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Graphene oxide (GO) has attracted increasing attention for its application in cementitious materials as it can be used 
to regulate the hydration products of cement and improve the properties of cement composites. This paper investigated 
the role of GO on the hydration process and chemical shrinkage of a cement paste through an experimental study and 
molecular dynamics simulation. The hydration heat flow of a cement composite with GO (CCG) was characterised by using 
an isothermal calorimeter. The chemical shrinkage of the CCG was also measured by applying a modified method based 
on ASTM C1608. The test results have shown that incorporating GO can mainly accelerate the hydration rate of cement 
composites at the early stage, but would not change the four-stage process of the cement hydration. The addition of GO 
by 0.3 wt. % of cement is able to reduce the chemical shrinkage of the cement composites. This regulation effect is mainly 
attributed to the hydrogen bonding, which has been verified by the molecular dynamics simulation.

INTRODUCTION

	 Cement composites are the most widely used struc-
tural materials in the field of civil engineering [1]. With 
the rapid development of infrastructure construction, 
there is an increasing requirement on the performance 
of cement composites. It is essential to effectively con-
trol the physical and mechanical properties of cement 
composites in order to satisfy the requirements of diffe-
rent types of applications. 
	 Nanomaterials have attracted increasing attention 
for their application in cement composites due to their 
excellent physical and chemical properties [2]. The most 
commonly used nanomaterials for cement composites 
are nano-silicas [3], carbon nano tubes [4] and nano-TiO2 

[5]. As a carbon-based nanomaterial, graphene oxide 
(GO) consists of several layers of wrinkled two-dimen-
sional carbon sheet with various oxygen-containing 
functional groups, which is highly dispersible in water 
and possesses excellent mechanical properties [6, 7]. 
Existing studies have confirmed that GO can regulate the 
hydration products of cement and significantly improve 
the mechanical properties of cement composites [8-12]. 
Xu [13] and Hou [14] examined the role of GO in cement 
composites by using experiments and a molecular dy-
namics (MD) simulation. The reinforcing mechanisms 

of GO on cement composites can be attributed to the 
promoted cement hydration, the refined pore structure, 
the compacted microstructure [15], which opened a new 
prospect to modify cement composites at the micro-
molecular level [7].
	 The shrinkage of cement composites at the early 
age has been considered as the main driving mechanism 
leading to the micro-cracking of concrete structures 
[16-18]. Bouasker [19] investigated the relationship 
between the chemical shrinkage and the hydration degree 
of cement composites with limestones and granular 
inclusions at the early age. Zhang [20] examined the 
effects of the temperature rising inhibitor (TRI) on 
the autogenous shrinkage of cement pastes. The TRI 
can significantly reduce the shrinkage of the cement 
due to the delayed growth of ettringite. Yodsudjai [21] 
studied the chemical shrinkage of a paste made with 
five different types of cement by using the dilatometry 
method specified in ASTM C1608. The obtained expe-
rimental results were compared with the chemical 
shrinkage estimated by using the molecular weight and 
densities of the cement compound. Zhang [17] presented 
a critical review on the dilatometry method specified in 
ASTM C1608 and proposed an improved testing method 
for the chemical shrinkage measurement. Considering 
the elevated temperature and pressure condition of well 
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cement hydration, Zhang [22] proposed a new method 
to measure the chemical shrinkage by following the flux 
of water into the sample to maintain constant pressure. 
Pei [23] proposed an FBG-based method to realise the 
simultaneous measurement of the temperature and 
shrinkage strain of the cement. The influence of gra-
phene oxide on the early age shrinkage of magnesium 
potassium phosphate cement was analysed. 
	 However, the existing studies mainly focus on the 
mechanical properties of cement composites with GO 
(CCG), yet the regulation effects of GO on the chemical 
shrinkage have not been considered apart from a few 
exemptions [23]. This paper aims to reveal the role of 
graphene oxide on the hydration process and chemical 
shrinkage of cement composites. The hydration heat 
flow of the CCG paste with different amounts of GO is 
first compared. The chemical shrinkage measurement 
of the CCG paste is subsequently measured based on a 
modified ASTM C1608 standard. The MD simulation is 
also performed to identify the regulation effect of the GO 
on the chemical shrinkage of the cement composites. 

EXPERIMENTAL

Materials

	 Type 42.5 ordinary Portland cement (OPC) in ac-
cordance with GB175-2007 was used in this study. The 
chemical compositions of the cement are tested by X-ray 
fluorescence spectrometer and are listed in Table 1. 
	 A Hummers’ GO with a purity of 97  wt.  % was 
adopted for preparing the cement composites in this 
study. It has 1 - 5 layers with a thickness of 1.0 - 1.77 nm. 

