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ABSTRACT 

The effect of Graphene oxide (GO) nanosheets on the spatial distribution of cement paste pores 

has been investigated. In this study, a scheme based on the radial distribution function is developed 

to analyze the spatial distribution of pores in GO-cement composites. By applying the developed 

scheme, the addition of 0.04% GO is found to reduce the spatial inhomogeneity of pores in cement 

paste by around 20% at all curing ages. The compressive strength results show that the cement 

paste sample containing GO is increased by 30-40%, indicating the negative correlation between 

the spatial inhomogeneity of pores and mechanical properties of GO-cement composites. Besides 

the spatial homogenization effect of GO on pores, pore structure refinement by GO is also found 

to increase the mechanical properties of cementitious materials. The findings suggest the great 

potential of using GO to modify the cementitious materials by homogenizing the spatial 

distribution of pores. The spatial distribution analysis scheme presented in this study can be used 

for the future structure-properties study of nano-engineered cementitious materials with enhanced 

performance. 
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1 INTRODUCTION 

Graphene oxide (GO) is a derivative of two-dimensional graphene by attaching the carboxyl, 

hydroxyl and epoxy functionalities to the basal plane [1]. Due to its excellent properties such as 

superior mechanical strength, large specific surface area and high dispersibility in water, GO 

exhibits a great potential for enhancing the properties of cementitious materials [2-4]. Recently, 

many research works have been conducted to investigate the effect of GO on the properties of 

cementitious materials. An improvement of 33% in compression strength of cement paste has been 

reported for the addition of 0.05 wt% GO [5]. Zhao et al. [6] reported that the addition of GO 

nanosheets could also improve the toughness of hardened cement paste. Mohammed et al. [7] 

suggested that GO can effectively increase the durability of cement paste by modifying the cement 

matrix transport properties. The existing studies showed that the enhanced mechanical properties 

and durability of cementitious materials were observed in the cementitious materials with an 

appropriate dosage of GO. These properties are directly linked with the pore structure of 

cementitious materials [8]. Scheme 1 shows the effect of GO on the pore structure of cement paste 

based on the proposed mechanisms reported in the existing literature. Understanding the effect of 

GO on the pore structure of cement composites is critical to the study of GO-cement composites 

and the future development of enhanced nano-engineered cement composites.  
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Scheme 1. The effect of GO on the pore structure of cement paste. 

Although researches have been carried to investigate the pore structure of GO-cement 

composites with the recognition of its importance, the reported studies showed many conflicts 

regarding the effect of GO on the porosity of cementitious materials [5, 7, 9]. For example, the 

mercury intrusion porosimetry (MIP) test conducted by Mohammed et al. [7] suggested that GO 

increased the total porosity of cement paste. Pan et al. [5] used nitrogen adsorption to study the 

GO-cement composites. The results showed that the volume of pores with size range of 1–80 nm 

in the cement composites was increased by the addition of GO. Pore structure studies of GO-

cement composites using MIP [9] and gas adsorption [10] by other researchers, on the contrary, 

have shown that GO could effectively reduce the porosity of cement paste. Meanwhile, Gong et 

al. [11] have shown that GO had minimal effect on the porosity of cementitious materials.  

The conflicts between reported studies mainly arise from the intrinsic limitations of different 

techniques applied in the various studies. For example, the MIP method uses the physical 
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properties of mercury to relate the applied pressure with pore diameter, while the gas adsorption 

method calculates the solid surface area based on the gas volume. Both approaches involve 

assumptions about pore shape for analysis and indirectly use mathematical models to characterize 

the pore structure of cement composites. In addition, it is widely recognized that the ink-bottle 

effect results in overestimation of smaller pore population [12, 13]. The significant discrepancies 

of reported works indicate that the effect of GO on the pore structure of cementitious materials 

remains unclear. Therefore, a more comprehensive analysis of the pore structure of GO-cement 

composites is needed. 

While porosity and pore size distribution of GO-cement composites have been extensively 

studied, the effect of GO on the spatial distribution of pore structure remains unknown. Both the 

spatial distribution and size distribution of pores are the information provided from pore structure 

and essential for the materials characterization. Specifically, pore size distribution shows the span 

of pore size and the volume of each pore size in the target sample, which is regarded as low-order 

information. In comparison, the spatial distribution of pores [14] describes the spatial characteristic 

of pore structure such as the arrangement of pore space in the cementitious materials, which is 

regarded as high-order information [15]. These two complementary distributions reveal the pore 

structure from different aspects. It is known that the spatial character of pores is one of the critical 

factors that can influence the strength [16] of construction materials. Changes in mechanical 

properties of construction materials are observed when the total porosity is held constant and the 

spatial distribution of pore structure is varied [17]. Therefore, not only total porosity, the spatial 
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distribution of pores is also expected to have a significant effect on the mechanical properties of 

cement composites. The microstructure study by Zhao et al. [18] and Mohammed et al. [7] 

suggested that the addition of GO resulted in the modification of the hydration products and 

produced a new pore structure of cement paste, which may alter the spatial distribution of pores of 

cement paste. Since the spatial distribution of pores could be an important factor influencing the 

mechanical properties of cement composites, there is an emerging need to understand the effect of 

GO on the spatial distribution of pores of cementitious materials.  

