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Abstract: Nano cement additive using a hybrid of graphene
oxide (GO) and multi-walled carbon nanotubes (MWCNTs)
combines the excellent affinity of GO and the superior mechanical properties of MWCNTs. Ultrasonication is the key
process to disperse the GO/MWCNTs and further optimizes
the pore structures of cement-based pastes. Fractal dimension can effectively and quantitatively characterize the
pore structures of cementitious composites. The present
study investigates the fractal dimensions of pore structures of GO/MWCNT-OPC pastes under power- and timecontrolled ultrasonication based on the mercury intrusion
porosimetry (MIP) tests data. The finding of this study
shows that comparing to calculating the fractal dimension
of the overall pore size range, assessing the variations of
fractal dimension of individual pore size range is more effective in evaluating the pore characteristic. The fractal
dimension of larger capillary pores (D >104 nm ) can be use
to describe the change of pore structure of GO/MWCNTOPC pastes under ultrasonication treatment with sufficient accuracy as higher value of D >104 nm indicates better
pore characteristics. The fractal dimension change trend
of mesopores is always opposite to that of bigger capillary pores. Modest increment in both power- and timecontrolled ultrasonication seems to result in the increase
of the fractal dimension of capillary pores and lead to better reinforcement effects. Prolongation of ultrasonication
time slightly influences the pore structure of the specimens, while nano cement additives exposed to excess ultrasonication power fail to afford adequate reinforcing effect and finally cause the deterioration of the pore struc-
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tures. The findings of this study can provide helpful information of GO/MWCNT-OPC pastes and ultrasonication
treatment in the future.
Keywords: Graphene oxide, Multi-walled carbon nanotubes, Ultrasonication, Fractal dimension, Cement, Pore
structures

