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Abstract 

Nano-engineering cement binder using a hybrid of carbon nanotubes (CNTs) and graphene oxide (GO) 
combines the superior mechanical properties of CNTs and the good dispersibility and affinity of GO. 
Ultrasonication is a key process implemented in the dispersion of CNTs and GO. The present study 
characterizes the effect of ultrasonication on the dispersion and size of the GO/CNT particles by using an 
ultraviolet spectrophotometer and Zetasizer μV detector, respectively. The mechanical properties of 
GO/CNT-OPC pastes treated with different ultrasonication time and power levels were tested and their 
microstructure was investigated using scanning electron microscopy and mercury intrusion porosimetry. 
The results of this study not only reveal that differences in ultrasonication can cause the mechanical 
properties of the GO/CNT-OPC composite to vary by −11.7–78.8% but also show that the effect of the 
amount of ultrasonication energy can vary significantly when different ultrasonication time or power 
levels are adopted. The porosity of the composite is found to have a nonlinear correlation with the 
ultrasonication. The findings of this study can promote understanding of GO/CNT-OPC composites and 
help to guide the implementation of ultrasonication in the future. 
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1. Introduction 
Ordinary Portland cement (OPC) is the most consumed construction material worldwide due to its low 
cost and wide availability. One of the major applications of OPC is binding aggregates in the concrete 
industry [1]. Moreover, the aggregate-free OPC pastes play a critical role in grouting materials to 
reinforce geomaterials or underground infrastructure such as coal mines, tunnels, and oil wells [2,3]. It 
has been predicted that the global annual demand for cement will exceed 2.4 billion tons after 2020 [4]. 
However, there are still many challenges to the application of cement, such as its (1) low fracture 
toughness, (2) low tensile strength, and (3) vulnerability to harmful penetration [5]. Although cement-
based composites possess sufficient compressive strength for infrastructural applications, the tensile 
strength has been found to be around one-tenth of the compressive strength [6,7], which leads to a 
pronounced cracking problem in cementitious materials. In addition to cracking, the highly porous nature 
of cementitious materials makes paths for the transfer of water and ions such as chloride [8] and calcium 
[9], resulting in lower durability. The durability problem is especially critical for grouting projects carried 
out in underground structures [10]. 

Carbon nanotubes (CNTs) have demonstrated promising potential as nano reinforcements to help 
overcome these limitations of OPC [[11], [12], [13]]. Since the discovery of CNTs by Iijima (1991) [14], 
their excellent mechanical and electrical properties have been studied [[15], [16], [17]]. CNTs have been 
extensively utilized for modifying cement-based composites [[11], [12], [13]]. A uniform dispersion of 
CNTs is required in order to make full use of their enhancing effect [13,18], whereas agglomerated CNTs 
in matrices can work as defects that induce crack propagation [19]. The dispersion of CNTs requires a 
process of ultrasonication due to the strong van der Waals forces, which tend to cause agglomeration 
[20,21]. Insufficient dispersion of CNTs has been viewed as a key detrimental factor for the mechanical 
properties of CNT–OPC composites [22]. 

Graphene oxide (GO) is a graphene derivative which has several types of oxygen-containing functional 
groups such as hydroxyl, carbonyl, carboxylic, and epoxy groups [23,24]. Calcium silicate hydrate, the 
main product of cementitious materials, has surficial calcium hydroxyl and silicate calcium hydroxyl 
groups which can form H-bond connections with GO [25]. It is reported that GO can promote hydration 
behavior and improve the pore structure of cement pastes [26], resulting in improved strength 
performance. However, these functional groups introduce defects, which reduce the mechanical 
properties of graphene oxide [27]. The functional groups improve the hydrophilicity [28] and thereby the 
dispersion of GO in aqueous environments [29,30]. Nano reinforcement using a hybrid of CNTs and GO 
may be a better alternative which combines the superior mechanical properties of CNTs and the good 
dispersibility and affinity of GO. Zhang et al. [31] reported that interaction between CNTs and GO sheets 
involved weak π–π stacking interactions, thus causing pristine CNTs to stably disperse and fractionate in 
aqueous media. Zhou et al. [32] investigated the use of GO as the dispersant for CNTs to overcome 
agglomeration, and the excellent reinforcing capabilities of the GO/CNT hybrid were demonstrated by the 
enhanced fracture resistance properties of the cementitious matrix. Li et al. [33] combined GO and single-
walled carbon nanotubes (SWCNTs) as multiple additives for cement, leading to an increase in the 
bending strength of cement by 72.7%, which is much higher than the enhancements of 51.2% by GO and 
26.3% by SWCNTs. These researches showed that GO can both act as a dispersant for CNTs and 
strengthen the mechanical properties of cement paste with CNTs. 

Ultrasonication is the most commonly adopted technique for dispersing CNTs and GO [34]. The 
importance of choosing a proper ultrasonic energy that balances the dispersion and shortening effects has 
recently been more widely recognized in the fabrication of CNT-/GO-reinforced composites [[35], [36], 
[37]]. However, there is very limited understanding of the effect of ultrasonication treatment on the 
reinforcing efficiency of GO/CNT hybrid in cementitious composites. 

Hence, the present study investigates the effect of ultrasonication on the dispersion and particle size of the 
GO/CNT hybrid and the corresponding mechanical properties and microstructure of the GO/CNT-OPC 
composites. A dispersion of GO/CNTs in solutions was characterized by ultraviolet spectrophotometer. 
The hydrodynamic size of the individual GO/CNT particles was measured by Zetasizer μV detector. The 
flexural strength, fracture energy, and Young's modulus of the GO/CNT-OPC pastes were tested by three-
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point bending test. Scanning electron microscopy (SEM) and mercury intrusion porosimetry (MIP) were 
used to investigate the microstructural characteristics. 

The results of this study not only reveal that different ultrasonication energy can cause the mechanical 
properties and microstructure of the GO/CNT-OPC composites to vary by −11.7–78.8% and 6.0–25.2% 
but also show that the enhancing effect of the amount of ultrasonication energy can vary significantly 
when different times or power levels are adopted. The findings of this study can promote understanding 
of GO/CNT-OPC composites and help guide the implementation of ultrasonication in the future. 

2. Experimental process 
2.1. Materials and instrumentation 

OPC, type P.O. 42.5, conforming to the requirements of the Chinese Standard GB175-2007 [38], was 
used as the binder material. Carbon nanotubes (CNTs) and graphene oxide (GO) were supplied by 
Nanjing XFNANO Materials Tech Co, Nanjing City Jiangsu Province, China. The chemical composition 
of OPC and the physical properties of the CNTs and GO are shown in Table 1, Table 2, Table 3, 
respectively. Poly-carboxylate superplasticizer (PC) was used as the dispersion agent. 

