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ABSTRACT 

Pore analysis of construction materials has attracted extensive attention from the construction 

industry since pore structure influences the properties and behaviors of construction materials. The 

most commonly used pore analysis technique, mercury intrusion porosimetry (MIP), suffers from 

limitations in analyzing pores. The assumptions and principle of Washburn’s equation used in MIP 

lead to a biased measurement of pore size and difficulties in investigating spatial information of pores 

and analyzing nanopores. Also, the highly toxic mercury limits its applications in the construction 

industry. The metal intrusion technique (MI), on the other hand, provides the possibility of addressing 

the limitations of MIP. 

This study aims to extend the limits of Washburn’s equation through a more comprehens ive 

investigation of pore analysis derived from MI, which incorporate pore shape analysis, spatial 

distribution analysis of pores, and nanopore analysis. To achieve this aim, three tasks are defined: (1) 

investigating the noncylindrical pore shape to modify biased pore size measurement in MIP, (2) 

developing an analytical model to study the spatial distribution of pores, and (3) evaluating the 

feasibility of analyzing nanopores smaller than 3nm by MI. 

Experimental, theoretical, and numerical approaches are used to accomplish these tasks. 

Experimental techniques such as scanning electron microscopy and MI are employed to analyze pore 

shape. An analytical model with supporting strength test is developed to investigate the spatial 

distribution of pores and its relationship with strength. Molecular dynamics simulation is conducted 

to study nanopore analysis by MI. 

Regarding task (1), pore shape analysis by MI suggests that the cylindrical pore shape assumption 

used in Washburn’s equation leads to biased pore size measurement. Using the area–perimeter 

relationship presented by a pore shape descriptor, the apparent pore shape assumption of MIP is 

modified to give a more accurate measurement of pore size by MIP. As an extension of pore shape 

analysis, studies of pore shape and microstructure transformation of construction materials are 

presented. 
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In task (2), an analytical model is developed to investigate the spatial distribution of pores, which 

cannot be captured by MIP. The proposed model is based on the radial distribution function (RDF) 

and can quantify the spatial inhomogeneity of pores in construction materials. On the basis of the 

proposed analytical model and supporting strength test, graphene oxide is first shown to be able to 

reduce the spatial inhomogeneity of pores, leading to strength enhancement of cement paste. The 

analytical models presented in this task provide the possibility for the development of novel and 

predictive structure-property relationships by machine learning. 

In task (3), molecular dynamics simulation is conducted to evaluate nanopore analysis by MI and 

compare it with Washburn’s equation. The result shows that Washburn’s equation begins to deviate 

from simulation prediction when the nanogap is less than 3nm. An equation is proposed to predict the 

pressure–size relationship of metal intrusion at nanoscale, which provides the foundation for the 

future nanopore analysis by MI.  

This Master thesis extends the limits of Washburn’s equation in pore analysis and demonstrates 

applications of MI in the study of porous construction materials. 
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CHAPTER 1. INTRODUCTION 

 

1.1. Background 

Porous construction materials have received considerable attention in recent years because of their 

specific physical properties and unique functional properties, such as high strength–density ratio [1], 

absorption of impact energy [2], and flame [3] and heat resistance [4]. Pore structure is the key 

components of porous construction and can significantly influence their engineering properties [5, 6] 

and functionality [7-9]. 

One of the most important challenges in the construction industry, and an area of considerable 

research activity, is understanding the pore structure of porous construction materials and how it 

affects the properties and behaviors of porous construction materials. Various pore analys is 

techniques have been developed and used in the pore structure study of porous construction materia ls. 

Among all these techniques, MIP is the most widely used in the construction industry, due to its ability 

to measure pores over a wide size range in a comparatively easy and quick test [10]. However, the 

principle and assumptions of Washburn’s equation used in MIP limit its performance in providing 

reliable pore size measurement and comprehensive pore structure information, including the spatial 

distribution of pores and information about nanopores. Moreover, extreme care and safety protocols 

are needed for MIP due to the high toxicity of mercury. The metal intrusion technique (MI), which is 

a pore analysis technique based on direct measurement, provides the possibility of addressing these 

limitations.  

The purpose of this study is to extend the limits of Washburn’s equation in pore analysis by MI. 