However, no study has been taken to investigate the potential alteration of the spatial 

distribution of pores of cementitious materials by GO. As mentioned before, the traditional 

techniques such as MIP and gas adsorption indirectly characterize the microstructure by using 

mathematical models along with several limitations. In addition, they cannot provide visual 

representation of the pore structure of cement especially the spatial information which is essential 

for the spatial distribution analysis. In comparison, the metal intrusion [19] technique is an 

effective method for microstructure characterization of materials, which enables direct and clear 

visualization of pore structure information such as pore size and spatial arrangement. Metal 

intrusion technique is a branch of image analysis technique that involves the intrusion [20] of a 

non-wetting metal into the interconnected pore structure of the specimen. Due to the enhanced 

contrast [21] of the back-scattered electron (BSE) intensity between pore space filled with metal 

and the solid matrix of porous materials, the pore images obtained by this technique are much 

clearer than those by traditional polymer impregnation [22]. Metal intrusion technique has been 
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applied to cementitious materials [23, 24] and other construction materials [25] to characterize the 

pore shape information such as pore size and pore shape. The foregoing introduction and 

discussion indicate that it is feasible to investigate the spatial distribution of pores of GO-cement 

composites by this technique. 

This study aims to investigate the effect of GO on the spatial distribution of pores and its 

influence on the mechanical properties of cement paste. The radial distribution function (RDF) 

combined with the metal intrusion technique is used to quantify the spatial inhomogeneity of pores 

in GO-cement composites and compare it with that of plain cement paste. The supporting strength 

test is conducted to study the mechanical properties of cement paste with the different spatial 

distribution of pores. The effect of GO on the pore size distribution and porosity of cement paste 

is also investigated. In addition, the implications for studying structure-properties of nano-

engineered cementitious composites with enhanced performance based on this scheme are 

discussed as the future perspective.  

2 EXPERIMENTAL PROGRAM 

2.1 Materials and instrumentation 

In this study, Ordinary Portland cement Type GP (General purpose) was used to conform the 

requirements of Australia Standard AS 3972. The GO water dispersion was obtained from 

Graphenea, Inc Spain. The concentration of GO is 4 mg/ml, and its properties are shown in Table 

S.1 in Supporting Information (SI). The surfactant used for cement workability adjustment was a 
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polycarboxylic-based superplasticizer (Sika® ViscoCrete® 10). The Field’s metal with melting 

point as 62°C was obtained from Rotometals, Inc, and a Piston-cylinder apparatus was custom-

designed [26] for metal intrusion. The pressurizing instrument for metal intrusion was a Shimazu 

AG-X test machine, and the mechanical strength testing machine was an Instron 4204 50 kN 

loading frame. BSE imaging was conducted by a Magellan 400 FEGSEM. 

2.2 Cement composites processing  

The sample mixing procedure applied here is similar to ASTM C1738-11 and has been commonly 

used for GO-cement composites [27, 28]. Basically, the GO solution was ultrasonicated first and 

then placed in the mixing container with the rest water, followed by a premixing at low speed. 

After that, the entire quantity of cement powder was added, and the subsequent mixing procedure 

was strictly following the guideline mentioned above. The workability of fresh cement mixtures 

was then immediately tested by the mini-slump test [29]. Table 1 shows the design of two cement 

paste mixes and their workability results. Superplasticizer with an amount of 0.45% by weight of 

cement was added to the GO-Cement mix to ensure similar workability for different mix batches.  

It should be noted that using a controlled amount of superplasticizer in GO-cement to achieve 

similar workability with plain cement has been widely adopted in the reported studies [11, 30]. 

Due to the intrinsic properties of GO, the addition of GO to the cement even at low concentration 

would still lead to the obvious reduction in cement workability, which may result in voids that 

promote crack propagation. In the study by Birenboim et al. [31], the addition of 0.02% GO 



8 
 

without superplasticizer enhanced the compressive strength of cement paste by around 15%, while 

this improvement increased to 37% after using superplasticizer to mitigate the fluidity difference. 

