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� The impact of functional groups on the interfacial bonding strength of GO/C-S-H has been explored and explained.
� The local structure of GO/GN on the C-S-H substrate was depicted.
� Interfacial shear strength of GO/C-S-H composite is reduced with moisture content increasing.
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a b s t r a c t

This paper investigates interfacial characteristics between graphene oxide (GO) and calcium silicate
hydrate (C-S-H) composite using molecular dynamics simulations. Effects of functional group types (car-
boxyl and hydroxyl functional groups) and water content on the interfacial bonding strength were stud-
ied. Simulation results reveal that the interfacial bonding strength between GO and C-S-H is enhanced
significantly than that of between pristine graphene sheet (GN) and C-S-H, which ascribes to the stability
of chemical bond connection and mechanical interlocking. The interfacial bonding strength decreases
with the decrease of water content, which indicates that invaded water could weaken the GO and
C-S-H adhesion.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Ordinary Portland cement, the key ingredient of concrete, is
indispensable in civil engineering [1]. More than 3.6 billion tons
of cement is produced per year to meet the needs of urbanization
[2]. In particular, modern concrete structures for sea-crossing
bridges, high-speed railways, nuclear power projects, and
ultrahigh-rise buildings have put forward higher requirements of
safety, durability, and functionality. Due to the quasi-brittle nature,
ordinary concrete materials are poor to resist crack formation [3–
5]. To overcome the above shortcomings, the reinforcing materials,
such as steel fibers [6], polymer fibers [7–9], mineral fibers [10,11],
have been used to control and reduce the crack formation in fiber
reinforce concrete (FRC).

The improvement in mechanical properties of FRC ascribes to
the replacement of the large cracks in concrete with the micro
cracks [12], but those reinforce fibers fail to stop nanoscopic crack
initiation. As, the emergence and development of nanotechnology,
the addition of nanomaterials (nanosilica, carbon nanotube, and
graphene, etc.) in cement materials have become a promising
strategy to control the growth of nanoscale cracks in the cement
materials, which further improves the mechanical performance
of cement materials [13–15]. Among these nanomaterials, gra-
phene and its derivatives have attracted great interest owing to
their excellent physico-mechanical properties [16–19]. Pristine
graphene possesses superb mechanical property (the Young’ s
modulus is ~ 1 TPa and the tensile strength is ~ 130 GPa
[20–22]) and large aspect ratio (greater than3000 [23,24]), which
makes it a good candidate as reinforce additive; but the poor dis-
persing property of pristine graphene in cement matrix restricts
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its applications [25,26]. Graphene oxide (GO) is an important kind
of graphene derivatives with better dispersibility which has been
widely applied in material modification, seawater purification,
and many other industries [27,28]. Recently, the incorporation of
GO as nano-reinforcement in cement-based composites have
attracted particular interest, and the reinforced effect of GO on
the mechanical properties of cement matrix could be better than
those of graphene sheets. With adding 0.03 wt% of GO in cement
matrix, the tensile strength of cement composite could be
increased by ~ 40% [29]; the addition of 0.05 wt% GO could increase
the compressive strength of cement composite by 15–33% and
flexural strength by 41–59% [30].

Experimental results have demonstrated that GO reinforcement
cement possesses excellent mechanical properties, but it chal-
lenges experimental technologies to clarify molecular mechanisms
underlying the reinforcement. Molecular dynamics (MD) simula-
tion provides a powerful computational tool in understanding
the characteristics of the GO-cement composite, which can give
fundamental insight into the microscopic reinforcement mecha-
nism of GO-cement composite. As the key component to providing
the binding strength within the cementitious materials, the cal-
cium silicate hydrate (C-S-H) determines the mechanical perfor-
mance and the durability of cement material. Based on MD
simulations and the C-S-H model, the study of cement has deep-
ened into the nanoscale level. The mechanical properties, the
adsorption behavior, and the transport properties of C-S-H matrix
or C-S-H gel pore have been studied by MD methods [31–36]. Eval-
uated by uniaxial tension simulation, the mechanical properties of
C-S-H show anisotropic and heterogeneous. Along the perpendicu-
lar direction to interlayer, the C-S-H gel is connected via noncova-
lent bond, which has the weakest tensile strength [31]. Water and
ions in the C-S-H gel pores exhibit different transport behavior
[33]. Besides, the interfacial connection properties of GO/C-S-H
composite were also investigated via MD simulations. It has been
found that hydrogen-bond forms between the hydroxyl groups in
GO provide and water molecules in the C-S-H [34,35]. In addition,
the enhancement of Young’s modulus and strength of C-S-H with
the incorporation of GO can also be assessed using MD simulations,
which demonstrates that the strong interfacial interaction and
Fig. 1. (a) the cleaved tobermorite 11 Å model, (b) the GO sheet and funct
mechanical interlocking is responsible for the enhancement [37].
These simulation works provide fundamental insights into the con-
necting mechanism of GO reinforcement cement-based material.