Pore analysis methods associated with MI are developed to address the limitations of Washburn’s 

equation from three aspects: correction of the biased pore size measurement of MIP through 

correlating the noncylindrical pore shape with Washburn’s equation; supplementation of MIP in 

analysis of the spatial distribution of pores; and extension of the limit of MIP in nanopore analys is 
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using metal intrusion. 

Investigation of pores using MI dates to 1996 [11] and has shown great capacity and potential in 

pore analysis. MI incorporating microscopy enables the direct observation of pores in construction 

materials over a wide size range of pores, which cannot be achieved by traditional indirect techniques 

such as MIP. On the other hand, research using MI has focused mainly on the qualitative analysis of 

pore structure or discerning the pore size [12, 13], which suggests that there is a need to improve the 

analytical methods associated with this technique to enhance its pore analysis capacity. Also, the 

safety issue resulting from the use of toxic Wood’s metal [12, 14-16] in past works needs to be 

addressed. 

The direct measurement of pores by MI enables the analysis of pore shape, which cannot be 

achieved by MIP [17, 18]. Pore shape can exert an influence on the permeability of construction 

materials via its direct correlation with the hydraulic radius [19]. The identification of pore shape 

information by MI and study of its correlation with the biased pore shape assumption [20] in 

Washburn’s equation is research work worth developing. 

The indirect measurement of MIP makes it impossible to analyze the spatial distribution of pores 

in construction materials. Pores in construction materials are rarely uniformly distributed [21, 22], 

which can create fatigue issues and significantly restrict strength via stress concentration [23]. 

Materials with the same total porosity and pore size can exhibit entirely different properties, 

depending on whether the spatial distribution of pores is homogeneous or not. Analyzing the spatial 

distribution of pores is important for understanding the nature of porous construction materials and 

for the development of the materials with improved performance.  

The potential of analyzing nanopores is beneficial to the study of shrinkage and creep in 

construction materials from the fundamental perspective [24, 25]. However, Washburn’s equation 

cannot detect nanopores because its capillary flow model [26] is not applicable to describe the 

movement of substance at the nanoscale. Once a non-wetting metal is intruded into nanopores by 

extremely high pressure, it is possible to detect and study nanopores by MI. However, understand ing 
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of the performance of metal intrusion in nanopore analysis is still limited by insufficient data. 

In this study, the pore analysis methods associated with MI are investigated by the development 

of analytical models, numerical simulation, and experimentation. Non-toxic Field’s metal [27] is first 

used in MI as a substitute for the toxic Wood’s metal used in past work.  

Based on the clear pore shape information obtained by MI, the cylindrical pore assumption used 

in Washburn’s equation is modified to provide more accurate measurement of pore size distribution 

by MIP. An analytical model, acting as a supplementary pore analysis to MIP, is developed to analyze 

the spatial distribution of pores in cement paste. The results show good correlation between the spatial 

inhomogeneity of pores and the strength of cement paste, thereby indicating the effectiveness of the 

proposed model in analyzing the spatial information of pores. MD simulation of metal intrusion at 

the nanoscale is conducted to evaluate the feasibility of using metal intrusion to analyze nanopores, 

exceeding the limits of Washburn’s equation in nanopore analysis. The result indicates that 

Washburn’s equation at the nanoscale begins to deviate from simulation predictions. An equation is 

used to predict the pressure of metal intrusion at the nanoscale to support future nanopore analysis by 

MI. The pore analysis method and comprehensive pore information presented in this thesis can be 

used to develop novel and predictive structure-property relationships by machine learning. 

 

1.2. Research objectives 

This study focuses on developing analytical methods associated with MI to address some of the 

limitations of Washburn’s equation, allowing more comprehensive pore analysis from the perspective 

of pore shape and the spatial distribution of pores. A study of metal intrusion at the nanoscale is also 

conducted to provide a foundation for future nanopore analysis by MI, which exceeds the detectable 

pore size limit of Washburn’s equation. 

This research can be divided into three objectives: (1) investigating the pore shape and modifying 

the biased pore size measurement of Washburn’s equation due to the cylindrical assumption; (2) 

developing an analytical model to analyze the spatial distribution of pores in porous construction 
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materials; (3) evaluating the nanopore analysis by MI and its difference from Washburn’s equation. 