1 Introduction
The pore characteristic is one of the key factors which significantly influence the mechanical properties [1, 2], permeability [3] as well as durability [4] of cementious material. Fractal theory has been widely used to characterize actual pore structure of porous materials since first introduced by Mandelbrot in 1979 [5]. After that researchers
proposed various models and some well-known fractal
patterns include Koch curve, Cantor bar, Sierpinski carpet and Mensor [6]. Although the pore structure of actual
cement-based materials is much more complex than aforementioned fractal models, fractal dimension, in addition
with other parameters such as intruded volume, average
pore diameter and porosity, comprehensively considered
the pore size distribution range and all of the above mentioned items is regard as a effective parameter for characterization of the microstructure [7].
Multiple methods are applied to characterize the pore
structures of cement-based materials, including scanning
electronic microscopy [8], mercury intrusion porosimetry
(MIP) [9, 10], nuclear magnetic resonance [11] and small
angle scattering of X-rays [12]. Among these techniques,
MIP is the most common applied method due to its simple
experimental procedure and the capability to capture various pore sizes ranging from nano- to milli-meter [13, 14].
Multi-walled carbon nanotubes (MWCNTs) have been
utilized as nano-reinforcement to overcome the shortcomings of brittle cementitious materials [15, 16]. Graphene
oxide (GO) as another outstanding cementitious composite additive, with several kinds of oxygen-containing funcThis work is licensed under the Creative Commons Attribution 4.0
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tional groups, can both accelerate hydration reaction and
2 Fractal models
densify the pore structure of cement pastes [17–20]. Using
a hybrid of GO and MWCNTs as nano-reinforcement may be
During recent years, fractal theory has provided a particua better alternative. As this method can combine the affinlarly quantitative framework to describe the cement-based
ity, well dispersibility of GO and the superior mechanical
materials physical phenomena over a range of temporal
properties of MWCNTs. Zhang et al. [21] proposed that the
and spatial scales [6, 28]. The established model of Menger
interaction among GO sheets and MWCNTs involved π-π
sponge algorithm has been used to simulate the interinteractions, contributes to more stable disperse of MWCgranular pore structures of cementitious composites [29].
NTs in suspensions. Zhou et al. [22] reported that GO may
The process of the construction of typical Menger sponge
act as the dispersant for MWCNTs to overcome agglomermodel mainly consists of four stages as follows: first, a
ation and showed the excellent reinforcing capabilities of
cube with unit length was subdivided into m3 smaller
their hybrid mixture in cementitious matrix. Gao et al. precubes of equal size. Then, n cubes are removed from the
sented that mixing the multiple additives of GO/MWCNTs
m3 cubes to leave (m3 -n) cubes based on a specific rule.
into cementitious composite may lead to an enhancing efFurthermore, repeating the above two steps, the amounts
ficiency both in mechanical properties [15] and permeabilof remained cubes are growing while the corresponding
ity [23].
cube size is reduced. After repeating k times, the overall
Ultrasonication is frequently applied for the dispercube number N k is (m3 -n)k and the side length r k of the resion of GO and MWCNTs [24, 25]. The significance of pickmained small cubes is 1/m k . The remained smaller cubes
ing a suitable ultrasonication energy that balances the sepform the three-dimensional skeleton, with the volume V k ,
arating effect and scissoring effect of the ultrasonication
and the removed cubes form the pore structures whose volduring the process has been widely emphasized in disperume is marked as V P . According to the fractal theory, the
sion fabrication [26, 27]. However, there still lack of underrelations between N k and r k can be described as:
standings on the influence of ultrasonication treatment on
the GO/MWCNTs hybrid dispersion in cement-based mateN k = r k −D M
(1)
rials, particularly the effect on the pore structure characWhere D M represents the fractal dimension of the pore volteristics.
In this research, the fractal dimensions of pore struc- ume, is obtained as:
tures in GO/MWCNT-OPC pastes under various ultrasonD M = lg(m3 − n)/ lg m
(2)
ication treatments were systematically studied. A fractal
3
model based on the Menger sponge pattern has been re- Then, multiplying the volume r k of the small cube after itviewed and the method of calculating fractal dimension of erations of k times on the both sides of the Eq. (1) to obtain
the cement-based pastes is then introduced. The pore size
M
V k ∝ r3−D
(3)
distribution data of the GO/MWCNT-OPC specimens was
k
achieved through MIP tests. The results of this research
According to a cube of unit length, the volume is
reveal that it is more effective in characterizing the pore linked to two items, i.e., pore volume V , and matrix volP
structures to assess the variations of fractal dimension of ume V , with the relation of V + V = 1. Therefore, taking
P
k
k
individual pore size range than overall section. The frac- derivation on both sides of the Eq. (1) to obtain
tal dimension of larger capillary pores (D >104 nm ) is most
dV p
accurate in characterizing the pore structure. The mod∝ r2−D M
(4)
−
dr
erate increment of ultrasonication energy reinforces the
Then, taking the logarithm of the Eq. (4) yields the folpore structures of GO/MWCNT-OPC pastes, while excess ultrasonication power causes the deterioration of the pore lowing equation:
structures. The findings of this research combine fractal
dV p
lg(−
) ∝ (2 − D M ) lg r
(5)
analysis with ultrasonication treatment in the process of
dr
fabrication of GO/MWCNT-OPC pastes, and provide a new
During the MIP test, a fixed input pressure of P(r) is
method to analyze ultrasonication effect from the fractal
demanded to inject mercury into a certain pore size with
dimension of materials pore structures.
the diameter of r. The relation between the pore size and
cumulative pressure can be written using the Washburn
method as [30]:
P(r) = (−4𝛾 cos θ)/r × 100%
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Table 1: Chemical composition of OPC (%).

CaO
65.01

SiO2
20.69

Al2 O3
5.71

Fe2 O3
4.18

SO3
2.52

MgO
0.61

K2 O
0.61

TiO2
0.31

Others
0.32

Loss
3.26

Table 2: Physical properties of MWCNTs.

Outer
diameter
> 50 nm

Inner
diameter
5–15 nm

Length

Purity

10–20 µm

> 95%

Table 3: Physical properties of GO.

Diameter

Thickness

500 nm–5 µm

0.8–1.2 nm

Single
layer
ratio
~ 99%

Purity

> 99wt%

Where P(r) is the cumulative mercury pressure, 𝛾 is the surface tension of mercury that equals to 358.2 dyn/cm, θ is
the contact angle between solid surface and mercury that
equals to 140∘ in this test.
Differentiating Eq. (6) with respect to r and P(r), Eq. (7)
can be written as:
P(r)dr + rdP(r) = 0

(7)

Specific
Surface Area
> 40 m2 /g

Tap density

True density

0.18 g/cm3

~2.1 g/cm3

The chemical composition and physical properties of commercially manufactured GO, MWCNTs and OPC are exhibited in Table 1, 2, and 3, respectively. One commercial
polycarboxylate-based surfactant (PC) was picked to enhance the dispersion degree of the GO/MWCNTs in suspensions [24].
A horn ultrasonicator (VCX 500W) which can monitor
the energy transferred to the suspensions in real time, with
a cylindrical tip (end diameter: 13mm), was used for ultrasonication. The pore structures of the samples were characterized by mercury intrusion porosimeter (MIP) at ages
of 28 days using AutoPore IV9500.