With the rapid development of chemical synthesis technology,
GO treated with various species and different amounts of
oxygen-containing functional groups can be easily synthesized by
various treated methods [38,39]. These studies motivate us to
investigate the controlling effects of GO with various oxygen-
containing functional groups on the nanoscale crack in the cement
materials. To do this, the adhesion properties between GO sheet
and C–S–Hmatrix were investigated via MD simulations, and three
models including graphene sheet (GN), GO with carboxyl group
(GOOH), and GO with hydroxyl group (GOH) were considered.
The interfacial bonding strength was evaluated during the pull-
out simulation process. The underlying mechanism was uncovered
from the interfacial chemical bond and mechanical interlocking.
Besides, the influence of water content on the interfacial bonding
properties was finally investigated by simulating the pull-out pro-
cess. This study not only provides valuable information on the
interfacial strengthening mechanism but also enlightens the
design strategies of GO/cement composites.

2. Computational methods

2.1. Model

In this work, the GO/C-S-H composite models are used for
investigating the interfacial bonding properties. The composite
model contains two parts: C-S-H substrate, GN or GO sheets. The
C-S-H substrate is built using the Tobermorite 11 Å, as shown in
Fig. 1a, which has same chemical component and similar layered
crystal structure with the C-S-H [40,41]. By expanding the unit cell
of the Tobermorite 11 Å along the [001] direction, the C-S-H sub-
strate with the crystal parameters a = 43.2 Å, b = 45.04 Å, c = 46.
26 Å, a = b = c = 900 is obtained. Subsequently, one layer of bridged
silicate tetrahedron in the center of crystal along Z direction is
deleted. Non-bridging oxygen atoms are exposed in the C-S-H
interface due to the deletion. A part of nonbridging oxygen atoms
in the new cleaving surface of C-S-H substrate is protonated and
ional groups, (c) the composite initial models, (d) the pull-out model.



Fig. 2. Snapshot of pull-out process at 0 ps (a), at 1000 ps (b), and at 1600 ps (c),
respectively. (d) The evolution of COM and the load.
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some of Ca2+ atoms are deleted to maintain the charge balance of
simulation system. The C-S-H substrate with a channel with the
width of about 5 Å is produced.

The GN/GO sheets are constructed according to the modeling
process by Allington et al. [42]. The lattice parameters pristine GN
sheet unit cell is a = 3.69 Å, b = 4.62 Å, c = 3.4 Å, a = b = c = 900.
The unit cell is expanded 11 times in the a-direction and 10 times
in the b-direction to match the size of C-S-H substrate. Then, two
different functional groups –COOH and –OH are bonded to the gra-
phene surface. It has been reported experimentally that the typical
surface coverage ratios of GO, the ratio of functional group and car-
bon atoms in GO, is about 20% [43]. The same ratio is adopted in our
GO model. The pristine GN model is also studied for comparative
analysis. The model of GN and GO are shown in Fig. 1b.

Afterward, the GN/GO sheets are planted in the cleaved region
of C-S-H matrix to construct an initial model, as shown in Fig. 1c.
Then, the pull-out model is constructed by adding the vacuum
layer with thickness equal to 60 Å along y-direction, as shown in
Fig. 1d.

2.2. Computational details

2.2.1. Force field
The atoms interaction of C-S-H is described by the Clayff force

field [44], which has been successfully and widely applied to sim-
ulate the molecular structure and mechanical properties of C-S-H.
The atom interaction of GN/GO is based on the consistent valence
force field (CVFF) [45]. The simple point-charge (SPC) water model
[46] is utilized for describing water molecules confined in the C-S-
H gel. The mix arithmetic rule [47] is selected for the combination
of different force fields. This combination force field has accurately
and successfully simulated the properties of GO/C-S-H composites
[48–50].

