used during the entire relaxation. LAMMPS
[37] was used to perform the MD simulations.

After the initial relaxation, the system was subjected to the pull-out test.
The outermost layer of atoms in C-S-H along y-direction was held fixed,
while the outermost layer of carbon atoms (14 C atoms in total) in the
GO sheet along y-direction was moved in the y-direction at a constant rate.

Three pulling rates of the GO sheet were adopted: 0.0016 A ps—*, 0.008 A ps~!

10
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Figure 3: MD simulation cell for GO cement.

and 0.08 Aps—'. After every 0.4 A pulling displacement of the GO sheet,
the system was relaxed for 2ps. The relaxation period is chosen from the
literature [38]. A typical energy variation with time is shown in Figure 4, in
which an equilibrium or a convergence trends to be achieved. The data were
recorded during the relaxation before the next pull-out step was applied.
A cell incorporating a pure graphene sheet without functional groups was
also established for pull-out test, in light of comparing with the GO cement
and examining the effects of functional groups on the interfacial mechanical
properties. The interaction energy between GO sheet and C-S-H is calculated
and discussed, which represents the energy of the interface. The energy of

the carbon atoms from the GO sheet is also derived as a function of pulling

11
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displacement under various pulling rates.

3. Results and discussion

The force F; exerted on atom ¢ is given by

0E;
F,=- o, (2)

where Fj is the interaction energy for atom ¢, and r; is the position of atom
1. The relationship between the total force on the moving carbon atoms
along pull-out direction (y-direction) F, and the pull-out displacement for
different loading rates are shown in Figure 5. The pull-out force recorded is
considered as being transferred to the interface between the GO sheet and

the C-S-H matrix. Therefore, the force is directly related to the interfacial

12
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strength of the nanocomposite.
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Figure 5: Pull-out force-displacement curves of GO cement under a pulling rate of: (a)

0.0016 A ps~*, (b) 0.008 Aps~! and (c) 0.08 Aps~!

Figure 5 show the results for three groups of pull-out tests with different
pulling rates of the GO sheet (0.0016 A ps~!, 0.008 A ps—* and 0.08 A ps~?, re-
spectively). For each loading rate, three tests/simulations, as represented by

“a”, “b”, and “c” in the figures, were carried out to examine the repeatability

13
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and reliability of the results. For all three loading rates, the results show no
significant difference for the initial elastic development (i.e., no bonds are bro-
ken). The force then starts to fluctuate once bonds are stretched too much,
and bond breaking/reformation occurs. In addition, the force-displacement
relation under the loading rate of 0.08 A ps—! has the largest fluctuation, es-
pecially for the later pulling out stage, while the force-displacement relation
under the other loading rates has the smallest fluctuations. All three curves
for each loading rate are quite close to each other.

Figure 6 show the average force-displacement response; the error bars in
Figures 6(a)-6(c) from each loading rate are taken as the standard deviation
of the data in Figures 5(a)-5(c). Although the loading rate 0.08 A ps~! has
slightly more fluctuations in the load-displacement curve, the overall/averaged
mechanical performance for all these three loading rates are similar. The av-
eraged pull-out forces are almost the same until about 10 A, after which there
are slightly more differences. Nevertheless, the first 10 A displacement rep-
resents the initial cycle of the elastic-plastic-fracture phenomenon and thus
is more important than the following force development in the context of en-
gineering applications. It can be seen in Figures 6(a)-6(c) that three peaks
of the forces, representing three cycles of force development, are present dur-
ing the process of pulling out the GO sheet from the C-S-H matrix. In the
first 2 A displacement, the force increases rapidly, mainly due to the initial
elongation of C-O-Ca bonds. The force fluctuation follows before it reaches
its highest value (e.g., 140kcalmol~'A~" for 0.0016 A ps~* loading rate). In
this period, most of the bonds between the GO sheet and the C-S-H are

still intact, although some of have broken. After the peak load, the force
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Figure 6: Averaged force-displacement curve of GO cement with a the pulling rate of: (a)

0.0016 Aps~ (b) 0.008 Aps~" (c) 0.08 Aps—* (d) graphene pulled out from cement with

a pulling rate of 0.08 A ps~1.

abruptly drops to 19.9kcalmol ™A=' for the loading rate of 0.0016 A ps~!.
During this stage, most bonds at the interface are broken. Meanwhile, new
bonds are generated during the relaxation in the displacement range of 9.2 A
to 10.4 A. The whole period up to 10.4 A displacement represents a complete
and initial cycle of the shearing load development at the interface (i.e., an
initial increase, a kind of interesting yielding phase prior to the peak load and

a decrease/softening phase until a small residual value). As mentioned, such
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an elastic-plastic-fracture phenomenon has been first observed at nanoscale
for GO cement composite and not yet been seen in the macroscale mechanical
property.