Table 1. Chemical composition of OPC (%). 

CaO SiO2 Al2O3 Fe2O3 SO3 MgO K2O TiO2 Others Loss 
65.01 20.69 5.71 4.18 2.52 0.61 0.61 0.31 0.32 3.26 

Table 2. Physical properties of CNTs. 

Outer diameter Inner diameter Length Purity Specific surface area Tap density True density 
>50 nm 5–15 nm 10–20 μm >95% >40 m2/g 0.18 g/cm3 ∼2.1 g/cm3 

Table 3. Physical properties of graphene oxide. 

Diameter Thickness Single layer ratio Purity 
500 nm–5 μm 0.8–1.2 nm ∼99% >99 wt% 

 

The ultrasonication was performed using a horn ultrasonicator (VCX 500W) with a cylindrical tip (end 
cap diameter: 13 mm). The ultrasonicator can monitor the energy transferred to the suspensions in real 
time. An ultraviolet–visible (UV–vis) photospectrometer (TU-1901) was used to characterize the degree 
of dispersion of the GO/CNTs [18]. The Zetasizer μV detector was applied to measure the size of 
GO/CNT particles in the suspensions [39]. A universal testing machine (DNS100) was used to conduct 
the three-point bending tests. A scanning electron microscope (SEM, SU8200) was used to image the 
microstructure of the hardened GO/CNT-OPC pastes. A mercury intrusion porosimeter (MIP, AutoPore 
IV 9500) was used to characterize the pore structure of the pastes. 

2.2. Preparation of GO/CNT suspensions 

First, 0.5 g of PC was dissolved in 284.6 g of distilled water, and then 0.2 g of GO and 0.4 g of CNTs 
were added. After stirring for 10 min, the solution was ultrasonicated to obtain the GO/CNT suspensions. 
The ultrasonication was operated in pulse mode with a pause time of 3 s after every 6-s period. The 
suspensions were placed in a water-ice bath during ultrasonication in order to prevent overheating. Two 
series of GO/CNT suspensions were prepared with time-controlled and power-controlled ultrasonication 
respectively. For the time-controlled series of suspensions, the ultrasonic times were 1, 3, 5, 10, 15, 20, 30, 
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40, and 60 min and the amplitude was fixed at 94 W. For the power-controlled series of suspensions, the 
ultrasonic power levels were 55, 64, 73, 81, 87, 94, 109, and 118 W and the ultrasonication lasted for 
15 min. 

2.3. Preparation of specimens 

The cement composite investigated in this study contains five components, namely distilled water, CNTs, 
GO, PC, and dry cement powders. The mix designs of the plain OPC and GO/CNT-OPC pastes are 
presented in Table 4. Based on the water-to-cement ratio of 0.4, the distilled water or GO/CNT 
suspensions were added into the dry cement powders and the fresh mixtures were then stirred for 5 min 
and 3 min at high and moderate speeds respectively. The fresh mixture was poured into 
20 mm × 40 mm × 160 mm steel molds and vibrated for 5 min to remove the entrapped air and ensure 
good compaction, after which the molds were sealed with polyethylene sheets to prevent moisture 
escaping. After 24 h, the samples were demolded and cured in saturated lime water at 20 °C for another 
27 days before conducting the bending test. 

Table 4. Mix design of the plain OPC and GO/CNT-OPC paste. 

Pastes Distilled water CNTs GO PC Cement 
Plain OPC 284.6 g – – 0.5 g 714.3 g 
GO/CNT-OPC 284.6 g 0.4 g 0.2 g 0.5 g 714.3 g 

 

2.4. Characterization 

The absorbance of the GO/CNT suspensions and the hydrodynamic size of the GO/CNTs particles were 
characterized. The GO/CNT suspensions were diluted 10 times for the UV–vis and zeta potential tests to 
prevent oversaturation of the signals [35]. 

The flexural strength (σf), fracture energy (GF), and Young's modulus (E) of the GO/CNT-OPC pastes 
were evaluated by three-point bending tests on notched beams [18]. Fig. 1 presents the detailed 
configuration for the three-point bending test. An extensometer with a gauge length of 50 mm and +5 mm 
measurement range was attached to the notched beam by rubber bands. A constant loading rate of 
0.1 mm/min was adopted. Both the crack mouth opening displacement (CMOD) and load line deflection 
were measured. Three specimens were prepared and tested for each mix. 

 

Fig. 1. Three-point bending test setup and configuration. 

Based on the area under the load–deflection curves, GF can be calculated by using the following equation 
[40,41]: 
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where A0 is the total area under the load–deflection curve, mg is the weight of the beam, δ0 is the 
deflection of the beam at final failure of the beam, d is the depth, b is the beam width, and a0 is the notch 
depth. E was calculated based on the initial linear elastic segment of the load–CMOD curves [40]. σf was 
calculated from the peak load results [42]. 

The fracture surface and pore structure characteristics of the GO/CNT-OPC pastes were characterized by 
using the SEM and MIP techniques. 

3. Results and discussion 
3.1. The dispersion and hydrodynamic size of GO/CNT particles 

The absorbance of the GO/CNT suspensions at wavelengths of 200–900 nm is shown in Fig. 2(a) and (b). 
It is evident that the entire absorption spectra of GO/CNTs increase gradually with ultrasonication time, 
which indicates the increased overall dispersion of GO/CNTs. The spectra in Fig. 2(a) and (b) show the 
major peaks at 240–249 nm, which is consistent with the reported absorption peak for undamaged GO 
and CNTs particles [31]. It is found that increased dispersion is associated with slight peak shifts from 
241 to 247 nm and 240–249 nm for time- and power-controlled ultrasonication, respectively. The peak 
shift is likely due to the damage or defects introduced by the ultrasonication. Compared to the reported 
peak shift for heavily damaged GO or CNTs, which is from 250 to 270 nm [43], the results here indicate 
that time- or powder-controlled ultrasonication induces minimal damage in the surface of the CNTs or 
GO. Based on the reported relationship between defects and mechanical properties of CNTs and GO, it is 
reckoned that such a level of damage is unlikely to cause a significant decrease in the mechanical 
properties of the GO [24] or CNTs [44,45]. 

 

Fig. 2. Absorption spectra of GO/CNTs in PC solutions with different (a) ultrasonication time and (b) 
ultrasonication power levels. (c) Calibration curve of GO/CNTs in solution at λ = 244 ± 5 nm. (d) The 
degree of dispersion of GO/CNTs in suspensions with different amounts of ultrasonication energy. 