2.2.2. Molecular dynamic procedure
All simulation processes are implemented using the large-scale

atomic/molecular massively parallel simulator (LAMMPS) platform
[51]. The simulation process for the initial model (Fig. 1c) goes
through two stages: the energy minimized and the pre-
equilibrium process. During the energy minimized, all the atoms
are relaxed. In the pre-equilibrium process, the simulations are
conducted under NPT ensemble at 300 K and 1 atm for 2000 ps.
The Nosé–Hoover approach is selected for the temperature and
pressure control. During the simulation, the leapfrog algorithm is
employed to integrate the equation of motion, and the time step
was set to 1 fs. And trajectories of atoms data in the last 1000 ps
are collected for analyzing the structure and dynamics properties
of the composite interface.

2.2.3. Pull-out simulation
For pull-model (Fig. 1d), a pre-equilibrium process is performed

under NVT ensemble for 2000 ps. The pull-out simulation under
NVT ensemble is performed to obtain the load–displacement
curves for characterizing the interfacial bonding properties. In
the pull-out process, a row of carbon atoms on the right side of
GN or GO is selected as the position for exerting external force,
as shown in Fig. 1d. The external force value is shown as follow:

F ¼ K x0 þ v � tð Þ � xcomð Þ ð1Þ
where F represents the external force; K represents the spring con-
stant, which is set to 0.01 kcal/mol/nm2; x0 is the initial center of
mass (COM) of selected carbon atoms along the y-direction; v rep-
resents the pulling speed of the reference point along the y-axis and
is 0.0025 nm/ps; t is the simulation time; xcom is the dynamics posi-
tion along y-direction of COM of selected carbon atoms. The total
simulation time of pull-out process is set to 2000 ps. The external
force and xcom are collected to obtain the load–displacement curves.

3. Results and discussions

In this section, the adhesion properties of GO/C-S-H composite
is investigated, and the load–displacement curve and the interfa-
cial shear strength of the GO/GN-C-S-H composite are calculated,
and the underlying mechanism is uncovered from interfacial
chemical bond and mechanical interlocking. The effect of water
content on the interfacial bonding properties was also elucidated.

3.1. Pull-out process and interfacial bonding properties

The dynamic pull-out process can give a straightforward picture
of shape-structure change of GO/C-S-H composite. The pull-out
process of GOOH from C-S-H is shown in Fig. 2, where a, b, c, d,
and e represent simulation snapshots at 0 ps, 200 ps, 250 ps,
1000 ps, and 1600 ps, respectively. Simulation results show that
some discontinuous wrinkles or corrugations appear as GOOH
sheet gradually pulled out from the C-S-H substrate. To quantita-
tively exhibit the pull-out process, the time evolution of the exter-
nal force and the COM of selected carbon atoms along y-direction
were recorded, as shown in Fig. 2. Overall, the COM position shows
a linear increasing trend against the simulation time, indicating
that the GOOH sheet can be pulled out stably under the external
force. However, the pull-out force has a larger fluctuation. The
pull-out force can be considered as feedback of the interaction
between C-S-H matrix and GOOH sheet, which has a direct rela-
tionship with the interfacial stress transfer. Therefore, the pull
out force can be used to characterize the interfacial bonding prop-
erties. The fluctuation pull-out force denotes that the interfacial
bonding properties have a larger fluctuation as the GOOH sheet
pulled out from the C-S-H matrix.

Here, the force–displacement is also derived according to the
COM-time and force–time curve, as shown in Fig. 3a. Owing to
the stable chemical bonds formed between GO and matrix, the
pull-out load of GO is relatively high during the pull-out process,
whereas GN sheet has only VDW interaction with C-S-H which
shows the weakest pull-out behavior. The maximum pull force
(Fmax) for GOOH, GO and GN are 9.98 � 10-9N, 7.16 � 10-9N, and
4.30 � 10-9N, respectively. The interface shear strength is derived
based on the load–displacement curves and is defined as:

s ¼ Fmax

2ab



Fig. 3. (a) Load-Displacement curves for GN, GOH and GOOH, (b) Interfacial
interactional energy of GN, GOH and GOOH.
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where a and b are the width and length of GN or GO sheets. The
interface shear strength of GO-COOH/C-S-H, GO-OH/C-S-H, and
GN/C-S-H is 532 MPa, 383 MPa, and 230 MPa, respectively. The
strong and stable chemical bonds formed at the GOOH/C-S-H and
GOH/C-S-H surface bring on better pull-out behavior. Besides, as
presented in Fig. 3b, the change of interfacial interaction energy
between C-S-H and GO sheets in the pull-out process also shows
higher than that of GN. It can be concluded that the higher interfa-
cial bonding properties in GO-COOH/C-S-H composites are achieved
compared to that of GO-OH/C-S-H composites followed by GN/C-S-
H composite. This is consistent with a previous experimental study
reported by Geng [52], in which they found the bonding strength
between the carboxylic carbon nanotubes and cement matrix is
higher than that of pristine carbon nanotubes. Thus, the GOOH or
the GOH sheet can interact with the C-S-H gel more effectively than
the pristine GN, and control concrete cementations material nano-
crack better.