3.2 Preparation of specimens

A mixture containing five different components, as distilled water, GO, MWCNTs, PC and dry cement powder were
first prepared. According to the author’s previous studies
[15, 32], the concentration of MWCNTs and GO were defined as 0.04 wt.% and 0.02 wt.% relative to the overall
weight of the suspensions, while the PC-to-suspensions
Where, the fractal dimension D M of the specimens can ratio was chosen as 0.48 wt.% (8 times the weight of the
be obtained by calculating the slope of the double loga- carbon nanomaterials). After stirring the materials for 5
rithmic regression fitting relationship between P(r) and mins, the solution then was ultrasonicated to create the
GO/MWCNT suspensions. The whole ultrasonication prodV P(r) /dP(r).
cess was under a pulse mode with a short 3-second-pause
during every 6-second period. A water-ice bath was placed
surrounding the suspensions during the ultrasonication
3 Experimental process
process to prevent overheating. Two series of GO/MWCNT
suspensions were created with power-controlled and time3.1 Materials and instrumentation
controlled ultrasonication, respectively. For the powercontrolled, the power levels of ultrasonication were set as
In this study, graphene oxide-carbon nanotube based ce- 55, 64, 73, 81, 87, 94, 109 and 118W and the time lasted for
mentitious pastes were created using carbon nanomateri- 15 min of each sample. For the time-controlled series, the
als as GO, MWCNTs (manufactured by Nanjing XFNANO ultrasonication time was fixed at 1, 3, 5, 10. 15, 20, 30, 40,
Materials Tech Co, Nanjing City Jiangsu Province, China) and 60 min with the 94 W amplitude.
and cement. Type P.O. 42.5 Portland cement, which satAfter the dispersing of GO/MWCNTs in the solution,
isfies the Chinese Standard GB175-2007 [31], was picked. the suspensions then were added into the cement powFinally, combining of the Eqs. (5), (6) and (7), the fractal dimension D M can be obtained through the following
equation:
]︂
[︂
dV p(r)
∝ (D M − 4) lg P(r)
(8)
lg
dP(r)
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Table 4: Mercury intrusion porosimetry analysis of GO/MWCNT-OPC pastes.

Specimens
P-1
A-1
A-2
A-3
A-4
A-5
A-6
A-7
A-8
B-1
B-2
B-3
B-4
B-5
B-6
B-7
B-8
B-9

Power (W)
–
55
64
73
81
87
94
109
118
94

Ultrasonication
Time (min)
–
15

1
3
5
10
15
20
30
40
60

UE (KJ)
–
24.8
28.8
32.9
36.5
39.2
42.3
49.1
53.1
2.82
8.46
14.1
28.2
42.3
56.4
84.6
112.8
169.2

MIP results
Total intruded volume (ml/g)
0.175
0.167
0.157
0.142
0.134
0.127
0.136
0.148
0.162
0.164
0.149
0.153
0.149
0.147
0.137
0.138
0.134
0.133

Porosity(%)
29.6
26.9
26.1
24.5
23.2
22.2
23.8
25.1
26.8
27.8
25.2
25.5
25.4
24.8
23.5
24.0
23.1
23.1

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

ders based on the 0.4 water-to-cement ratio (w/c). The
fresh mixtures were stirred at moderate and high speed
until the completion of mixing, and then the fresh pastes
were poured into 20 mm × 40 mm × 160 mm molds with
enough vibrated in order to remove the entrapped air and
ensure compaction, after that the specimens were covered
with wet films to prevent moisture escaping. The specimens were demolded after 24 hours and conserved in the
saturated lime water at 20 ± 5∘ C for another 27 days before testing. Then the pore structures of GO/MWCNT-OPC
harden pastes were characterized using MIP techniques
and the fractal characteristics can be calculated. The detailed measurements of MIP tests are exhibited in Table 4
for GO/MWCNT-OPC pastes conducted by power- and timecontrolled ultrasonication, respectively.
Figure 1: Logarithm plot of lg(dV P(r) /dP(r)) and lgP(r) in the entire
pore size range (Sample P-1).