In order to quantify the degree of dispersion of GO/CNTs in the suspensions, the UV–vis measurements 
at λ = 244 ± 5 nm were converted into the concentration of dispersed GO/CNTs based on the Beer-
Lambert law [46]: 

https://www.sciencedirect.com/science/article/pii/S1359836818309302#bib40
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bib42
https://www.sciencedirect.com/topics/engineering/fracture-surface
https://www.sciencedirect.com/topics/engineering/mercury-intrusion-porosimetry
https://www.sciencedirect.com/science/article/pii/S1359836818309302#fig2
https://www.sciencedirect.com/topics/engineering/ultrasonication
https://www.sciencedirect.com/science/article/pii/S1359836818309302#fig2
https://www.sciencedirect.com/topics/engineering/graphene-oxide
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bib31
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bib43
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bib24
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bib44
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bib45
https://www.sciencedirect.com/topics/engineering/superplasticizer
https://www.sciencedirect.com/topics/engineering/ultrasonication
https://www.sciencedirect.com/topics/engineering/calibration-curve
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bib46


 

where A is the absorbance, T is the transmittance, ε is the extinction coefficient, c is the concentration of 
the solution, and l = 1 cm is the optical path length. In order to determine ε, the GO/CNT suspensions 
with c = 0.24 g/L were prepared and diluted by factors of 1–7. The suspensions were well ultrasonicated 
to guarantee that the maximum absorbance was reached ε. was then determined by fitting the linear 
correlation between measured A and c. The linear regression equation in Fig. 2 (c) suggests that ε is about 
8.86, while the goodness of fit is indicated by the correlation coefficient (R2) of the equation (99.8%). 

Fig. 2 (d) indicates the effect of the time- and power-controlled ultrasonication on the degree of 
dispersion. As can be seen in Fig. 2 (d), when the degree of dispersion is lower than 0.6, it increases 
rapidly with ultrasonication time or power. It is found that the increase of the degree of dispersion reaches 
a plateau when the ultrasonication time exceeds 20 min. After 20 min of ultrasonication, the increase of 
the degree of dispersion becomes insignificant. Fig. 2 (d) also shows that increasing ultrasonication 
energy via increased power results in a more rapid change in the degree of dispersion. The increase in the 
degree of dispersion also reaches a plateau when the ultrasonication power reaches 73 W, peaking at 
87 W, where the degree of dispersion is 90%. However, after peaking at 87 W, the degree of dispersion 
starts to decrease. This decline is particularly noticeable from 109 to 118 W. The cause of this decline 
may be the scissoring effect of ultrasonication, which leads to a smaller particle size and larger surface 
areas [47]. The increased surface area of the nanoparticles is likely to decrease the surface packing 
density of the surfactant, which is associated with its dispersion efficiency [48]. 

This scissoring effect is further confirmed by the hydrodynamic size measurements presented in Fig. 3. 
The particle size distribution of GO/CNT suspensions ultrasonicated for different time and at different 
power levels is shown in Fig. 3(a) and (b). It can be seen that the particle size distribution shifts towards 
smaller size with increasing ultrasonication time or power. The average particle size presented in Fig. 3 (c) 
shows that an increase of the ultrasonication time from 1 to 60 min results in a decrease of the average 
particle size from 542 to 220 nm. Likewise, the average particle size of GO/CNTs decreased from 435 to 
211 nm when the ultrasonication power increased from 55 to 118 W. 

 

Fig. 3. Particle size distribution of GO/CNT suspensions with different (a) ultrasonication time and (b) 
ultrasonication power levels. (c) The average particle size of GO/CNTs in solutions with different 
ultrasonication time and power levels. (d) 10th to 90th percentiles for particle size (d10 to 90) of 
GO/CNT suspensions with different ultrasonication time and power levels. 

As well as affecting the average hydrodynamic size of the GO/CNT particles, it is also found that time-
controlled ultrasonication and power-controlled ultrasonication have different effects on the size 
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distribution of the nanoparticles. In Fig. 3 (d), d10, d50, and d90 indicate the 10th, 50th, and 90th 
percentiles for size of the GO/CNTs particles obtained with different ultrasonic time and power levels. As 
shown in Fig. 3 (d), the power-controlled ultrasonication results in a greater decrease in size for particles 
with a hydrodynamic size greater than 600 nm. 

It should be noted that there are also plateaus (Fig. 3 (d)) in the relationship between hydrodynamic size 
measurements and the ultrasonication time/power. It is found that the power-controlled ultrasonication 
results in a further decrease in the average particle size after reaching a plateau at 81–94 W. This 
observation is consistent with the plateau found in the relationship between dispersion and ultrasonication 
energy (Fig. 2 (d)). The complementary results from the degree of dispersion and particle size 
measurements indicate that the dispersion and scissoring effects of ultrasonication on GO/CNT particles 
are much more sensitive to the ultrasonication power than time. In addition, the separating and scissoring 
effects are shown to be more prevalent for large particles. 

3.2. Effect on the mechanical properties of GO/CNT-OPC pastes 

The correlation between the ultrasonication energy (UE) and the mechanical properties of the GO/CNT-
OPC pastes, such as the Young's modulus E, flexural strength σf, and fracture energy GF, are presented in 
Fig. 4 and the detailed measurements and percentage improvement in mechanical properties (I) are listed 
in Table 5. As can be seen from Fig. 4, the overall variations of E, σf, and GF against UE are correlated. It 
is found that E, σf, and GF increase gradually with UE in time-controlled ultrasonication, whereas they 
increase sharply and then decrease with UE in power-controlled ultrasonication. The optimal ranges of 
UE for improving the mechanical properties are found to be 80–160 KJ and 40–45 KJ in time- and power-
controlled ultrasonication respectively. Compared with the control sample without GO/CNTs (P1), the 
maximum improvement achieved with time-controlled ultrasonication is found at UE = 84.6 KJ (sample 
A-7, Table 5), where E, σf, and GF are improved by about 53.2, 78.8, and 62.3% (I, Table 5). The optimal 
UE for power-controlled ultrasonication is found at 39.15 KJ and provides increases in E, σf, and GF of 
49.9, 70.9, and 47.6% respectively. It is found that both time- and power-controlled ultrasonication can 
achieve similar reinforcing effects. However, as can be seen from Fig. 4, the power-controlled 
ultrasonication makes the reinforcing effect more sensitive to UE but can achieve the optimal reinforcing 
effect with less energy. 