Besides, it can be seen in Fig. 3a that the force–displacement
curve of GOOH and GOH models shows many peaks during the
pull-out process, which is a typical ‘‘stick–slip” phenomenon. A
similar phenomenon was also observed in previous studies [53].
The ‘‘stick–slip” phenomenon can be attributed to the repeated
process of breaking-reconnection of bonds between GO and
C-S-H. Taking the GOOH as an example, in the stick stage, the force
increased rapidly in the first 5 Å displacements, it reaches its high-
est value, about 18 � 10-10N. In the slip stage, the force abruptly
drops to 10 � 10-10N within 1 Å displacement. As mentioned
above, the pull-out force during the pull-out process can be
affected by two mechanisms: the pull-out force could be influ-
enced by mechanical interlocking caused by surface roughness of
the GO/GN; it could also be affected by interfacial chemical bonds
between GO and C-S-H substrate. The discrepancy of interfacial
shear strength for different GO/GN sheets was discussed from
these two aspects.

3.2. Interfacial chemical bonds

To reveal the effect of interfacial interaction, the local structure
of GO/GN on the C-S-H substrate was evaluated. Firstly, local atom
intensity of GO/GN was calculated for the equilibrated composite
system. Fig. 4 shows the variation of local atom intensity along
the direction perpendicular to the C-S-H surface. The local atom
intensity of Ca in the C-S-H matrix was also calculated for compar-
ison analysis. The bottom of the model (Fig. 1d) is the origin of Z
direction (Z = 0 Å) and the location of the interfacial oxygen atom
in hydroxyl group is defined as the interface displayed by the gray
line. As shown in Fig. 4, The channel width of the C-S-H substrate is
increased greatly with the insertion of GO, attributed to the func-
tional group in the GO sheet that could occupy the space. More-
over, the local atom intensity of Ca atoms shows a different
distributed manner. In Fig. 4a, almost all the Ca atoms are pre-
sented on C-S-H side for GN/C-S-H composite system, while the
intensity curve shifts to the GO side for GO/C-S-H composite sys-
tem, indicating GO has much stronger interfacial interaction to
C-S-H matrix than the pristine GN sheet. Comparing with the
GN/C-S-H composite model, the peak value of the C atom of GO/
C-S-H composite model is distributed widely, indicating that the
added functional group can improve the interfacial interactions.
This strong interaction makes the GO sheet failed to keep flaky
shape anymore, causing increased surface roughness. The surface
roughness mechanical interlocking will be further discussed in
the 3.3 section.

To investigate the local chemical environments and interfacial
interaction between GO and C-S-H substrate, the radial distribu-
tion functional (RDF) and coordination number (CN) were calcu-
lated. To distinguish the oxygen type in different positions,
different kinds of oxygen atoms were defined. In particular, Onb

is the non-bridge oxygen atoms in a silicon tetrahedron in C-S-H,
Ooh represents the hydroxyl oxygen atoms in C-S-H, OGOH is the
oxygen atom that in the GOH sheet, OGOOH denotes the oxygen
atom that in the GOOH sheet. Besides, OGOOH is divided into two
types according to their positions: O1 denotes the oxygen atom
that connects the carbon with double bonds, O2 represents the
oxygen atom that connects the carbon with a single bond. Hoh rep-
resents the hydroxyl hydrogen atoms in C-S-H. As shown in Fig. 5a,
the RDF curves of OGOH-Ca, Onb-Ca, Ooh-Ca show a sharp peak
located at about 2.35 Å, which represents these oxygen atoms
can all form ionic bonds with Ca. These bonds connection can be
observed in Fig. 6a, where the Ca atoms act as a bridge between
GOH sheet and C-S-H substrate by OGOH-Ca connection and
Onb-Ca or Ooh-Ca connection. In addition, the RDF curves of
Hoh-OGOH also have a broadening peak located at about 2 Å. It indi-
cates the H bonds connection can be formed between GOH sheet
and matrix, as shown in Fig. 6b. Comparing with the GOH/C-S-H
composite system, the position of the RDF curve peaks for O-Ca
connection in GOOH/C-S-H composite system (Fig. 5b) remains
unchanged, whereas the peak gets sharper. It means the same