The specific area of the GO ranges from 300  m2∙g-1 
to 450  m2∙g-1. The morphology of the GO is shown in 
Figure 1. The detailed properties are listed in Table 2.

Mix proportion

	 Three mix formulations including a control mixture 
and mixtures containing 0.1 wt. % and 0.3 wt. % of GO 
were designed. The water to cement ratio (W/C) for each 
mixture was fixed at 0.5. Table 2 shows the detailed mix 
design of the cement composites.
	 Owing to the agglomeration behaviour of nano-
powders, the thorough dispersion of GO in water is the 
key step toward achieving a uniform dispersion of the 
GO within the cement composites [24]. An ultrasonic 
dispersion treatment has been demonstrated as an effective 
method to achieve a homogenous aqueous dispersion 
[25]. In this study, the homogenous dispersions of GO 
in water are obtained by using a CE-6200A Ultrasonic 
disperser. 

b)

a)

Figure 1.  The GO.

Table 1.  The chemical compositions of the cement.

	 Chemical		  Chemical
Oxide	 composition	 Oxide	 composition
	 (%)		  (%)

CaO	 58.08	 MnO	   0.0775
SiO2	 25.37	 SrO	   0.0697
Al2O3	   5.73	 P2O5	 0.038
SO3	   4.15	 PbO	 0.017
Fe2O3	   3.08	 CuO	 0.015
MgO	   1.63	 MoO3	 0.010
K2O	   1.13	 ZrO2	 0.010
TiO2	   0.295	 NiO	 0.007
Na2O	   0.170	 Rb2O	 0.003
ZnO	   0.107	 CoO	 0.002

Table 2.  The mix proportions of the cement composites.

Mix ID 	 Cement (g)	 Water (g)	 GO (g)

Blank	 500	 250	 0.000
SGO-0.1 %	 500	 250	 0.500
SGO-0.3 %	 500	 250	 1.500
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	 The sample preparation process for the CCG paste 
is given in Figure 2. It includes: 1) dispersing the GO in 
water for 300 s; 2) adding the cement to the GO aqueous 
dispersion; 3) slow mixing for 150 s; 4) suspending for 
15 s; and 5) quick mixing for 150 s. 

Test procedures

The hydration heat test:

	 The heat flow of the CCG was measured by using 
an isothermal calorimeter (TAM Air8). Each channel in 
the isothermal calorimeter has two measuring chambers, 
namely the sample chamber and the reference chamber 
[26]. The isothermal calorimeter preheats for 24 hours to 
ensure that the heat capacity of the sample is the same as 
that of the reference sample.
	 When the heat balance of the isothermal calorimeter 
is completed, each CCG sample (including the Blank) 
is poured into a 20 ml ampoule bottle. The samples are 
subsequently placed into the measuring chambers and 
the total test duration is 24 h.

The chemical shrinkage test:

	 The precise measurement for the chemical shrin-
kage is essential for the investigation of the early volu-
me change of the CCG. ASTM C1608 has been widely 
adopted for the chemical shrinkage measurement of the 
cement paste [27]. However, due to the poor sealing 
between the stopper and the flask mouth, the measure-
ment is easily distorted. Moreover, the flask might crack 
at the later age due to the restraint stress between the 
cement paste and flask, as shown in Figure 3 [17].
	 In view of the above disadvantages, an improved 
device for the chemical shrinkage measurement was 
developed based on ASTM C1608. A modified flask 
for the chemical shrinkage measurement was designed 
as shown in Figure 4. The measuring device consists of 
a bottle-body and a bottle-neck. The bottle-body has a 
hollow spherical crown structure and the bottleneck 
has a hollow cylindrical structure. The spherical crown 
structure of the bottle-body can effectively reduce the 
restraint stress between the cement paste and the flask. 

	 a)	 b) 	 a)	 b)

Figure 3.  The inadequacies of the chemical shrinkage measu-
rement in accordance with ASTM C1608.

Figure 4.  The modified flask for the chemical shrinkage measu-
rement.
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Figure 2.  The sample preparation process.
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The bottle-body and the bottle-neck are integrally for-
med, which can effectively prevent a measurement error 
caused by air tightness. In order to ensure that there is 
sufficient water in the bottleneck for the date observation, 
the height of the bottleneck is more than three times the 
height of the bottle-body. A 0.05 ml scale is marked on 
the bottleneck and the total scale is 6 ml.
	 Accurately weighing 150  g ± 0.1 g of CCG paste 
through a balance, in which case, the chemical shrinkage 
of 100 g CCG can be measured. The prepared paste was 
poured into the modified flask by using a long funnel. 
The flask was gently shaken to remove air bubbles. Then, 
deionised water is added to the flask with a dropper until 
reaching the 6 ml scale line. Afterwards, the specimens 
are transferred to the specific curing condition with a 
relative humidity of 50 ± 5 % and a temperature of 15 ± 
1 °C, as is shown in Figure 5.