 

Fig. 4. Effect of ultrasonic energy on the mechanical properties of GO/CNT-OPC pastes: (a) Young's 
modulus E, (b) flexural strength σf, (c) fracture energy GF. 

Table 5. Effect of ultrasonication time and power on E, σf, and GF of GO/CNT-OPC pastes. 

Samples 
Ultrasonication Mechanical properties 

Time (min) Power (W) UE (KJ) 
E (GPa) σf (MPa) GF (N/m) 
Mean SD I (%) Mean SD I (%) Mean SD I (%) 

P-1 – – – 18.8 0.87 – 4.3 0.10 – 7.5 0.12 – 
A-1 1 94 28.2 16.6 0.16 −11.7 4.0 0.12 −6.7 6.9 0.33 −8.3 
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Samples 
Ultrasonication Mechanical properties 

Time (min) Power (W) UE (KJ) 
E (GPa) σf (MPa) GF (N/m) 
Mean SD I (%) Mean SD I (%) Mean SD I (%) 

A-2 3 84.6 19.7 0.77 5.0 4.9 0.26 13.6 8.2 0.47 9.7 
A-3 5 14.1 24.0 0.77 28.2 6.1 0.22 41.6 8.8 0.27 16.9 
A-4 10 28.2 25.9 0.82 38.1 6.3 0.35 48.1 9.9 0.48 32.2 
A-5 15 42.3 28.0 0.98 49.2 6.9 0.30 61.5 10.8 0.57 44.7 
A-6 20 56.4 27.9 0.61 49.0 7.3 0.14 70.6 11.3 0.21 50.3 
A-7 30 84.6 28.7 0.39 53.2 7.6 0.18 78.8 12.2 0.51 62.3 
A-8 40 112.8 27.6 0.55 47.2 7.5 0.18 76.2 11.8 0.15 56.9 
A-9 60 169.2 27.4 0.64 46.1 7.6 0.21 78.1 12.3 0.33 63.5 
B-1 

15 

55 24.8 21.5 0.88 14.4 5.2 0.26 22.7 8.2 0.32 8.8 
B-2 64 28.8 23.8 0.47 27.0 6.1 0.10 42.6 8.9 0.27 19.9 
B-3 73 32.9 26.5 0.37 41.1 6.7 0.14 56.0 10.2 0.39 36.4 
B-4 81 36.5 27.5 0.59 46.6 7.2 0.17 69.5 11.2 0.18 48.9 
B-5 87 39.2 28.1 0.78 49.9 7.3 0.16 70.9 11.1 0.27 47.6 
B-6 94 42.3 26.9 0.74 43.3 7.1 0.17 65.4 11.0 0.47 46.5 
B-7 109 49.1 23.8 0.57 26.8 6.5 0.28 52.3 9.7 0.34 29.5 
B-8 118 53.1 21.4 0.25 13.9 6.2 0.15 45.3 8.9 0.43 18.9 

 

(Note: UE represents the ultrasonic energy. E, σf, GF represent the Young's modulus, fracture strength, 
and fracture energy of the cement-based pastes at the age of 28 days. SD and I represent the standard 
deviation and percentage improvement of the mechanical properties compared with P-1; P-1 represents 
the plain OPC paste without GO/CNTs). 

The results show that a considerable part of the GO and CNTs is still in the powder state, not well 
dissolved in aqueous solutions, and not well dispersed in cement pastes at lower ultrasonication time and 
power levels. The agglomeration of powders may even cause stress concentration, resulting in decreased 
cement bond performance. Moreover, these mechanical properties increase with the ultrasonic energy 
until they become stable at around 40 KJ. At this plateau, the ultrasonic time and power are around 
15 min and 87 W. Once the maximum dispersion is reached, with constant rises in ultrasonic energy, the 
enhancement effect will be completely different in different controlled curves. At constant ultrasound 
power, when the ultrasound time is prolonged to increase the ultrasound energy, the enhancement effect is 
not obvious. However, the bond performance falls as a result of increases in the ultrasonication power 
after the plateau. Furthermore, it can be clearly seen from samples A-6 and B-8 that even though they 
were treated with almost the same amount of ultrasonication energy, the mechanical properties are very 
different due to the differences in the ultrasonication time and power. 

In order to understand the factors influencing the reinforcing effect, the correlation between mechanical 
properties and degree of dispersion or particle size is presented in Fig. 5. Both the time-controlled and 
power-controlled curves are fitted with linear correlations. It can be seen from Fig. 5(a)–(c) that there is a 
linear trend in both the time- and the power-controlled series. Based on the goodness of fit (R2), it can be 
seen that there is a stronger linear correlation between mechanical properties and degree of dispersion of 
the time-controlled series (R2 = 0.882–0.994) compared to the power-controlled series (R2 = 0.554–0.811). 
It can be seen that the Young's modulus achieves the highest linear correlation with the degree of 
dispersion, followed by the fracture strength and fracture energy. The improvement of the Young's 
modulus is likely due to the nucleation effect of the nanomaterials, which is facilitated by the high surface 
area of the nanoparticles [26,49]. Therefore, the Young's modulus is the most closely related to the degree 
of dispersion, which determines the surface area of the nanoparticles. 

https://www.sciencedirect.com/topics/engineering/youngs-modulus
https://www.sciencedirect.com/topics/engineering/impact-toughness
https://www.sciencedirect.com/topics/engineering/fracture-energy
https://www.sciencedirect.com/topics/engineering/ordinary-portland-cement
https://www.sciencedirect.com/topics/engineering/cement-paste
https://www.sciencedirect.com/topics/materials-science/agglomeration-of-powder
https://www.sciencedirect.com/science/article/pii/S1359836818309302#fig5
https://www.sciencedirect.com/science/article/pii/S1359836818309302#fig5
https://www.sciencedirect.com/topics/engineering/impact-toughness
https://www.sciencedirect.com/topics/engineering/nanomaterial
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bib26
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bib49


 

Fig. 5. The degree of dispersion versus (a) Young's modulus E, (b) flexural strength σf, and (c) fracture 
energy GF. Zeta d50 size diameter versus (d) Young's modulus E, (e) flexural strength σf, and (f) fracture 
energy GF. 

In addition to the degree of dispersion, the mechanical properties of the time-controlled series are found 
to have a strong correlation with the particle size, in other words, the length of the CNTs and GO 
nanosheets. In contrast, the composite pastes subjected to power-controlled ultrasonication are found to 
have a nonlinear correlation with the particle size. This is likely due to the excessive damage at high 
ultrasonic power as shown in Section 3.1. The correlation between the improvements in mechanical 
properties can also be explained by using micro/nanomechanical models. 