(1) Investigating the pore shape and modifying biased pore size measurement of MIP due to the 

cylindrical assumption  

Washburn’s equation models the pores as cylinders, which grossly departs from the reality of 

pore shapes in construction materials. Past studies have pointed out that the use of a noncylindr ica l 

pore shape in pore shape assumption can shift the pore size distribution (PSD) measured by MIP [28-

30]. Investigating true pore shapes and using that information to correct the biased cylindrical pore 

shape assumption of Washburn’s equation is the main research focus of this task. 

(2) Developing an analytical model to analyze the spatial distribution of pores in porous 

construction materials. 

In addition to the strong correlation between porosity and material properties, the spatial 

distribution of pores is also a critical factor that influences the properties and behaviors of porous 

construction materials such as rock and concrete [31]. However, the commonly used MIP method 

cannot detect the spatial distribution of pores due to its indirect measurement. To address this gap, an 

analytical model is needed to investigate the spatial information of pores and its correlation with the 

mechanical properties of materials. 

(3) Evaluating the nanopore analysis by MI and its difference from Washburn’s equation. 

The use of Washburn’s equation in pore analysis is based on fluid dynamics, which is not 

applicable for analyzing nanopores. To verify the feasibility of using MI to analyze nanopores by 

direct observation, numerical simulation is needed to study the metal intrusion behavior at the 

nanoscale structure. By predicting the pressure-pore size relationship of metal intrusion in the 

nanopores, this study can provide the foundation for future nanopore characterization by MI. 
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1.3. Thesis structure 

The thesis is organized into six chapters, three of which are the main chapters with the major 

contributions, as shown in Figure 1-1. Chapters 1, 2, and 6 present the introduction, literature review, 

and the conclusions and recommendations, respectively. The present chapter introduces the 

background, objectives, and structure of the thesis. The contents of Chapters 2 to 6 are listed below. 

Chapter 2, the literature review, covers the following fields: 

• Pore structure parameters and their links with material properties 

• Commonly used pore analysis techniques for porous construction materials 

The review provides a broad picture of the research and engineering concerns related to pore 

structure information and commonly used pore analysis techniques. Specific attention is paid to the 

limitations of Washburn’s equation used in MIP. Research gaps are identified based on the review.  

Chapter 3 focuses on the analysis of noncylindrical pore shape and its correlation with pore shape 

assumption in MIP. The chapter is organized based on published papers [32, 33]. In this chapter, the 

MI is proved to cause minimal alteration of the pore structure of samples while providing clear pore 

profile images. Washburn’s equation is modified on the basis of the area–perimeter relationship 

presented by pore shape to give a more accurate measurement of pore size by MIP. Pore shape from 

2D observation and pore shape in 3D space are correlated using probability theory. Also, two shape 

descriptors and PSD are used to study the microstructure transformation in cement hydration and 

consolidation of soil. 

Chapter 4 presents an analytical model with supporting experiments to study the spatial 

distribution of pores in porous construction materials, which act as a supplement to MIP. The spatial 

distribution of pores in cement paste is characterized using a proposed expression of the RDF. A 

descriptor called ‘degree of clustering’ is defined to quantify the spatial inhomogeneity of pores. 

Moreover, by using the proposed analytical model, graphene oxide (GO) is first shown to be able to 

homogenize the spatial distribution of pores in cement paste, thereby improving its strength.  
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In Chapter 5, the process of intrusion of a non-wetting liquid into a nanogap structure is studied 

using molecular dynamics simulation to investigate the feasibility of using metal intrusion to analyze 

nanopores. The result indicates that the pressure–size relationship predicted by the simulation begins 

to deviate from Washburn’s equation. A modified equation is presented to predict the pressure–size 

relationship in the nanopore analysis of metal intrusion. The numerical study presented here can be 

used as a starting point for future nanopore analysis by MI. 

Chapter 6 presents the summary of the studies in the thesis. It also recommends some analytica l 

models and methods based on MI to provide enhanced pore analysis compared with MIP. Possible 

topics for future study are also suggested. 

 

Figure 1-1 Structure and contribution of the thesis  
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CHAPTER 2. LITERATURE REVIEW 

 

2.1. Pore structure parameters and their influence on properties 

Porous construction material is composed of a rigid solid matrix and a pore network. Pore structure 

parameters such as PSD are the key components of porous construction materials. These pore 

structure parameters can affect the engineering properties and behaviors of construction materia ls 

such as strength [34], permeability [35], and long-term behaviors [36]. Characterization and analys is 

of pore structure parameters such as total porosity, PSD, pore shape, and spatial distribution of pores 

is important to the study of porous construction materials [35, 37-39]. 