They also investigated the effect of superplasticizer on GO-free cement and found that the variation 

on compressive strength was less than 10%. This indicates that despite the fact that the addition of 

superplasticizer has an effect on the pore structure of cement composites, this influence is marginal 

compared to the reinforcement effect of by GO as well as the gain in fluidity for GO-cement. In 

addition, adding the same amount of superplasticizer to the non-GO mix is found to cause loss of 

paste consistency and severe bleeding [32]. These latter considerations need to be taken into 

account in researching GO-cement composites [33].   

Table 1. Mix design of cement paste sample. 

Mix Water/OPC GO/OPC (%) SP/OPC (%) Mini-slump test (mm) 

Plain Cement 0.5 0 0 125.5 

GO-Cement 0.5 0.04 0.45 123.6 

2.3 Mechanical properties test of cement composites 

After cement mixing, the fresh cement pastes were cast into cylinder molds (∅ 23.5 × 47 mm), 

vibrated properly for good compaction, and sealed with polyethylene sheets. After 24 hours, the 

samples were demolded and then cured in saturated lime until mechanical testing including 

compression test and tensile splitting test. At least three samples were repeated for each test. 

2.4 Pore structure characterization by metal intrusion 

Three samples (around 5 mm × 5 mm × 5 mm) for each mix design were taken from the cores of 
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cement composites after being cured for specific days. After using ethanol to stop further hydration, 

the liquids inside the cubic samples were removed by reserving samples in vacuum environment 

for one week. 

The details of metal intrusion procedure can refer to the authors’ previous work [25]. Briefly, 

the dried samples and metal were placed in the apparatus under a controlled temperature 

(90±1.5°C), and the intrusion pressure was increased evenly until reaching 400 MPa and held for 

20 minutes. Then the vessel was cooled to the room temperature and the samples were collected 

to be ground, polished, and cleaned for the later analysis. Based on Washburn’s equation, the 

minimum intruded pore size under 400MPa is around 4 nm. This pressure is less than the maximum 

pressure in MIP that is widely used for cement microstructure analysis. In addition, different 

scholars have reported the reactions that occur with elevated temperatures in cement paste. The 

decomposition of different phases in cement paste mainly take place when the temperature is 

higher than 110°C [34]. Therefore, the metal intrusion technique with a temperature around 90°C 

and peak pressure of 400 MPa is unlikely to alter the pore structure of the cement paste sample. 

2.5 BSE imaging and image analysis 

The polished samples’ surface was firstly coated with carbon to prevent charging issue, and then 

scanned under BSE mode with a low-energy electron (5keV) and long electron beam dwell time 

(10μs). For each sample, nine BSE images was collected and the minimum detectable pore size 

under current magnification is around 0.1μm. 
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In the BSE images of cement composites, there are different phases, namely unhydrated grain, 

hydration products and pore, which were distinguished based on the grey level. The threshold 

value for binarizing images was determined through Gaussian distribution fitting method as 

presented in the former study [25]. After adequate iteration times, the original grey level curve was 

accurately fitted by multiple normal distributions and the threshold value that produced a 

consistent volume fraction as the pore phase was obtained. The detailed results of Gaussian 

distribution fitting are shown in Table S.2 in SI. The BSE images were then binarized with the 

obtained threshold value (Figure S.1 in SI shows the example of BSE and converted binary images). 

In the binary image, the solid phase is represented in the black region while the pore phase in white. 

The porosity can be directly calculated by computing the fraction of the white region in the binary 

image.  

The binary images were analyzed using the in-built algorithm of the software package named 

“ImageJ”, which uses an eight directional connection setup to identify the connected regions of 

interest in the binary image [35]. The center of mass of the pore regions is then calculated to derive 

the coordinate of pores. The coordinate of the pores and the corresponding equivalent pore 

diameter [21] are used for the analysis of the spatial distribution of pores. From each binary image, 

the number of pores identified varied around 100,000. Since there were nine images for each 

sample, the pore profiles observed in total were more than 880,000. The histogram about the pore 

number in terms of its size is provided (Figure S.2 in SI).     
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3 RESULTS AND DISCUSSION  

3.1 Characterization of spatial distribution of pore in cementitious materials 

In this study, the spatial distribution of pores is characterized by using RDF, which has been widely 

used in the study of the spatial pattern of objects in many fields [36, 37]. In a particle system, 

selecting an arbitrary object and distance R from it, the RDF expressed as g(R) can be explained 

as the ratio of the mean local density to overall density. 

Since the equivalent pore diameter (dp) [21] of the pores directly observed by BSE imaging 

range varies from 0.1μm to several tens of micron meters, pores are categories into different pore 

sizes based on their size range (Table S.3 in SI). This study focuses on the large capillary pores 

(50 nm<dp<10 μm), which are important in determining the mechanical properties of cementitious 

materials [38].  