The microscopic morphology and phase composition
of the hydration product:

	 The CCG specimens in a bulk shape are collected 
at the designated ages and then immersed in absolute 
ethanol before the SEM observation. The prepared bulk 
samples are observed using a field emission scanning 
electron microscope (HITACHI S-4800). The powder 
samples are then obtained after crushing and screening 
with a 0.075  mm mesh sieve before the XRD testing. 
The prepared powder samples are subjected to an X-ray 
diffractometer (Bruker D8 ADVACE) and analysed 
using JADE6.5 software. 

RESULTS

The influence of the GO on the hydration 
process of the cement composite

	 Figure 6 shows the hydration heat release curves 
for the CCG and blank paste. Typically, two peaks are 
generated in the curves, in which case, the first peak 
evolves due to the hydration of C3S and the second peak 
corresponds to the hydration of the C3A phase of the 
cement [28]. Based on the classical cement hydration 
theory, the complete hydration process of a cement can be 
divided into four stages: the dissolution stage (0 - 0.5 h), 
the induction stage (0.5 - 2  h), the acceleration stage 
(2 - 16 h), and the deceleration stage (16 - 24 h) [29]. 
As shown in Figure 6, the hydration duration of the 
CCG paste at each stage is basically comparable to 
that of the blank paste. This indicates that the addition 
of GO would not change the hydration process of the 
cement. However, the exothermic rate of each sample 
is different. In the dissolution stage, the exothermic 
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Figure 6.  The hydration heat release curves for the CCG.

Figure 5.  The schematic illustration of the chemical shrinkage measurement.
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rate of the SGO – 0.1 % is slightly higher than that of 
the blank one. While comparing the amount of the 
GO on the heat release, the exothermic rate of the mix 
SGO – 0.3 % exhibited a significantly higher hydration 
rate than that of the mix SGO – 0.1 %, which indicates 
that the addition of GO can accelerate the hydration rate 
of the cement. The acceleration effect is attributable 
to the nucleation seeding of GO, which increases the 
probability of contact between the water molecules 
and cement particles [30]. Moreover, some functional 
groups on the surface of the GO may stimulate hydration 
because they act as nucleation sites during the formation 
of the hydration products [31]. As the hydration reaction 
further proceeds, the hydration of CCG in both the 
induction and acceleration stages exhibits a lower rate 
of hydration heat when compared to the control paste. 
This is mainly attributed to that the CCG sample reacts 
rapidly in the early stage, which leads to a decrease in the 
hydration rate in the later stage. At the end, both the CCG 
specimen and the blank specimen exhibit a similar rate 
of heat of the hydration at the deceleration stage, which 
indicates that the hydration process has been completed.

The influence of the GO on
the chemical shrinkage behaviour of

the cement composite

	 Chemical shrinkage is defined as the absolute 
(internal) volume change of the cement paste per unit 
weight that results from the hydration of the cementitious 
materials [17]. Figure 7 shows the chemical shrinkage 
of the cement composite with different amounts of GO. 
There are slight differences in the chemical shrinkage 
behaviour among the pastes during the first 48  h of 
hydration. As the hydration reaction further proceeds, 
especially after 168 h of duration, the chemical shrinkage 
behaviour of the CCG paste made with different amounts 
of GO is different. When the GO content is 0.1 wt. %, 
the chemical shrinkage of the CCG paste is basically the 
same as that of the control mix. When the GO content 

is increased from 0.1 wt. % to 0.3 wt. %, the chemical 
shrinkage of the SGO – 0.3. % specimen is smaller than 
that of the SGO – 0.1. % specimen. The result implies 
that the GO plays a major role in regulating the chemical 
shrinkage of cement paste.
	 Figure 8 shows the hydration products of the CCG 
paste with the different amount of GO. At the early age 
of the cement hydration, the capillary depression and 
Le Chatelier’s contraction are directly responsible for 
the shrinkage of the cement composites in the sealed 
conditions [19]. It can be clearly seen from the figure 
that the amount of calcium hydroxide in the CCG paste 
is higher than that in the blank paste. In addition, the 
calcium hydroxide in the CCG paste exhibits a relatively 
dense petal shape. The mechanism through which the 
petal-like crystals are formed indicates that regular 
crystals are formed by the template effects of the GO and 
the ordered structures are formed by the interweaving 
and crosslinking caused by the crystal growth [32]. It can 
be inferred that the pore structure of the CCG hydration 
product is denser than that of the blank paste. The decrease 
in the pore diameter of the capillary action leads to the 
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Figure 7.  The chemical shrinkage of the CCG pastes with the 
different amounts of GO.