Fig. 5. Radial distribution function.
Fig. 4. Atomic intensity profiles along the Z direction.
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interfacial connection for GOH and GOOH, but the GOOH has stron-
ger interfacial bonding interaction. The interfacial bonding connec-
tion between GOOH sheet and C-S-H substrate is also provided in
Fig. 6cd. Moreover, to quantitatively characterize these two types
of oxygen atoms in GOOH sheet, the RDF of O1-Ca, O2-Ca, O1-Hoh,
and O1-Hoh were also plotted in Fig. 5d. The RDF of O1-Ca and
O1-Hoh have an obvious peak, while the peak of O2-Ca and O2-
Hoh are not obvious. It represents that the contribution of double
bonds oxygen atoms to the interfacial strength is more than that
of single bond oxygen atoms.

The coordinate number (CN) of Ca atoms and Hoh atoms is
obtained by integrating the first peaks of RDF to make a detailed



Fig. 6. Snapshots of chemical bonds.

Table 1
Coordinate number in GO-OH/C-S-H.

CN Cut-off radius (Å) Coordination number

Ca-Opoly 3.45 0.82
Hoh-Opoly 2.55 0.34
Ca-Ooh 3.15 0.16
Ca-Ob 3.45 4.22

Table 2
Coordinate number in GO-COOH/C-S-H.

CN Cut-off radius (Å) Coordination number

Ca-Opoly 3.45 1.17
Hoh-Opoly 2.55 0.53
Ca-Ooh 3.15 0.21
Ca-Ob 3.45 3.96
Ca-O1 3.45 0.82
Ca-O2 3.45 0.35
Hoh-O1 2.55 0.42
Hoh-O2 2.55 0.11
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characterization of the ionic bonds, as presented in Table 1 and
Table 2. For GOH/C-S-H composite system, the averaged CN of
Ca-OGOH, Ca-Onb, and Ca-OOH is about 0.82, 3.96, and 0.16, respec-
tively. While for GOOH/C-S-H composite system, the averaged CN
of Ca-OGOOH, Ca-Onb, and Ca-OOH increases to 1.17, 4.12, and
0.21, respectively. As compared with the Hoh-OGOH, the CN of
Hoh-OGOOH increases to 0.53. This indicates that the GOOH/C-S-H
composite has more coordination connection than GOH/C-S-H
composite. It is also found that the CN for O1 around Ca or Hoh is
higher than O2. This again reflects the interfacial strength of
GOOH/C-S-H composites stems mainly from double bonds oxygen
atoms.

As mentioned above, the interfacial bonding connection is
demonstrated via RDF curve and CN. The stability of these bonding
connections is reflected by the time correlation function (TCF).
According to the definition of TCF [54], if the value of TCF remains
at 1 during the whole simulation process, it indicates that the bond
connection is very stable; By contrast, if the value of TCF degrades
to 0, it suggests that the bonds connection is frequently broken and
the chemical bond is unstable. Fig. 7a, Fig. 7b, and Fig. 7c show the
TCF curves of Ca-O bonds. As shown in Fig. 7a, the TCF of Ca-O1 in
the GOOH/C-S-H interface is always larger than that of Ca-OGOH in
the GOH/C-S-H interface. This indicates that the connection of Ca-
O bonds in GOOH/C-S-H system is more stable. The TCF of Ca-O2

degrades faster than that of Ca-O1, which means the Ca-O2 bonds
are very weak. Fig. 7b exhibits the TCF for another chemical bond
connection between GO sheet and C-S-H, which characterizes the