 

Figure 1. Space discretization for the determination of the RDF of the pore (dp~3.24μm, orange). Pore 
with a red outline: reference pore. Pores with a white outline: pores drop into the ring area at the distance 

of R of the reference pore. 
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Considering the distribution of the pores with the size of 3.24 μm (2.512μm<dp<3.981μm, 

orange), the g(R) reflects the possibility of finding a pore in a ring dr at the distance of R of another 

pore chosen as the reference pore (Figure 1). The area of the ring is 𝐴𝐴𝑅𝑅 and the number of pores 

in the ring area is NR. The RDF is expressed as: 

 𝑔𝑔(𝑅𝑅) =
𝜌𝜌𝑅𝑅
𝜌𝜌

=
𝑁𝑁𝑅𝑅/𝐴𝐴𝑅𝑅
𝑁𝑁/𝐴𝐴

 (1) 

where 𝜌𝜌𝑅𝑅 is the mean number density of pores in the ring area of radius R and 𝜌𝜌 is the average 

number density of pores over the whole sampling region. 

The following calculation [39] is adopted to determine the RDFs of pores with certain pore 

sizes: In each BSE image of the sample, the pore size with certain size range was first selected. 

Then, the distance between all pore pairs was calculated and binned into a histogram. The 

histogram was normalized with respect to an ideal gas, where the pores histogram was completed 

uncorrelated with a constant value of 1. For the two-dimensional (2D) sampling region, the 

normalization was the number density (ρ) of pores multiplied by the ring area, which was 

symbolically expressed as ρ2πrdr. This procedure was repeated for all the nine BSE images of each 

sample to give the mean g(R). The edge effect of calculating RDFs in the rectangular sampling 

region was addressed by using the algorithm proposed by RJ Bell [40]. This algorithm used a 

scaling factor based on the dimension of the rectangular sampling region to compensate the edge 

effect. 

The spatial distribution pattern of objects in the system is reflected in different g(R) 
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characteristic patterns. RDF has been used in several systems (i) analysis of the structure pattern 

synthetic materials [41, 42]; (ii) spatial distribution of particles and cells in biology [43, 44]; (iii) 

analysis of reinforcing particles distribution in composites [45, 46].  

 
Figure 2. Ideal RDF form of different patterns of the g(r). (a) Uniform distribution, (c) substantial order 
and (e) clustering distribution. Schematics of different patterns: (b) Uniform distribution, (d) substantial 

order and (f) clustering distribution. 

All g(R) patterns had the common features of rising monotonically from zero at the origin and 

decaying to unity at a large distance. However, three different functional patterns can be obtained 

based on literature [41, 47]. In the uniform distribution pattern [41] (Figure 2a, 2b), the distribution 

increases monotonically to its asymptotic value equal to the unity, its relative lack of structure 

distinguishes this pattern. This pattern represents the random distribution of particles where there 

is no correlation between objects and the objects are uniformly distributed in the system. The 
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second pattern (Figure 2c, 2d) is a substantial order pattern [42]. The distribution of substantial 

order pattern shows a strong first maximum and minimum, followed by oscillatory decaying about 

unity. Such a distribution of g(R) is an indication of the order in objects. The degree of ordering of 

objects is reflected in the amplitude of the maximum, minimum and the rate of decaying with 

increasing distance to the origin. The third pattern (Figure 2e, 2f) is the clustering pattern [47], in 

which there is a strong first peak followed by the damping shape to the unity at a large distance. 

This type of distribution is characteristic of the spatial inhomogeneity of objects in which objects 

group into clusters that are widely separated. 

The RDFs of pores in cement paste were found to follow the clustering distribution (Figure 

S.3 in SI), indicates that the spatial inhomogeneity of pore exists in the pore system of cement 

paste. To describe the characteristic of the g(R) of pores in the cement paste, a mathematical 

expression is needed. The g(R) of the pores must satisfy the following relations [48]: 

At zero inter-pore distance, g(R) must equal to zero since the pores cannot overlap. 

lim
𝑟𝑟→0

𝑔𝑔(𝑅𝑅) = 0 

At large inter-pore distances, g(R) must reduce to unity. 

lim
𝑟𝑟→∞

𝑔𝑔(𝑅𝑅) = 1 

Furthermore, the equation of the g(R) must be continuous over all distances. The first 

maximum corresponds to the preferable inter-pore distance should occur at the inter-pore distance 

d, with d=h σ. σ is the diameter of the pore, h is the adjustable variable that represents the preferable 
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inter-pore distance in physical space. An oscillatory decaying shape may exist during the decay 

from the first maximum to the unity. 