In the authors’ previous studies, it is proposed that the macro-scale bridging stress, σB, is a function of the 
length distribution of CNTs [35]: 

 

where δ is the crack opening, Vt is the volume fraction of the CNTs, which is proportional to the dispersed 
concentration of the CNTs, and μ and σ describe the length distribution of the CNTs. In Ref. [35], it is 
suggested that the bridging stress is reciprocal with the length of the CNTs. The formulation of bridging 
stress for 2D nanosheets such as graphene is given in Ref. [50], where the bridging stress is linearly 
correlated with the radius of the 2D nanosheets. The formulations in Refs. [35,50] suggest a linear 
relationship between the dispersed concentration of both CNTs and the GO, which explains the strong 
correlation between the degree of dispersion and mechanical properties in Fig. 5. 

The mechanical performance of the GO/CNT-OPC pastes reported here is in good agreement with the 
reported reinforcing effect of CNTs. As in the CNT-OPC composites, the result here indicates that proper 
UE is essential for the optimal enhancement of the performance of nanomaterials. On the other hand, the 
present study further reveals that the time and power level also influence the dispersing and scissoring 
effects under the same UE. 

3.3. Effect on the microstructure of GO/CNT-OPC pastes 
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In addition to reinforcing the mechanical properties, GO and CNTs can also affect the microstructure of 
the OPC paste, which is related to the long-term performance of the material [51,52]. Previous researches 
have suggested that nanomaterials may fill nano-sized pores. The hardened cement paste is a solid–
liquid–gas multiphase system consisting of calcium hydroxide, calcium-silicate hydrate, ettringite, 
hydrated cement particles, micropores, water, and GO/CNTs. As shown in Fig. 6 (a), one CNT can be 
found on the fracture surface with both ends embedded in the matrix. In the magnified view, the hydration 
products can be clearly seen on the surface of the CNT (Fig. 6 (b)). These observations suggest that CNTs 
may enhance the crack-bridging capacity of cement pastes at the nanoscale. The hydration product in the 
cement was likely to grow on the GO sheets to form strong interfacial adhesion, as can be seen in Fig. 6 
(b). 

 

Fig. 6. (a), (b) SEM images of a typical crack-bridging CNT. SEM images of GO/CNT-OPC pastes: (c), 
(d) sample A-2; (e), (f) sample A-6; (g), (h) sample B-8. 

Fig. 6(c)–(h) shows the micromorphology of the GO/CNT-OPC pastes at different ultrasonication time 
and power levels. As shown in Fig. 6(c) and (d), GO sheets were absorbed on the calcium hydroxide 
crystals and CNTs clumped nearby, which showed a serious entanglement of CNTs in the hydration 
product. Furthermore, serious aggregation of CNTs around the hydration products in one pore can be seen 
in Fig. 6 (c). The observation of agglomeration is consistent with the measured degree of dispersion (Fig. 
2) and hydrodynamic sizes (Fig. 3). This agglomeration is likely the cause of the decreased mechanical 
properties in Section 3.2. It is suggested that excessive agglomeration of CNTs may deteriorate the 
mechanical properties as agglomerations may act as stress concentration points. 

Fig. 6(e) and (f) shows that the observable agglomeration is largely reduced when the ultrasonication time 
reaches 30 min. There were some cracks on the surface of the cement paste, where an appropriate amount 
of GO/CNTs were exposed. Furthermore, a large number of CNTs were connected at both ends of the 
cracks with sufficient length. This indicated that the well-dispersed CNTs could act as a crack-bridging 
material with the capacity to inhibit crack propagation [18]. However, as shown in Fig. 6(g) and (h), for 
the power-controlled series, when the ultrasonication power achieved 118 W, deterioration in the 
distribution of GO/CNTs occurred. These images showed that CNTs were pulled out, with one end 
embedded in the composite and the pulled-out end standing free. The length of these pulled-out CNTs 
was obviously shorter than that in Fig. 6(e) and (f). This phenomenon was consistent with the 
hydrodynamic size measurements and with the viewpoint expressed in the previous article: more highly 
dispersed CNTs usually entail a shorter CNT length due to the simultaneously exerted separating and 
scissoring forces during ultrasonication [18]. 

Fig. 7(a) and (b) presents the cumulative mercury intrusion measurements (detailed measurements are 
shown in Table 6 for GO/CNT-OPC pastes treated by time- and power-controlled ultrasonication, 
respectively. As can be seen in Fig. 7 (a), at the same pore size diameter, the overall cumulative intrusion 
decreases with the increment of the ultrasonication time (except for sample A-2). Furthermore, the curves 
for samples A-6 to A-9 are very close, indicating that further increases in the ultrasonication time after 
20 min have a minimal influence on the pore structure. In contrast, Fig. 7 (b) shows that the cumulative 
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intrusion experiences a constant drop until the ultrasonic power reaches 87 W, after which it rises again. 
This is likely due to the deteriorated degree of dispersion and particle damage under ultrasonication 
power, as discussed in Sections 3.1 The dispersion and hydrodynamic size of GO/CNT particles, 3.2 
Effect on the mechanical properties of GO/CNT-OPC pastes. 

 

Fig. 7. Cumulative intrusion versus pore size of GO/CNT-OPC pastes at different (a) ultrasonication time 
and (b) ultrasonic power levels. (c) Pore size distribution of GO/CNT-OPC pastes (four representative 
samples). 

Table 6. Mercury intrusion porosimetry analysis of GO/CNT-OPC pastes. 

Samples 
Ultrasonication MIP results 

Time (min) Power (W) UE (KJ) Total intruded volume (ml/g) Average pore diameter (nm) Porosity (%) 

P-1 – – – 0.175 40.9 29.6 

A-1 1 

94 

28.2 0.164 42.4 27.8 

A-2 3 84.6 0.149 39.4 25.2 

A-3 5 14.1 0.153 35.6 25.5 

A-4 10 28.2 0.149 33.5 25.4 

A-5 15 42.3 0.147 34.6 24.8 

A-6 20 56.4 0.137 33.8 23.5 

A-7 30 84.6 0.138 28.3 24.0 

A-8 40 112.8 0.134 33.6 23.1 

A-9 60 169.2 0.133 31.1 23.1 

B-1 

15 

55 24.8 0.167 35.4 26.9 

B-2 64 28.8 0.157 34.6 26.1 

B-3 73 32.9 0.142 33.5 24.5 

B-4 81 36.5 0.134 30.1 23.2 

B-5 87 39.2 0.127 30.3 22.2 
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Samples 
Ultrasonication MIP results 

Time (min) Power (W) UE (KJ) Total intruded volume (ml/g) Average pore diameter (nm) Porosity (%) 

B-6 94 42.3 0.136 32.0 23.8 

B-7 109 49.1 0.148 33.8 25.1 

B-8 118 53.1 0.162 35.6 26.8 

 

(Note: UE represents the ultrasonic energy. P-1 represents the plain OPC pastes without any nano-
additives.). 