4 Results and discussion
4.1 Surface fractal characteristics in various
pore-size ranges
[︁
]︁
dV p(r)
Figure 1 presents the relation between lg dP(r)
and lg P(r)
fitting using the pore size distribution of the Sample P1. According to the Eq. (8), the surface fractal dimension

D M can be obtained through the linear regression analysis
based on the slope of the fitting line and the D M is 3.297.
According to the fractal theory [9], the fractal dimension
ranges from 2 to 3 and D M = 2 means that pore structure is
extremely flat while D M = 3 indicates that the pore characteristics become rough and irregular [33, 34]. In addition,
a value of D M more than 3 implies that the model is be-
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Table 5: Mercury intrusion porosimetry analysis of GO/MWCNT-OPC pastes.

Specimens
P-1
A-1
A-2
A-3
A-4
A-5
A-6
A-7
A-8
B-1
B-2
B-3
B-4
B-5
B-6
B-7
B-8
B-9

Power (W)
–
55
64
73
81
87
94
109
118
94

Ultrasonication
Time (min)
–
15

1
3
5
10
15
20
30
40
60

UE (KJ)
–
24.8
28.8
32.9
36.5
39.2
42.3
49.1
53.1
2.82
8.46
14.1
28.2
42.3
56.4
84.6
112.8
169.2

D10−50nm
2.706
2.874
2.755
2.694
2.614
2.209
2.622
2.577
2.805
2.914
2.874
2.804
2.814
2.711
2.729
2.628
2.545
2.228

Fractal dimensions
D50−200nm
2.741
2.582
2.477
2.629
2.462
2.334
2.353
2.796
2.318
2.380
2.582
2.320
2.720
2.530
2.771
2.683
2.924
2.236

D>104 nm
2.733
2.761
2.87
2.888
2.843
2.965
2.839
2.728
2.673
2.772
2.761
2.792
2.814
2.834
2.902
2.887
2.870
2.954

yond the three-dimensional space concept, and thus, it tions of fractal theory. The detailed measurements are preshould not be considered as a physical from the geomet- sented in Table 4 in three regions.
ric perspective [9]. As exhibited in Figure 1, the D M for the
As exhibited in Figure 2, Figure 3 and Table 4, the
Sample P-1 is against the fundamental assumptions of frac- mesopores in the ranges of 10-50 nm and 50-200 nm and
tal theory. In addition, as it can be seen, the coefficient bigger capillary pores with diameters larger than 104 nm
of linear fitting of R2 is only up to 0.86, indicating that it are presented the fractal dimensions. The fractal characis not reasonable to analyze the fractal dimension of the teristics of the bigger capillary pores, corresponding to the
pore size range as a whole. Moreover, the pore character- pores which are full of hydration products [19], are from
istics of the cement-based materials include various pore 2.673 to 2.965. While the fractal dimensions of the mesosizes, ranging from nanoscale gel pores entrapped among pores in the range of 10-50 nm and 50-200 nm are 2.209the calcium silicate hydrate (C-S-H) hydration products to 2.914 and 2.236-2.924, respectively.
milli scale inside air voids [35], which influences the properties of the cementitious materials, such as the mechanical strength, permeability, and durability. The fractal di- 4.2 Impact of power- and time-controlled
mension obtained from the entire pore size distribution
The correlations between the power-/time-controlled ulrange may present limitations of the materials [36].
To better describe the variations of the fractal charac- trasonication energy (UE) and the fractal dimensions of
teristics of the test samples, the contribution and fractal three pore size ranges D10−50 nm , D50−200 nm , and D >104 nm
dimension of five different types of pores as mesopores, of the GO/MWCNT-OPC pastes are shown in Figure 4. As
middle capillary pores, bigger capillary pores with sizes can be seen from Figure 4a, the D10−50 nm started at 2.874,
<10, 10-50, 50-200,200-10000, and >10000 nm were con- the value declines constantly as the increase of the ultrasidered respectively
]︁ [37]. Figure 2 exhibits the relations sonication power and hits the minimum at 2.209 (Sample
[︁
dV p(r)
between lg dP(r) and lg P(r) for five regions of the test A-5), after that the figure rises again with the increase of ulspecimens, and the fractal dimensions are denoted as trasonic energy. The value of D >104 nm shows an opposite
D <10 nm , D10−50 nm , D50−200 nm , D200−104 nm and D >104 nm , trend, whose figure grow continuously with the increase
respectively. However, the D <10 nm and D200−104 nm are not of the ultrasonication power and hit the peak at Sample
recorded due to conflict with the fundamental assump- A-5 (D >104 nm = 2.965) too, after that the value shows a de-
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Figure 2: Logarithm plot of lg(dV P(r) /dP(r)) and lgP(r) in the different pore size range under power-controlled ultrasonication.