The dimensionless functional form was then proposed for the RDF of pores in the cement 

matrix, through the modification of the existing RDF expression in pure fluids study [48]. The 

expression of the RDF of pores in cementitious materials is shown as: 

 
𝑔𝑔(𝑥𝑥) = 𝑔𝑔(𝑑𝑑) ∙ 𝑒𝑒[𝛼𝛼(𝑥𝑥−𝑑𝑑)]2 , 𝑥𝑥 < 𝑑𝑑 

𝑔𝑔(𝑥𝑥) = 1 + �1 −
1

𝑔𝑔(𝑑𝑑)� ∙ 𝑒𝑒
−𝛾𝛾(𝑥𝑥−𝑑𝑑) ∙ 𝜇𝜇 + (1 − 𝜇𝜇) ∙ cos[𝜃𝜃 ∙ (𝑥𝑥 − 𝑑𝑑)] , 𝑥𝑥 ≥ 𝑑𝑑 

(1) 

where 𝑥𝑥 = 𝑟𝑟/𝜎𝜎  is the dimensionless inter-pore distance, and 𝑑𝑑 , 𝑔𝑔(𝑑𝑑) , 𝛼𝛼 , 𝛾𝛾 , 𝜇𝜇 , 𝜃𝜃  are 

adjustable parameters. 𝑑𝑑 is the dimensionless distance corresponding to the first peak, 𝑔𝑔(𝑑𝑑) is 

the score of the first peak, 𝛼𝛼 presents the increasing rate from origin to the strong first peak, 𝛾𝛾 

present the decaying rate of the first peak to unit, 𝜇𝜇 accounts for magnitude of the oscillatory after 

first peak, and 𝜃𝜃 present the frequency of the oscillatory. The term 𝑔𝑔(𝑑𝑑) ∙ 𝑒𝑒[𝛼𝛼(𝑥𝑥−𝑑𝑑)]2 provide for 

the monotonically increase of the first peak. The term [1 − 1
𝑔𝑔(𝑑𝑑)] ∙ 𝑔𝑔(𝑑𝑑) ∙ 𝑒𝑒−𝛾𝛾(𝑥𝑥−𝑑𝑑) provide for the 

decay after the first peak, while the factor 𝜇𝜇 + (1 − 𝜇𝜇) ∙ 𝑐𝑐𝑐𝑐𝑐𝑐[𝜃𝜃 ∙ (𝑥𝑥 − 𝑑𝑑)]  give the oscillatory 

decaying shape that the RDFs of pores may have. 

Through a non-linear least square routine [49], the parameters of Eq. (2) were adjusted to 

produce the RDF pore with different characteristic pore diameters over the pore size range of 

100nm to 10μm. As an example, the parameters of self-interaction of pores with different pore 
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sizes for the 1-day GO-Cement sample are shown in Table S.3 in SI. A comparison between 

experimental RDF points and calculated RDFs shows that the Eq (2) can give a fair good fit of the 

RDF of pores (see Figure S.4 in SI). 

The goodness of fit of RDF of pores by the proposed equation was evaluated by performing 

the Kolmogorov-Smirnov test [50, 51]. For the 60 RDFs of pores, more than 84% of fitted RDF 

distributions determined from the Eq. (2) pass the Kolmogorov Smirnov test at a 5% significance 

level. More than 92% of the fitted RDF distributions passed the Kolmogorov-Smirnov test at the 

significance level of 1%. Based on the Kolmogorov-Smirnov test results, the RDF distribution of 

pores in the cement matrix had a significant possibility of following the proposed expression [Eq. 

(2)]. 

3.2 Effect of GO on the spatial distribution of pore in cement paste 

The RDF of pores presented in the previous section clearly shows that the spatial inhomogeneity 

of pore exists in the pore system of cement paste. This section investigates the effect of GO on the 

spatial inhomogeneity of pore and mechanical properties of cement paste.  
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Figure 3. Transformation on RDF of pore (dp=0.515μm) with the addition of GO. 

Figure 3 shows the g(R) of pore with the pore size of 0.515 μm, these g(R) are produced by 

non-linear least square routine using Eq. (2). At the curing time of 1 day, it can be seen that the 

g(R) of plain cement shows a sharp peak at the preferable inter-pore peak distance of 1.30. With 

the addition of GO, the abscissa of the first peak increase to 1.425 and the scores corresponds to 

the first peak is decreased from 4.148 to 2.854. The addition of GO reduces the deviation of g(R) 

from g(r)=1, indicating that the addition of GO reduced the clustering distribution of pores in 

cement paste. The same situation is also observed for the pores at the curing age of 7 days. The 

g(R) of pores of GO-Cement shows a closer pattern to the random distribution where g(r)=1, 

compared with the g(R) of pores of plain cement.  