Fig. 7 (c) presents the distribution of pore diameters of GO/CNT-OPC pastes (four representative samples: 
P-1, A-1, A-6, and B-8). It shows that the majority of pores are within the range of 10–1000 nm and peak 
at around 100 and 450 nm. Sample A-1 has the highest log differential intrusion value compared to the 
others including P-1. Sample A-6 has the least pores; in particular, its second peak value is significantly 
lower than the other values. Moreover, sample A-6 has fewer large pores (>1000 nm) compared to 
samples P-1, A-1, and B-8. 

The pores contained within the calcium silicate hydrate phase of the cement paste (C S H gel) are 
the remnants of spaces previously occupied by mixing water (referred to as capillary pores) that are 
partially filled by a variety of hydrated cement products and have irregular geometry [53]. Although the 
quantity of pores in the cement-based materials is high, the permeability of these systems is low [54]. The 
amount of porosity and connectivity strongly influence the permeability and resistance to harmful 
penetrants [53]. In addition to the mechanical properties, the results in this section indicate that 
appropriate control of the ultrasonication is also critical for pore structure. 

The correlations between pore characteristics (porosity and average pore diameter) and nanoparticle 
characteristics (degree of dispersion and Z-average diameter) are demonstrated in Fig. 8. Fig. 8(a) and (b) 
shows that the degree of dispersion has a quadratic correlation with the porosity/pore diameter, while Fig. 
8(c) and (d) indicates that the Z-average diameter has little correlation with the pore structure. The results 
indicate that the degree of dispersion is the dominant factor affecting the refinement of pore structures. It 
is different from the reinforcing effect, which is affected by both the degree of dispersion and the size of 
nanoparticles. This difference can be understood from the perspective of the nucleation effect, in which 
the surface area and distribution of the particles determine the available nucleation sites [55]. It is 
suggested that the growth of hydration products from more nucleation sites refines the large pores in the 
hardening cement paste [56]. Based on the results in this section, one can conclude that insufficient 
ultrasonication results in inferior pore structures while the degree of dispersion is found to have a 
dominant impact on the refinement effect of pores. 
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Fig. 8. (a) Porosity and (b) average pore diameter of GO/CNT-OPC pastes versus degree of dispersion. (c) 
Porosity and (d) average pore diameter of GO/CNT-OPC pastes versus zeta average size diameter. 

4. Conclusions 

This study investigated the dispersion of GO/CNT suspensions and mechanical and microstructural 
properties of GO/CNT-OPC pastes in time- and power-controlled ultrasonication. The main findings are 
as follows: 

(1) The increment of ultrasonication time and power may effectively enhance the dispersion of GO/CNTs 
powders in solutions until the dispersion plateau is reached. After that, prolongation of the ultrasonication 
time has little influence on the dispersion, while excess ultrasonication power causes deterioration of 
dispersion. 

(2) The mechanical performance of GO/CNT-OPC pastes confirms that the ultrasonication time plateau 
occurs after 15 min and the ultrasonic power plateau occurs from 81 to 94 W. The optimal increases in 
Young's modulus, flexural strength, and fracture energy are 53.2, 78.8, and 62.3% respectively. 

(3) Time- and power-controlled ultrasonication treatments are found to have different reinforcing effects 
even when the ultrasonication energy is the same. The improvement in mechanical properties of the 
GO/CNT-OPC pastes is found to be correlated with both the degrees of dispersion and the size of the 
nanoparticles. However, this correlation is breached at high ultrasonication power levels due to the 
excessive scissoring effect. 

(4) The SEM images and MIP measurements prove that insufficient ultrasonication can also lead to larger 
pore size and porosity. Ultrasonication setups that produce high degrees of dispersion are found to be 
more effective in refining the pore structure, while the nanoparticle size has minimal effect. 

Acknowledgments 

This study was supported by the State Key Program of National Natural Science of China, China (Grant 
No. 51734009) and the Australian Research Council, Australia. 

References 
[1] P.K. Mehta,  Global concrete industry sustainability,  Concr Int, 31 (02) (2009), pp. 45-48. 

[2] A. Varol, S. Dalgıç, Grouting applications in the Istanbul metro, Turkey, Tunn Undergr Space 
Technol, 21 (6) (2006), pp. 602-612. 

https://www.sciencedirect.com/topics/engineering/pore-diameter
https://www.sciencedirect.com/topics/engineering/ultrasonication
https://www.sciencedirect.com/topics/engineering/prolongation
https://www.sciencedirect.com/topics/engineering/youngs-modulus
https://www.sciencedirect.com/topics/materials-science/flexural-strength
https://www.sciencedirect.com/topics/engineering/fracture-energy
https://www.sciencedirect.com/topics/engineering/nanoparticle
https://www.sciencedirect.com/topics/engineering/mercury-intrusion-porosimetry
https://www.sciencedirect.com/topics/materials-science/pore-structure
https://www.sciencedirect.com/science/article/pii/S1359836818309302#gs1
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib1
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib2


[3] S. Li, R. Liu, Q. Zhang, X. Zhang, Protection against water or mud inrush in tunnels by grouting: a 
review, Journal of Rock Mechanics and Geotechnical Engineering, 8 (5) (2016), pp. 753-766. 

[4] N. Mahasenan, S. Smith, K. Humphreys, The cement industry and global climate change: current and 
potential future cement industry CO2 emissions. Greenhouse gas control technologies-6th international 
conference, Elsevier (2003), pp. 995-1000. 

[5] F.G. Carozzi, C. Poggi, Mechanical properties and debonding strength of Fabric Reinforced 
Cementitious Matrix (FRCM) systems for masonry strengthening, Compos B Eng, 70 (2015), pp. 215-
230. 

[6]R. Olivito, F. Zuccarello, An experimental study on the tensile strength of steel fiber reinforced 
concrete, Compos B Eng, 41 (3) (2010), pp. 246-255. 

[7] S.-W. Kim, H.-D. Yun, Crack-damage mitigation and flexural behavior of flexure-dominant 
reinforced concrete beams repaired with strain-hardening cement-based composite, Compos B Eng, 42 
(4) (2011), pp. 645-656. 

[8] A. Costa, J. Appleton, Chloride penetration into concrete in marine environment—Part I: main 
parameters affecting chloride penetration, Mater Struct, 32 (4) (1999), p. 252. 