To reliably describe the properties and performance of porous construction materials, more than 

one pore structure parameter needs to be determined. Even a detailed description of a single pore 

structure parameter is unlikely to be sufficient to predict the properties and performance of such 

materials [10]. For example, total porosity is the main parameter required to determine the mechanica l 

properties of a construction material, but the total porosity, pore connectivity, and PSD are needed to 

determine the permeability of construction materials [35]  

In general, it is necessary to characterize and analyze most of these pore structure parameters to 

study the properties of porous construction materials [40]. From this viewpoint, two key pore 

structure parameters are necessary for a comprehensive description of pore structure: (1) pore shape 

and (2) spatial distribution of pores. 

Pore shape describes the geometrical characteristics of the cross-section of a pore. The cylindr ica l 

shape is most commonly assumed in the absence of specific knowledge of pore shape, and has been 

used in many traditional pore analysis techniques such as MIP [41] and gas adsorption [42]. However, 

the shape of pores in most porous construction materials is rarely cylindrical. For example, 

experimental observation of pore shapes in hydrated cement and rock shows that the shapes are 

irregular and quite different from the perfect circle [43-45]. The study presented by Diamond [43] 

had shown that the pore shapes in hydrated cements are quite different from cylindrical pores assumed 



Chapter 2 Literature Review 

 

8 
 

by the Washburn equation model, as shown in Figure 2-1 [43]. 

 

Figure 2-1 (a) Backscatter electron image showing representative area of a 28-day w/c 0.40 cement paste. (b) Fig. 2 (a) 

after undergoing binary segmentation to show the pore space pixels as black and solid material pixels as fully white [43]. 

Pore shape can influence the properties and behaviors of porous construction materials. An early 

experimental study by Brace demonstrated the influence of pore shape on the permeability of rock 

[46]. Stress concentrations of pores with various shapes have been extensively studied [47, 48]. In 

addition, pore shape is an important factor influencing the interpretation of traditional pore analys is 

techniques and their test results [43]. 

The pore shape descriptor is a parameter inherent in the assumed model in pore analys is 

technique rather than a parameter determined during experiment [10]. The biased pore shape 

assumption in traditional pore analysis techniques can lead to errors in pore measurement. Past studies 

have qualitatively proposed limitation of the cylindrical pore assumption in MIP [43, 49], but the link 

between the pore shape and the pore size measurement by MIP has not been addressed. To address 

the problem, pore shape descriptors can be used to account for noncylindrical pores. 

Spatial distribution of pores describes the arrangement of pores in the 3D-space of materials [50]. 

The spatial distribution of pores is essential to the properties of materials because it describes the 

overall heterogeneity of pore structure in materials. It is known that materials with the same total 

porosity and PSD but different spatial pore distributions would have different properties [51]. The 

(a) (b)

https://www-sciencedirect-com.ezproxy.lib.monash.edu.au/topics/engineering/pore-space
https://www-sciencedirect-com.ezproxy.lib.monash.edu.au/topics/engineering/solid-material
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spatial distribution of pores in materials can be categorized into three forms: ordered distribution [52], 

uniform distribution [53], and nonhomogeneous distribution [54]. Figure show the nonhomogeneous 

distribution [55] and ordered distribution [56] of pores in different materials. 

 

Figure 2-2 (a) Photomicrograph of fracture surface of ceramic shows the nonhomogeneous distribution of pore s, and (b) 

SEM images of porous titania prepared from emulsion fraction shows the ordered distribution of pores. 

Ordered distribution and uniform distribution of pores can be observed in syntactic materia ls 

through templating [56], 3D printing [57], and proper treatments [58]. However, the spatial 

distribution of pores in most porous construction materials is nonhomogeneous [21, 55, 59-62]. The 

presence of spatial inhomogeneity of pores or pore clustering can significantly influence the 

engineering properties of porous construction materials [63, 64]. Pore clustering, which is the 

nonhomogeneous distribution of pores with high spatial density in a local region, reduces the 

loadbearing area of solid material, leading to a reduction in both Young's modulus and strength [55]. 

Pore clustering acts as a stress concentration site for the initiation of fatigue cracks in construction 

materials [65, 66]. Spatial inhomogeneity of pores can also affect the hydraulic conductivity of porous 

construction materials [21]. In most cases, superior engineering properties can be achieved if the 

spatial distribution of pores in the materials used becomes more homogeneous. Proper analysis of the 

spatial distribution of pores is essential to the study of porous construction materials and the 

optimization of material properties. 