The variation of g(R) describes the spatial inhomogeneity of pore and can be used to quantify 

the spatial inhomogeneity in the cement system. A uniform distribution of pores yields g(r)=1 for 

any dimensionless distance r. Since the deviation of the g(R) from g(r)=1 determines the 
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significance of clustering distribution of pores [45], the parameter called degree of clustering (𝛿𝛿) 

is defined to quantify the spatial inhomogeneity of pores in cement paste. The degree of clustering 

is given by: 

 δ = � |𝑔𝑔(𝑟𝑟) − 1|
∞

𝑑𝑑
 

(2) 

where d is the abscissa of the first peak of the RDF, g(r) is the proposed expression of the RDF of 

pores [Eq. (2)]. Degree of Clustering equals 0 indicates a perfectly uniform distributed pore 

structure while the larger 𝛿𝛿 indicate the higher of spatial inhomogeneity of pores.  

 
Figure 4. Pore size-degree of clustering relationship of the pore at the curing age of (a) 1 day, (b) 7 days 

and (c) 28 days. 

Figure 4 shows the relationship between pore size and degree of clustering. For 1-day sample 

(Figure 4a), it can be seen that the addition of GO can reduce 𝛿𝛿 with various pore sizes range from 

0.1 μm to 10 μm. The same effect is observed for 7 days and 28 days samples (Figure 4b, c). 

Figure 5 shows the average 𝛿𝛿 of large capillary pores with two characteristic size range: (i) 

0.1μm <dp< 1μm, and (ii) 1μm <dp< 10μm. For the characteristic pore size range from 0.1μm to 
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1μm, GO reduced the 𝛿𝛿 at 1day, 7days and 28days by 22.5%, 24.4% and 18.7%, respectively. At 

the same time, the 𝛿𝛿 of characteristic pore size range from1μm to 10μm is reduced by 13.7%, 21.2% 

and 21.2%. In general, the 𝛿𝛿 is reduced by around 20% for the large capillary pores. The reduced 

𝛿𝛿 of pores of GO-cement samples indicates that GO can exert homogenization effect on the spatial 

distribution of capillary pores in cementitious materials, an effect that is observed for the first time 

in the pore structure study of the GO-Cement composites. 

 
Figure 5. Average Degree of clustering with the pore size range of (a) 0.1μm -1μm, and (b) 1μm -10μm. 

The mechanical properties test was conducted to verify the correlation between the spatial 

inhomogeneity of pores and the strength of materials. The compressive strength and splitting 

tensile strength of cement paste are shown in Figure 6. With the addition of GO, the compressive 

strength at 7 and 28 days is increased by 30.0% and 33.9%, respectively, and the splitting tensile 

strength is increased by 33.9% and 43.3%, respectively. In contrast, the addition of GO reduced 

the 𝛿𝛿 of larger capillary pores at 7 days and 28 days by around 20%. The negative correlation 

between the compressive/tensile strength and 𝛿𝛿 illustrate that the homogeneous distribution of 
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capillary pores in the cement matrix is beneficial to the mechanical properties of cementitious 

materials. The experimental observation and quantitative measurement using the proposed spatial 

distribution analysis indicate that the homogenization effect of GO on the pore effectively 

increased the strength of cementitious materials. 

 
Figure 6. (a) Compressive strength, and (b) tensile strength of plain cement and GO-cement composites. 

The experimental observation and quantitative measurement using the spatial distribution 

analysis proposed here could be used to provide an objective criterion for determining the 

correlation between the spatial inhomogeneity of pores and the strength of porous construction 

materials. The effect of reduced spatial inhomogeneity of pores and tensile strength of multi-phase 

material is studied to verify this relationship, based on the reported study. All the results presented 

in this part is processed using the results presented by Yu. et al. [46], who used simulation to 

investigate the clustering of hollow spheres filled with syntactic foams, which are a kind of 

lightweight structural materials that have been widely employed in various engineering 

applications. A hollow sphere made of carbon, glass, ceramics and polymers, can be treated as 
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intentionally induced pore space in the polymeric matrix. The addition of a hollow sphere can 

reduce the density of polymer composites while maintaining moderate mechanical properties [52]. 

The mechanical performance of syntactic foams are highly dependent on the clustering of hollow 

spheres [53]. Yu. et al. studied the tensile properties of constructed microstructures of a hollow 

sphere filled syntactic foams with different clustering patterns, using the finite element method. 

The degree of clustering of the hollow sphere particles was calculated using the RDFs of 

constructed microstructures presented in the simulation study. 

 
Figure 7. Relationship between normalized 𝛿𝛿 and normalized tensile strength (proceed from data 

presented by Yu. et al [46]). 