[9] J. Gaitero, I. Campillo, A. Guerrero, Reduction of the calcium leaching rate of cement paste by 
addition of silica nanoparticles, Cement Concr Res, 38 (8–9) (2008), pp. 1112-1118. 

[10] D. Eklund, H. Stille, Penetrability due to filtration tendency of cement-based grouts, Tunn Undergr 
Space Technol, 23 (4) (2008), pp. 389-398. 

[11] S. Chen, F.G. Collins, A. Macleod, Z. Pan, W. Duan, C.M. Wang, Carbon nanotube–cement 
composites: a retrospect, IES J Part A Civ Struct Eng, 4 (4) (2011), pp. 254-265. 

[12] M.R. Du, H.W. Jing, W.H. Duan, G.S. Han, S.J. Chen, Methylcellulose stabilized multi-walled 
carbon nanotubes dispersion for sustainable cement composites, Construct Build Mater, 146 (2017), pp. 
76-85. 

[13] F. Collins, J. Lambert, W.H. Duan, The influences of admixtures on the dispersion, workability, and 
strength of carbon nanotube–OPC paste mixtures, Cement Concr Compos, 34 (2) (2012), pp. 201-207. 

[14] S. Iijima, Helical microtubules of graphitic carbon, Nature, 354 (6348) (1991), p. 56. 

[15] M.-F. Yu, O. Lourie, M.J. Dyer, K. Moloni, T.F. Kelly, R.S. Ruoff, Strength and breaking 
mechanism of multiwalled carbon nanotubes under tensile load, Science, 287 (5453) (2000), pp. 637-640. 

[16] R.S. Ruoff, D.C. Lorents, Mechanical and thermal properties of carbon nanotubes, Carbon, 33 (7) 
(1995), pp. 925-930. 

[17] T. Ebbesen, H. Lezec, H. Hiura, J. Bennett, H. Ghaemi, T. Thio, Electrical conductivity of individual 
carbon nanotubes, Nature, 382 (6586) (1996), p. 54. 

[18] B. Zou, S.J. Chen, A.H. Korayem, F. Collins, C. Wang, W.H. Duan, Effect of ultrasonication energy 
on engineering properties of carbon nanotube reinforced cement pastes, Carbon, 85 (2015), pp. 212-220. 

[19] S.J. Chen, C.Y. Qiu, A.H. Korayem, M.R. Barati, W.H. Duan, Agglomeration process of surfactant-
dispersed carbon nanotubes in unstable dispersion: a two-stage agglomeration model and experimental 
evidence, Powder Technol, 301 (2016), pp. 412-420. 

[20] C. Li, T.-W. Chou, Elastic moduli of multi-walled carbon nanotubes and the effect of van der Waals 
forces, Compos Sci Technol, 63 (11) (2003), pp. 1517-1524. 

[21] X. He, S. Kitipornchai, K. Liew, Buckling analysis of multi-walled carbon nanotubes: a continuum 
model accounting for van der Waals interaction, J Mech Phys Solid, 53 (2) (2005), pp. 303-326. 

https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib3
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib4
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib5
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib6
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib7
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib8
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib9
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib10
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib11
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib12
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib13
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib14
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib15
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib16
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib17
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib18
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib19
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib20
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib21


[22] S.J. Chen, W. Wang, K. Sagoe-Crentsil, F. Collins, X.L. Zhao, M. Majumder, et al., Distribution of 
carbon nanotubes in fresh ordinary Portland cement pastes: understanding from a two-phase perspective, 
RSC Adv, 6 (7) (2016), pp. 5745-5753. 

[23] A.K. Geim, K.S. Novoselov, The rise of graphene, Nat Mater, 6 (3) (2007), pp. 183-191. 

[24] Y. Zhu, S. Murali, W. Cai, X. Li, J.W. Suk, J.R. Potts, et al., Graphene and graphene oxide: 
synthesis, properties, and applications, Adv Mater, 22 (35) (2010), pp. 3906-3924. 

[25] D. Hou, Z. Lu, X. Li, H. Ma, Z. Li, Reactive molecular dynamics and experimental study of 
graphene-cement composites: structure, dynamics and reinforcement mechanisms, Carbon, 115 (2017), 
pp. 188-208. 

[26] K. Gong, Z. Pan, A.H. Korayem, L. Qiu, D. Li, F. Collins, et al., Reinforcing effects of graphene 
oxide on portland cement paste, J Mater Civ Eng, 27 (2) (2014), p. A4014010. 

[27] K.N. Kudin, B. Ozbas, H.C. Schniepp, R.K. Prud'Homme, I.A. Aksay, R. Car, Raman spectra of 
graphite oxide and functionalized graphene sheets, Nano Lett, 8 (1) (2008), pp. 36-41. 

[28] D.C. Marcano, D.V. Kosynkin, J.M. Berlin, A. Sinitskii, Z. Sun, A. Slesarev, et al., Improved 
synthesis of graphene oxide, ACS Nano, 4 (8) (2010), pp. 4806-4814. 

[29] D. Li, M.B. Müller, S. Gilje, R.B. Kaner, G.G. Wallace, Processable aqueous dispersions of 
graphene nanosheets, Nat Nanotechnol, 3 (2) (2008), p. 101. 

[30] L. Qiu, X. Yang, X. Gou, W. Yang, Z.F. Ma, G.G. Wallace, et al., Dispersing carbon nanotubes with 
graphene oxide in water and synergistic effects between graphene derivatives, Chemistry-A European 
Journal, 16 (35) (2010), pp. 10653-10658. 

[31] C. Zhang, L. Ren, X. Wang, T. Liu, Graphene oxide-assisted dispersion of pristine multiwalled 
carbon nanotubes in aqueous media, J Phys Chem C, 114 (26) (2010), pp. 11435-11440. 

[32] C. Zhou, F. Li, J. Hu, M. Ren, J. Wei, Q. Yu, Enhanced mechanical properties of cement paste by 
hybrid graphene oxide/carbon nanotubes, Construct Build Mater, 134 (2017), pp. 336-345. 

[33] X. Li, W. Wei, H. Qin, Y.H. Hu, Co-effects of graphene oxide sheets and single wall carbon 
nanotubes on mechanical properties of cement, J Phys Chem Solid, 85 (2015), pp. 39-43. 

[34] Z. Pan, L. He, L. Qiu, A.H. Korayem, G. Li, J.W. Zhu, et al., Mechanical properties and 
microstructure of a graphene oxide–cement composite, Cement Concr Compos, 58 (2015), pp. 140-147. 