After the first complete cycle of the shearing load development at the
interface, the GO continues to be pulled out while new bonds are being cre-
ated. For example, during the displacement from 10.4 A to 18 A under the
0.0016 A ps~! loading rate, the force increases again up to 90.8 kcal mol~'A~1,
which is then followed by a rapid decrease to 30.3kcalmol 'A~! at 20.4 A
displacement. The maximum force is smaller than that of the first cycle.
The reduction is mainly caused by the 12 A length of GO sheet, which has
been pulled out of the C-S-H matrix, resulting in fewer C-O-Ca bonds being
generated. The rapid increase in energy around 18 A also shows the gener-
ation of bonds, as illustrated in Figure 6(a). After the second drop to the
lower level, the force distribution begins to fluctuate significantly; about half
length of the GO sheet has been pulled out of the original position, thus the
short-range interaction between the GO and the C-S-H contributes less and
less in the following period, making the energy distribution in the interface
more complex and changeable. The third cycle starts from 26 A and ter-
minates at 36 A with a peak force of 71.6 kcalmol '*A~! at 28.8 A pull-out
displacement. At this stage, the GO has been completely pulled out of the
C-S-H matrix.

According to Amonton’s law of adhesion [39], the friction force F' is di-
vided into two parts: F' = ulL + Fj, the external normal force L multiplied
by the friction coefficient ;1 and the internal force Fy impacted by the adhe-

sion between the two surfaces. In this study, L continuously decreases due
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to the reduction of the contact surface; the internal force Fj should initially
increase because of bond stretching and then decrease due to bond breakage.
The force-displacement generally follows Amonton’s law for individual cycles.
The simulations clearly show both the chemical interaction (i.e. bonding) and
the physical interaction occurring at the interface between the GO and the
C-S-H).

To investigate the influence of the oxygen functional group on the in-
terfacial mechanical performance of GO cement, the pull-out test was con-
ducted for pure graphene cement composite. At the interface between the
pure graphene sheet and the C-S-H, there is no chemical or short-range in-
teraction and only long range interaction remains. Figure 6(d) shows the
force-displacement curve for pure graphene without functional groups under

a pulling rate of 0.08 A ps~!.

The force remains relatively constant, with a
maximum value of about 16 kcalmol ™A=', The peaks keep decreasing until
it is completely pulled from the C-S-H matrix. This demonstrates that the
chemical bonds formed between the C-S-H and GO have significantly increase
the shearing force transferring capacity, about 8.5 times for the maximum
force.

The interfacial interaction energy AFE is an important parameter that

reflects the energy state for the interface between GO and C-S-H, which can

be defined as follows:
AFE = Erotq — Eco — Ec—s—n (3)

where E7p..q is the potential energy of the whole system, Ego is the potential
energy of all the atoms in the GO sheet alone (i.e., C-C bonds and C-O bonds)

and Fc_g_g is the potential energy of C-S-H alone. The interaction energy

17
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Figure 7: Interaction energy-displacement curves of GO cement with various pulling rates.

Figure 7 shows the interaction energy as a function of the pull-out dis-
placement for different loading rates. It should be noted that the energy is
shown with a sign, so the energy is actually decreasing rather than increasing
in magnitude. The interfacial energy decreases from 850 cal mol™! to around
50 kcal mol~! during the pull-out process. The energy loss of the interface is
mainly caused by the reduction of Ca-O-C chemical bonds. In Figure 7, all
three curves are initially constant for about 4 A and then gradual decrease.

This demonstrates that there is no breakage of chemical bonds during the
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first 4A of displacement. Further, the effect of the loading rates on the
change of interfacial energy is minimal.

The energies of all the carbon atoms in the GO sheet for different loading
scenarios are presented in Figures 8(a)-8(c). The energy of all carbon atoms
conforms to the trend of consistent increase in general for pulling rates of
0.0016 A ps~ and 0.008 A ps~!, despite some local decreases at certain load-
ing stages; there are three local decreases in the energy of all the carbon
atoms, and the three lowest local energies are exactly corresponding to the
three force peaks as illustrated in Figure 6(a), around 7A, 18 A and 29 A
respectively, for the 0.0016 A ps~! pulling rate. Three tests were performed
for each loading rate, and the trend was clear and stable. This suggests
that these two pulling rates are suitable for pull-out test on GO cement
composites. However, the trend for the energy variation at the pulling rate
of 0.08 Aps~' is unstable (see Figure 8(c)), and the error bars for most of
the curve are considerably larger. Compared to the energy variation of a