Figure 7 shows the relationship between normalized 𝛿𝛿 and normalized tensile strength of 

syntactic foam with different volume fractions of hollow spheres, which describe the sensitivity of 

the tensile strength with respect to the reduced 𝛿𝛿. The baseline of the normalization of 𝛿𝛿 equals to 

0.9. For all the constructed microstructures with different volume fractions of the hollow sphere, 
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the tensile strength shows a negative correlation related to the 𝛿𝛿. The result shows that a reduction 

of 𝛿𝛿 by 5% leads to a significant improvement of 10% to 25% in tensile strength, depending on 

the volume fraction of the hollow sphere. When the reduction of 𝛿𝛿 is greater than 10%, the 

normalized tensile strength shows an approximately linear relation to the normalized 𝛿𝛿. It should 

be noted that as the volume fraction of the hollow sphere decreases, the improvement in normalized 

tensile strength with constant normalized 𝛿𝛿 is reduced. This observation indicates that the spatial 

distribution of pores of highly porous materials is one of the dominating factors that control the 

mechanical properties, while the spatial inhomogeneity has less influence on the material with low 

porosity. The spatial distribution of pores could be modified to achieve superior performance of 

cementitious materials. GO was first proved to be able to homogenize the spatial distribution of 

pores in cement paste, providing evidence that GO can be used for the future improvement of 

cementitious materials by microstructure modification. Other methods, such as the use of a 

surfactant or templating [54, 55], also showed the potential of modifying the spatial distribution 

of pores of construction materials. The proposed spatial distribution analysis of pores in 

combination with these methods provide the possibility for future study and improve the 

engineering properties of cementitious materials through microstructure modification. 

3.3 Effect of GO on the porosity of cementitious materials 

In addition to the spatial distribution of pores, porosity is another major factor that influences the 

mechanical properties of materials. However, the reported studies showed large discrepancies 
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regarding the effect of GO on the porosity of cementitious materials. These discrepancies could 

result from the indirect measurement and intrinsic limitation of MIP and Gas adsorption. Therefore, 

the porosity of GO-cement composites is studied here using the metal intrusion technique, which 

is a direct method based on pore structure images. 

The porosity of the plain cement matrix and GO-Cement composite at the curing age of 1, 7 

and 28 days is given in Table 2. The addition of GO reduced the total porosity of the cement paste 

by 17.6%,17.4% and 13.8%, respectively, which indicates that GO was less effective in reducing 

the porosity of cement paste at longer curing age. This is consistent to the literature that GO 

improved the hydration degree of cement samples thus resulted in the reduction in total porosity 

[10]. The decrease in porosity also plays a key role in improving the mechanical properties of 

cement paste 

Table 2. Effect of GO on porosity in terms of curing age. 

 1day 7days 28days  

Plain Cement 0.426 0.269 0.217 

GO-Cement 0.351 0.222 0.187 

 
Figure 8. PSD for GO-Cement sample cured for (a)1 day, (b) 7 days and (c) 28 days. 
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Figure 8 shows the pore size distribution (PSD) of the plain cement and GO-Cement 

composites. Three characteristic pore size ranges with volume percentage are shown in the inserted 

figure. For the 1-day sample (Figure 8a), the PSD at the pore size range from 2 to 50μm is similar. 

However, a notable reduction in the maximum pore size can be observed by adding GO. The 

maximum pore size is reduced from 65μm in plain cement to 53μm in GO-Cement composite. The 

addition of GO also increases the volume percentage of small pores (0.1–1μm) and reduction of 

the large pore (>10μm). For the 7-day sample (Figure 8b), the addition of GO significantly 

increases the number of small pores (0.1 μm-1μm). Also, with the addition of GO, the volume 

percentage of a pore larger than 10μm is halved, and the maximum pore diameter is reduced from 

27μm to 19μm. For the 28-day sample (Figure 8b), the PSD of plain cement and GO-Cement is 

similar. It is clear, however, that the GO-Cement sample still shows a higher volume percentage 

of small pores and less large pores. The results show that at the early hydration stage, GO exhibits 

clearer refinement effect for pores larger than 1μm and is effective in reducing the size of large 

pores in cement paste. A high volume percentage of the small pore thus can be regarded as an 

evidence that the addition of GO could accelerate the hydration process. 

The evidence that GO can refine the pore structure in combination with the spatial 

homogenization effect shown in the previous section indicates that GO can effectively optimize 

the pore structure of cementitious material. With the addition of GO, a new pore structure with 

more homogenized distributed pores and lower porosity can be obtained. These effects could be 
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the key to the process by which GO can significantly improve the mechanical properties of 

cementitious materials. Further studies are needed to investigate the mechanism of spatial 

homogenization effect of GO on the pore structure of cement paste. 

3.4 Future perspective  

The spatial distribution analysis method of pore proposed here provides the possibility for the 

development of novel and predictive structure-property relationships using machine learning [56, 

57] by encoding the spatial information of pores that is lacking in the traditional method. 