a) Blank (magnified 10 000 times) b) Blank (magnified 50 000 times)

Figure 8.  The hydration products of the CCG paste with the different amounts of GO. (Continue on next page)
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reduction of the volume of water that can be contained 
in the pores, which macroscopically exhibits a decrease 
in the chemical shrinkage value of the cement paste. 
The effect of the amount of GO on the cement chemical 
shrinkage displayed in Figure 7 can be further illustrated 
in Figure 8. When the amount of GO is relatively small 
(e.g., specimen SGO – 0.1 %), the amount of the petal 
shaped hydration product is low, which indicates that 
the regulation effect of GO is not obvious. As shown in 
Figure 7, the chemical shrinkage value of SGO – 0.1 % is 
similar to that of the blank specimen, which is consistent 
with the above analysis. For specimen SGO – 0.3  %, 
the increased amount of GO leads to the formation of a 
large number of petal-like calcium hydroxide crystals, 
resulting in the relatively high density of the hydration 
products, a fine internal pore size, and a marked decrease 
in the chemical shrinkage. 
	 Figure 9 shows the XRD pattern of the hydration 
products of the CCG paste with the different amounts of 
GO. It can be seen that the formation of the hydration 
products is seldom affected by the adoption of GO at 
both 7 days and 14 days, which indicates that the addition 
of GO does not produce new hydration products during 
the cement hydration process. The result is similar to the 

effect of a carbon nanotube on the cement hydration [31]. 
However, variation in the peak intensity for the calcium 
hydroxide (CH) due to the various GO contents can be 
clearly observed. Based on the microstructure shown 
in Figure 8, it can be found that the addition of GO 
can surely regulate the morphology and accumulation 
of the hydration products and this regulation effect is 
not realised by the chemical reaction. As Terracciano 
[33] stated, GO has a high adsorption capacity for 
Ca2+ when the pH value is greater than 7. Therefore, 
it is preliminarily believed that the regulation effect is 
achieved by the adsorption of the electron layer or the 
hydrogen bond through the oxygen-containing active 
group on the surface of the GO.

Molecular dynamics simulation of
the regulation of the GO on

calcium hydroxide

	 According to the above analysis, GO has a template 
effect on the formation of calcium hydroxide in the 
cement composites. To further validate the effect of 
the GO on the cement hydration, the interface layer 
of the GO and CH is analysed by the MD simulation. 

a) SGO – 0.3 % (magnified 10 000 times)

a) SGO – 0.1 %  (magnified 10 000 times)

b) SGO – 0.3 % (magnified 50 000 times)

b) SGO – 0.1 % (magnified 50 000 times)

Figure 8.  The hydration products of the CCG paste with the different amounts of GO.
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The MD simulation is carried out by using the Materials 
Studio software, which provides an effective method 
to quantitatively investigate the statistical properties of 
between the different particles [34].

Molecular modelling

The GO model:

	 There is no built-in GO model in the Materials 
Studio software. Based on the parameters obtained from 
the reference [35, 36], a GO molecular model (C88H34O24) 

was constructed by setting the initial density as 2.2 g∙cm-3 
and the cell type as a Periodic cell. The energy mini-
misation of the GO molecular model is conducted in 
the Forcite module. The detailed information for the 
energy minimisation is shown in Table 3. Finally, the GO 
molecular model was optimised after the completion of 
the energy minimisation. The mechanical properties of 
the unit cell were calculated by using the constant strain 
method. Using the Voigte-Reusse-Hill method [37], the 
calculated Young’s modulus of the GO is 294 GPa, which 
is consistent with the experimentally obtained values by 
Xia and Suk [38, 39]. The molecular model of the GO 
after optimisation is shown in Figure 10.

The Ca(OH)2 model:

	 A Ca(OH)2 molecule is established by using the 
built-in model in the Materials Studio software and is 
established by using the “Amorphous Cell” module. 
The structure size of the obtained model is 17.9590 × 
× 17.9590 × 24.5315 Å. A 5 × 5 × 5 supercell is sub-
sequently established by using the tool “Cleave surface”, 
in which case, the “Cleave plane (h k l)” is set as (-1,0,0) 
and the “Fractional Depth” is set as 1. The parameters 
adopted for the optimisation are the same as that of 
the GO, as shown in Table 4. The established Ca(OH)2 
model is shown in Figure 11.