graphene sheet pulled out from C-S-H with a pulling rate 0.08 A ps~*

(see
Figure 8(d)), it can be confirmed that the oxygen atoms in GO sheet signifi-
cantly influence the pull-out process when the pulling rate is high. Therefore,
the choice of a proper loading rate for the pull-out test is key to reliable MD
simulation. A similar observation was made in Ref. 17, where different pulling
rates changed the material properties simulated from plastic to elastic.
With the pull-out force recorded, the pull-out shear stress can be calcu-

lated as [40]:
F
T=7 (4)

where F' is the pull-out force, and A is the force-resisting area. The shear
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stress 7 can be re-written as:

B F B F (5)
Aco-csu 2]ag x (bg — Ab)|

where Ago_csy is the force-resisting area in the interface of C-S-H and GO

T

sheet, aq is the length of GO sheet vertical to the pull-out direction, by is
the width of GO sheet along the pull-out direction, and Ab is the pull-out
distance of the GO sheet. In this model, ag = 32.13 A and by = 27.124 A.

There are two sides of the GO sheet which are in shear, so the force-
resisting area is the double of the area of the GO sheet connecting to the
C-S-H. By using Eq. (5) and the values of ag and by given above, the shear
stress can be calculated as a function of the pull-out displacement for the first
cycle. The pulling rate of 0.0016 A ps—! is chosen. This relationship is shown
in Figure 9. It can be seen that the shear stress increases roughly until
400 MPa; the stress then fluctuates over the next about 4 A displacement
until the maximum shear stress is reached (i.e., 647.58 £91.18 MPa obtained
from different pulling rates). It is very interesting to find this fluctuation
is similar to stress yielding behavior which has not been commonly seen
in macroscale stress analysis. This stress yielding phase is then followed
by stress softening (i.e., stress decrease), which usually implies damage has
occurred. During the stress softening phase, the stress suddenly drops to
around 400 MPa and gradually decreases. This is similar to what have been
found in the macroscale Mode I and II fractures of cement, which has often
been simplified to a bilinear softening curve. At about 10 A displacement,
the shear stress drops to about 100 MPa which is comparable to that of the
pure graphene case.

The interfacial shear strength is calculated to be about 647.584+91.18 MPa.
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As a general comparison, the tensile strength of the pure graphene sheet is
about 130 GPa [41], and the shear strength of Portland cement is typically in
the range of 6-35 MPa at the macroscale [42]. It would be extremely to verify
the results by comparing with experimental data; however, none is currently
available. As explained, this is probably because there is no experimental
method available for capturing the interfacial stress of the GO cement at
the nanoscale. However, this further increases the necessity of predicting the
interfacial mechanical properties by numerical approaches. It would be very
useful to have the nanoscale bond-slip relation including the shear strength
for GO cement which can be used as the inputs for multi-scale modeling or

to be upscaled to the engineering scale.
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Figure 9: Average shear stress-displacement curve for GO cement.

The shear stress-displacement, often known as bond-slip relation, is for
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the first time derived for GO cement. It has significant impact on multi-scale
modeling (e.g., finite element simulation) in terms of the interface properties.
The properties for interface elements in finite element analysis are usually
not available due to the difficulties of experiments. This is why trial and
error analysis is applied for determining the interfacial properties. The shear
stress-displacement curve derived can well be used for defining the bond-slip
behavior in the interface elements in multi-scale numerical simulation and

also be upscaled to the engineering properties at macroscale.

4. Conclusion

In this work, the nano interface between the C-S-H and GO has been
modeled and the complete stress transferring mechanism has been studied
using MD. The structures for the GO and the C-S-H have been clearly pre-
sented, and pull-out tests were carried out in a realistic manner. ReaxFF
was employed to provide the interactive potentials for the whole molecular
system. Three different pulling rates were employed in running the MD sim-
ulations and it has been found that 0.08 A ps—' leads to larger fluctuation in
the force-displacement curve, compared with 0.0016 A ps~* and 0.008 A ps™!,
especially for the later pulling out stage. The full stress displacement curve
which represents the mechanical properties of the GO cement interface has
been derived and the shear strength has been found to be 647.58+91.18 MPa.
The shear stress-displacement curve has, for the first time, been derived for
GO cement which represents the bond-slip relation in finite element simula-
tion. It can be concluded that MD simulation offers a unique insight into

modeling the nanoscale mechanical properties of cementitious nanocompos-
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ites which have not, yet, been determined by experiment.
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