Experimental and theoretical evidence shows that the properties of cementitious materials are 

intrinsically linked to their pore structure [58]. The microstructure of cementitious materials can 

be conveniently represented by pore structural fingerprints encoding spatial distribution of pores, 

and pore size distribution, etc. The machine learning algorithms, in combination with the pore 

structural fingerprints, can be used to unravel complex structure−property patterns [59] that are 

too sophisticated to analyze by traditional method. For example, the traditional models [60, 61] 

used to predict the strength of cementitious materials mainly concerns porosity. Most of these 

models break down at zero or high porosities [62]. This limitation could be attributed to the fact 

that existing models do not consider the spatial distribution of pores. 

The RDF has been used to study the structure-properties relationship of many materials. For 

example, the study presented by Fernandz et.al [63] used the RDF to predict the gas uptake 

capacity of the metal-organic framework. The RDF, in combination with machine learning, is 
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shown to have the ability to predict the electronic properties of materials [64, 65]. The RDF is a 

suitable structure descriptor in machine learning because it is unambiguous regarding the number 

of objects and the spatial arrangement of the objects. The relatively low computational cost [65] 

of using RDF to describe structure also facilitates its application in machine learning. The proposed 

expression of RDF of pores in cement matrix provides an easy way to describe the spatial 

distribution of pores, which can be applied in the study of structure-property of cementitious 

materials by machine learning. Further study related to this field can increase the accuracy of 

predicting the properties of cementitious materials and other construction materials based on large 

material databases, which accelerating the design of composites with enhanced performance. 

Despite the promising applications of the developed scheme in this study, some challenges are 

expected to be encountered in the future. For example, the experimental procedure including metal 

intrusion and polishing is required is fairly strict and the whole sample preparation is time-

consuming. Also, since the microstructure analysis is based on obtained images, the quality of 

images remains a crucial concern. However, the available magnification scale for the materials 

with desired image quality is limited to the resolution of devices.    

It is noted that among different image-based analysis techniques, BSE images obtained by 

scanning electron microscopy only provide information on the 2D surface of samples, while X-

ray micro-computed tomography (micro-CT) directly captures the 3D microstructure of samples 

through radiographic imaging method without damaging samples [66]. However, the resolution of 
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micro-CT (roughly ranges from 1 cm to 10 µm) limits its application for characterizing pore with 

size smaller than 10 µm, which occupies a significant proportion in cement microstructure [67]. 

Under this situation, BSE images that can reach nanoscale resolution is preferred for the 

characterization of cement pore structure. Nevertheless, BSE images only visualize the surface of 

prepared samples, using the 2D image of pore structure to indirectly reflect the 3D pore distribution 

is accepted and widely reported in material characterization [15]. It is also demonstrated that the 

application of metal intrusion and subsequent analysis based on obtained BSE images has better 

accuracy than traditional microstructure techniques such as MIP and gas absorption techniques [13, 

23].  

It is promising that with the development of techniques, the limitation of resolution would be 

overcome. At that time, results from micro-CT would provide valuable information for spatial 

analysis of pore structures. After validating the accuracy of 2D images on pore structure analysis 

by micro-CT, the 2D BSE images with nano-resolution and 3D information from micro-CT can be 

complementary and significantly contribute to materials characterization.        

4 CONCLUSION 

In this study, an analytical method with a supporting strength test is developed to investigate the 

effect of GO on the spatial distribution of pores and its link with the mechanical property. The 

analytical method is based on RDF and can quantify the spatial inhomogeneity of pores, which 

extend the limits of traditional MIP and Gas adsorption. The experimental observation suggested 
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spatial inhomogeneity of pores existed in cement paste and the pores followed the clustering 

distribution. A mathematical expression is proposed to describe the  RDF of pores in cement 

paste. Descriptor called degree of clustering is defined to quantify the spatial inhomogeneity of 

large capillary pores by calculating the deviation of the RDF from a random distribution in which 

g(r)=1. 

Using the developed analytical method, GO is firstly proved to be able to modify the pore 

structure of cement paste by homogenizing the spatial distribution of pores. The addition of GO 

was found to reduce the degree of clustering by around 20% at all curing ages. The supporting 

strength test of GO-cement composites indicated that GO could improve the mechanical properties 

of cement paste by homogenizing the spatial distribution of pores. In addition, GO is found to be 

able to refine the pore structure of cementitious materials by reducing the porosity. 

The results suggested that the GO has great potential in modifying the pore structure of 

cementitious materials by homogenizing the spatial distribution of pores to enhance the 

performance. Further studies are needed to investigate the mechanism of spatial homogenization 

effect of GO on pores of cement paste. The analytical method presented in this study serve as 

guidance for quantifying the spatial inhomogeneity of pores in GO-cement composites, which can 

be used for future structure-properties study and prediction of nano-engineered cementitious 

materials by machine learning. 
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