Fig. 7. Time-correlated function curve of Ca-O bond and H-O bond connection.
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stability of H-O pairs. The TCF of OGOH-H in GOH/C-S-H degrades
faster than that of OGOOH-H in GOOH/C-S-H systems, implying that
the stable chemical bonds formed for GOOH/C-S-H systems. Fig. 7c
and Fig. 7d show the TCF curve for Ca-Ooh and Ca-Onb, which
decreases slightly in the earliest stages and then remains at a high
value. It indicates that the chemical bonds of Ca-Ooh and Ca-Onb

can last a long period.
3.3. Mechanical interlocking effect

The pull-out force is not only influenced by interfacial chemical
bonds between GO and C-S-H substrate, but also influenced by
mechanical interlocking caused by surface roughness of the GO/
GN. Qualitatively, the interface configuration of GN, GOH, and
GOOH in the channel region of the C-S-H was extracted, as shown
in Fig. 8a, Fig. 8c, and Fig. 8e. It can be found that there are some
discontinuous wrinkles or corrugations in the surface GN/GO
sheets. Previous research also has confirmed the existence of cor-
rugations in GN sheet [55]. The corrugations can be at-
tributed to the change of the bond length of the C–C bonds in the
GN sheet. The functional group in the GN sheet disturbed the
bonding connection in the GN sheets, which will further affect
the pull-out force via the mechanical interlocking effect resulted -
from surface roughness. More quantitatively, the z-position
evolution of carbon atoms in GN or GO sheet was tracked to char-
acteristic the surface roughness. As shown in Fig. 8b, d, and f, the
maximum overlap degree of carbon atoms through observing the
colors in the center and the distribution width of carbon atoms
shows that the corrugations degrees of three sheets follow:
GOOH > GOH > GN, which is consistent with the order of pull-
out force.
3.4. Water content effect

It has been reported that the environmental humidity could sig-
nificantly affect the structure and mechanical property of GO. As
important constituent materials of infrastructure, the cement-
based materials often suffer external water attacks. Owing to the
hydrophilic nature of GO and C-S-H surface, the invasion water
can be easily immobilized on the interlayer void between GO and
C-S-H substrate. Thereby further affecting the performance of the
interfacial interaction. In order to clarify the influence of humidity
on the interfacial bonding strength between GO and C-S-H, three
systems with different water content were constructed, including
dry condition, one layer water molecules and two layer water
molecules present on the interlayer void, as shown in Fig. 9a,
Fig. 9b and Fig. 9c. The simulated method is the same as the case
of dry model. The pull-out force–displacement curves of different
water content for GN and GO are shown in Fig. 9 d, Fig. 9e and
Fig. 9f. It can be seen that the pull-out force is significantly reduced
with increasing water content.

The main reason is that the addition of water prevents the for-
mation of chemical bonds between Ca ions and oxygen atoms in
the silicon oxygen tetrahedron in C-S-H or oxygen atoms GO func-
tional groups. As the water content increases, the interfacial chem-
ical bonds are gradually replaced by a series of weakened hydrogen
bonds, and water acts as a lubricant that weakens the interfacial
bonding strength. The lubrication effect by surface layers of water
has also been found in mica sheets channels [56]. Our simulation
results reveal that in dry condition, there is close contact between
GO sheet and C-S-H substrate, ensuring the strong interfacial
bonding strength. However, in wet environment, the invasion of
water molecules in the interlayer void between GO and C-S-H sub-
strate could deteriorate the interfacial mechanical properties.



Fig. 8. The interface configuration of GN (a), GOH (c) and GOOH (e) in the channel region of the C-S-H substrate; The z-position evolution of carbon atoms in GN (b), GOH
(d) and GOOH (f) sheet.
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4. Conclusion

In this study, we investigated the structure, dynamics, and inter-
facial bonding properties of GO/C-S-H composites using MD simu-
lations. Higher interfacial bonding properties in GOOH/C-S-H
composites are achieved compared to that of GOH/C-S-H compos-
ites followed by GN/C-S-H composite. The ionic bonds and H bonds
formed between GO and C-S-H, the mechanical interlocking caused
by surface roughness of GO, both effects provide a contribution in
enhancing the interfacial bonding strength. Compared to GOH/
C-S-H composites, GOOH/C-S-H composites have better interfacial
bond strength attributed to two important aspects: more and stable
chemical bonds exist at GOOH/C-S-H composite interface; GOOH
sheets show a higher level of surface roughness. In dry condition,
there is close contact between GO and C-S-H, ensuring the strong
interfacial bonding connection. However, in wet environment, the
invaded water molecules in the interlayer void between GN/GO
and C-S-H substrate weaken the GN/GO and C-S-H adhesion.



Fig. 9. Initial structure of (a) dry condition model, (b) one-layer water molecular model, and (c) two-layers water molecular model. Load-Displacement curves at different
water contents for (d) GN, (e) GOH and (f) GOOH, respectively.
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