Figure 10.  The molecular modelling of the GO (The red balls 
represent the oxygen atoms, the white balls represent the hydro-
gen atoms, and the grey balls represent the carbon atoms).
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Figure 9.  The XRD patterns for the CCG paste with the different amounts of GO.

Table 3.  Detailed information for the optimisation.

Item
	 Force	 Electrostatic	 Van der	 Optimisation

	 field	 interaction	 Waals	 step vumber

	 COMPASS	 Ewald	 Atom based	 5000
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The GO/Ca(OH)2 interface model:

	 In order to investigate the interaction effect between 
the GO and Ca(OH)2, a GO/Ca(OH)2 interface model is 
established. The detailed modelling steps are as follows. 
By using the tool “Build layers”, the established Ca(OH)2 

molecular models are distributed on the two surfaces 
of the optimised GO molecular model. By establishing 
a vacuum layer on the GO, a 6 × 1 × 1 supercell is finally 
formed, as is shown in Figure 12a. Afterwards, the es-
tablished GO/Ca(OH)2 interface model is optimised 
by conducting the energy minimisation and dynamics 
optimisation. The Forcite module is adopted for the 
energy minimisation, in which the force field is the 
“Compass” and the task is geometry optimisation. When 
the energy reaches the minimum and converges, the dy-
namic optimisation begins. The dynamic optimisation 
process is conducted by considering a canonical en-
semble (NVT), in which the temperature is 298 K and 
the temperature control method is Nosé-Hoover. After 
30000 optimisation steps, the energy and temperature of 
the model tend to be stable, indicating that the structure 
is in an equilibrium state. The optimised GO/Ca(OH)2 
interface model is shown in Figure 12b.

DISCUSSION

	 As shown in Figure 12b, the calcium ions move 
towards the surface of the GO due to the attraction 
between the molecules, which indicates that the oxygen-
containing group of GO can adsorb Ca2+. The result is in 
accordance with the experimental result by Terracciano 
[33]. The radial distribution function (RDF), denoted 
as g(r), describes the average distribution of the atoms 
around any given atom within the system, which is 
a very useful quantity in molecular dynamics. This 
information can be used to calculate the coordination 
number, crystallinity and bond length, which can reveal 
the nature of the interface interaction between the 
calcium hydroxide and the GO [40]. In the g(r) curve, 
the position corresponding to the top peak can reflect 
the interaction between the particles. The RDFs for the 
GO/Ca(OH)2 interface model are shown in Figure 13. 
The RDF diagram has one predominant peak around 
1.0  Å, which corresponds to the C–H, O–H, C–C and 
C–O bond lengths. A hydrogen bond is considered 
formed when the distance between a hydrogen atom 
and an oxygen atom is less than 3.0 Å [41]. As seen in 
Figure 13, many smaller peaks are located between 1.5 
and 3.0 Å which is in the range of hydrogen bonding. 

a) b)

Figure 12.  The GO/Ca(OH)2 interface model (the red balls represent the oxygen atoms, the white balls represent the hydrogen 
atoms, the green balls represent the calcium atoms).
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Furthermore, there are no peaks observed beyond 3.0 Å, 
which indicates that no Van der Waals forces exist in the 
GO/Ca(OH)2 interface model. The above results indicate 
that the relationship between the calcium hydroxide 
and graphene oxide mainly depends on the hydrogen 
bonding. This simulation result is consistent with the 
XRD characterisation result.

CONCLUSIONS

	 The addition of GO does not change the four stages 
of the cement hydration. However, due to the nano effect 
of the graphene oxide and the large number of active 
groups on the surface of the sheet, GO can promote the 
reaction rate of the cement hydration at an early stage.
	 A modified flask is adopted for the CCG chemical 
shrinkage measurement. The addition of GO can regulate 
the chemical shrinkage of the CCG. When the amount 
of GO is 0.1 wt. %, the reduction effect is not obvious. 
However, when the amount of GO is further increased, 
the chemical shrinkage of the CCG is significantly re-
duced. The reason can be attributed to the pore size refi-
nement caused by the regulation of GO on Ca(OH)2, the 
volume of water that can be contained inside is small, 
and the chemical shrinkage value is reduced on the 
macro level.
	 The addition of GO can effectively regulate the ce-
ment hydration products. By providing nucleation sites, 
the morphology of the Ca(OH)2 crystal can be adjusted 
to form petal-like hydration products. Combined with 
molecular dynamics simulation, it is confirmed that this 
regulation effect is realised by hydrogen bonding using 
the activity of the oxygen-containing group of graphene 
oxide.
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