[35] S.J. Chen, B. Zou, F. Collins, X.L. Zhao, M. Majumber, W.H. Duan, Predicting the influence of 
ultrasonication energy on the reinforcing efficiency of carbon nanotubes, Carbon, 77 (2014), pp. 1-10. 

[36] F. Inam, T. Vo, J.P. Jones, X. Lee, Effect of carbon nanotube lengths on the mechanical properties of 
epoxy resin: an experimental study, J Compos Mater, 47 (19) (2013), pp. 2321-2330. 

[37] Y. Li, R. Umer, Y.A. Samad, L. Zheng, K. Liao, The effect of the ultrasonication pre-treatment of 
graphene oxide (GO) on the mechanical properties of GO/polyvinyl alcohol composites, Carbon, 55 
(2013), pp. 321-327. 

[38] GB175-2007 ,Common portland cement, Standardization Administration of China (2007). 

[39] B. White, S. Banerjee, S. O'Brien, N.J. Turro, I.P. Herman, Zeta-potential measurements of 
surfactant-wrapped individual single-walled carbon nanotubes, J Phys Chem C, 111 (37) (2007), pp. 
13684-13690. 

[40] R.D. Recommendation, Determination of the fracture energy of mortar and concrete by means of 
three-point bend tests on notched beams, Mater Struct, 18 (106) (1985), pp. 285-290. 

[41] A. Hillerborg, The theoretical basis of a method to determine the fracture energyG F of concrete, 
Mater Struct, 18 (4) (1985), pp. 291-296. 

https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib22
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib23
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib24
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib25
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib26
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib27
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib28
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib29
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib30
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib31
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib32
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib33
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib34
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib35
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib36
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib37
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib38
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib39
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib40
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib41


[42] S. Shah, Determination of fracture parameters (K Ic s and CTOD c) of plain concrete using three-
point bend tests, Mater Struct, 23 (6) (1990), pp. 457-460. 

[43] B. Twibell, K. Somerville, G. Manani, M. Duszynski, A. Wanekaya, P. Schweiger, Influence of 
CNTRENE® C100LM carbon nanotube material on the growth and regulation of Escherichia coli, PeerJ, 
5 (2017), e3721. 

[44] M.B. Nardelli, J.-L. Fattebert, D. Orlikowski, C. Roland, Q. Zhao, J. Bernholc, Mechanical 
properties, defects and electronic behavior of carbon nanotubes, Carbon, 38 (11–12) (2000), pp. 1703-
1711. 

[45] M. Sammalkorpi, A. Krasheninnikov, A. Kuronen, K. Nordlund, K. Kaski, Mechanical properties of 
carbon nanotubes with vacancies and related defects, Phys Rev B, 70 (24) (2004), p. 245416. 

[46] D. Calloway, Beer-lambert law, J Chem Educ, 74 (7) (1997), p. 744. 

[47] I. Szleifer, R. Yerushalmi-Rozen, Polymers and carbon nanotubes—dimensionality, interactions and 
nanotechnology, Polymer, 46 (19) (2005), pp. 7803-7818. 

[48] H. Zhao, Z. Cui, X. Wang, L.-S. Turng, X. Peng, Processing and characterization of solid and 
microcellular poly (lactic acid)/polyhydroxybutyrate-valerate (PLA/PHBV) blends and PLA/PHBV/Clay 
nanocomposites, Compos B Eng, 51 (2013), pp. 79-91. 

[49] J.M. Makar, G.W. Chan, Growth of cement hydration products on single‐walled carbon nanotubes, J 
Am Ceram Soc, 92 (6) (2009), pp. 1303-1310. 

[50] S.J. Chen, C.Y. Li, Q. Wang, W.H. Duan, Reinforcing mechanism of graphene at atomic level: 
friction, crack surface adhesion and 2D geometry, Carbon, 114 (2017), pp. 557-565. 

[51] L. Zhao, X. Guo, C. Ge, Q. Li, L. Guo, X. Shu, et al., Mechanical behavior and toughening 
mechanism of polycarboxylate superplasticizer modified graphene oxide reinforced cement composites, 
Compos B Eng, 113 (2017), pp. 308-316. 

[52] H.-K. Kim, Chloride penetration monitoring in reinforced concrete structure using carbon 
nanotube/cement composite, Construct Build Mater, 96 (2015), pp. 29-36. 

[53] A. Abell, K. Willis, D. Lange, Mercury intrusion porosimetry and image analysis of cement-based 
materials, J Colloid Interface Sci, 211 (1) (1999), pp. 39-44. 

[54] T.C. Powers, The physical structure and engineering properties of concrete, (1958). 

[55] Y. Li, W. Kim, Y. Zhang, M. Rolandi, D. Wang, H. Dai, Growth of single-walled carbon nanotubes 
from discrete catalytic nanoparticles of various sizes, J Phys Chem B, 105 (46) (2001), pp. 11424-11431. 

[56] J.L. Luo, Z.D. Duan, T.J. Zhao, Q.Y. Li, Effect of multi-wall carbon nanotube on fracture 
mechanical property of cement-based composite. Advanced Materials Research, Trans Tech Publ (2011), 
pp. 581-584. 

 

https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib42
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib43
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib44
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib45
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib46
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib47
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib48
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib49
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib50
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib51
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib52
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib53
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib54
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib55
https://www.sciencedirect.com/science/article/pii/S1359836818309302#bbib56

	Influence of ultrasonication on the dispersion and enhancing effect of graphene oxide–carbon nanotube hybrid nanoreinforcement in cementitious composite
	YuanGaoaHong WenJingaShu JianChenabMing RuiDuabWei QiangChenaWen HuiDuanb
	aState Key Laboratory for Geomechanics & Deep Underground Engineering, China University of Mining & Technology, Xuzhou, China
	bDepartment of Civil Engineering, Monash University, Clayton, Victoria, 3800, Australia
	Abstract
	KEYWORDS: Graphene oxide, Carbon nanotubes, Ultrasonication, Dispersion, Cement
	1. Introduction
	2. Experimental process
	2.1. Materials and instrumentation
	2.2. Preparation of GO/CNT suspensions
	2.3. Preparation of specimens
	2.4. Characterization

	3. Results and discussion
	3.1. The dispersion and hydrodynamic size of GO/CNT particles
	3.2. Effect on the mechanical properties of GO/CNT-OPC pastes
	3.3. Effect on the microstructure of GO/CNT-OPC pastes

	4. Conclusions
	Acknowledgments
	References