Figure 3: Logarithm plot of lg(dV P(r) /dP(r)) and lgP(r) in the different pore size range under time-controlled ultrasonication.
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ultrasonication scissoring forces will exceed the separating forces and influence the pore structure of GO/MWCNTOPC pastes. Moreover, the change trends of D10−50 nm and
D >104 nm are always the opposite which indicates that a certain amount of GO/MWCNTs materials reinforce the larger
pores at first under better ultrasonication conditions.
Figure 4b indicates the effects of the time-controlled
ultrasonication on the fractal dimensions at three ranges
D10−50 nm , D50−200 nm , and D >104 nm of the GO/MWCNTOPC pastes. With the increase of the ultrasonication time,
the value of D10−50 nm exhibits a downward trend constantly, while that of D >104 nm shows an upward trend with
a plateau when the ultrasonication time exceeds 60 KJ.
This phenomenon implies that at relatively low power, increasing ultrasonication time may only influence the mesopores, reducing its fractal dimensions, while little cause
the change of the ultrasonication scissoring forces and has
less impact on macro pores. The findings are in good agreement with the previous studies that prolongation the ultrasonication time little affect the dispersion of GO/MWCNTs
in the suspensions and the mechanical properties of its
cement-based pastes. However, the further increase of the
ultrasonication power may cause the deterioration of these
items.

5 Conclusions
Figure 4: Effect of ultrasonication energy on the fractal dimensions of GO/MWCNT-OPC pastes: (a) power-controlled, (b) timecontrolled.

clined trend. However, the figure of the D50−200 nm shows
a fluctuation state. According to the previous studies [15],
in the power-controlled condition, with the increase of the
ultrasonication energy, the degree of GO/MWCNTs materials dispersion enhanced constantly due to the ultrasonication separating forces while the length of the MWCNTs
and the average diameter of the GO sheets were reduced respectively because of the ultrasonication scissoring forces.
While the higher degree of dispersion and the well length
distribution of the carbon nanomaterials contribute to
a better pore structures of the cement-based pastes and
higher fractal dimensions. Therefore, combined with the
MIP test results, it implies that at the front of ultrasonication power growth, the ultrasonication separating forces
play a major role, reinforcing the pore characteristics particularly in the bigger capillary pores. When the ultrasonication power continuously increases, the effects of the

This study investigates the fractal dimensions of pore
structures of GO/MWCNT-OPC pastes in power- and timecontrolled ultrasonication. The main findings are as follow:
(1) The fractal dimension obtained from the overall
pore size ranges presents limitations of the materials. To allow for better fractal analysis and evaluate
the pore characteristics of specimens, it is more feasible to assess the variations of fractal dimension
of the individual pore size range of the GO/MWCNTOPC pastes, the contribution of five different types of
pores as mesopores, middle capillary pores, bigger
capillary pores with the sizes <10, 10-50, 50-200,200104 , and >104 nm.
(2) The correlation between the ultrasonication energy
and mechanical properties, permeability, and durability of the GO/MWCNT-OPC pastes owns the similar change trend with the relationship between that
and the fractal dimension of the bigger capillary
pores (D >104 nm ). Moreover, the change trends of
D10−50 nm and D >104 nm with ultrasonication energy
are always the opposite, indicating that a certain
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amount of GO/MWCNTs materials could reinforce
the larger pores at first under better ultrasonication
treatment.
(3) The moderate increment of ultrasonication power
and time may both enhance the pore structures of
the GO/MWCNT-OPC pastes by increasing the factual dimension of bigger capillary pores (D >104 nm ).
After that, excess ultrasonication energy in powercontrolled treatment would cause the deterioration
of the pore structures, decreasing the capillary pores
factual dimension, while prolonging the ultrasonication time has little influence on the pore structures.
It is expected that the results of this study could provide helpful information in the fields of analyzing and predicting the mechanical and transport properties of the carbon nanomaterials additive cementitious composites under different ultrasonication treatments.
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