(b)(a)
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Despite recognition of this problem, few studies have reported on the development of quantitat ive 

description of the complex spatial distribution of pores in porous construction materials. To author’s 

best knowledge, the fractal dimension is the only parameter used to describe the overall complexity 

of pore structure in porous materials, but that is still far from description of the spatial distribution of 

pores. Fractal dimension, which characterizes multiscale and self-similar geometric structure within 

materials [64], has been used to describe the pore phase of porous materials [67-69]. However, the 

fractal theory is only applicable to homogeneous porosity [70]. 

Current pore analysis methods for describing the spatial distribution of pores are still far from a 

quantitative description. A considerable amount of future research is still required to describe the 

spatial distribution of pores in porous construction materials with a wide size range.  

In addition to the pore structure parameters, the analysis of pores with wide size ranges is also 

important to the pore structure study of porous construction materials. Pore size is usually defined as 

the diameter of a cylindrical pore or the distance between the side of a slit-shaped pore. Typical pore 

size ranges in porous construction materials can vary over several orders of magnitude [10]. Pores of 

different size can exert different influences on the properties of porous construction materials. For 

example, macropores (>50 nm) [71] are essential to the permeability of materials, whereas micropores 

(<2 nm) [71] do not contribute much to permeability because their small size is only about one order 

of magnitude greater than the water molecule [72]. On the other hand, micropores mainly affect the 

shrinkage [73, 74] and creep [75] of porous construction materials. 

A wide variety of techniques has been used to analyze the pore structure of porous construction 

materials. Each of the available techniques is most suitable for a specific pore size range. The 

commonly used techniques can analysis pore size down to 2 nm [76], but analysis of micropores of a 

smaller size is still limited, especially by direct measurement. Micropores are the basic structura l 

component in some porous construction materials, an example being gel pores [77] in cementit ious 

materials with sizes down to 0.5 nm. The capability of characterizing micropores provides the 
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possibility of understanding and optimizing the engineering performance of porous construction 

materials from a fundamental level [78]. Therefore, there is a need to develop a proper pore analys is 

technique to decrease the minimum detectable pore size. 

 

2.2. Commonly used pore analysis techniques 

As the understanding that pores have a direct effect on properties became well known, researchers 

began to develop methods to characterize the pore structure of porous construction materials. This 

section provides a comprehensive literature review of commonly used pore analysis techniques and 

their capabilities and limitations. 

The techniques used to experimentally measure the pore structure information in porous 

construction materials can be categorized into direct and indirect methods [79]. Direct methods, such 

as the MI, produce a direct physical image of the pore structure examined, revealing the size, shape, 

and spatial arrangement of the pores. In indirect methods such as MIP, an external stimulus is applied 

to a material and the material’s response is measured using a detector. The pore structure parameters 

are determined indirectly from properties such as the intrusion volume of mercury. The direct method 

is preferable [80] because the pore structure is directly observed without any arbitrary hypothesis. 

 

2.2.1. MERCURY INTRUSION POROSIMETRY 

Mercury intrusion porosimetry has proven over decades to be a useful method for analyzing the pores 

of porous materials. In MIP, pressure is applied to non-wetting mercury in order to force the mercury 

into the empty pores of porous materials [81]. MIP obtains the pore structure information using the 

Washburn’s equation, which is a well-known equation of fluid dynamics presents the inverse 

proportional relationship between the intruded pore diameter and the pressure, by assuming that the 

pore is cylindrical [82]. 

MIP has become the most widely used technique to study the pore structure of porous 
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construction materials [83]. This technique has been developed and improved to the extent that it is 

now possible to determine a wide variety of pore parameters [84-86] such as total pore volume, PSD, 

and specific surface area of pores. MIP can typically measure a pore size range with several orders of 

magnitude in a single test, typically from tens of micrometers to 3.6 nm, corresponding to the 

maximum pressure of 400 MPa, which cannot be achieved by any other technique [51]. The method 

is comparatively easy and quickly performed.  

Despite the widespread application of MIP in characterizing porous materials, the accuracy and 

reliability of pore information data thus obtained may be biased and is questionable. The main 

limitation of MIP is that the PSD is biased due to the “ink-bottle” effect [43, 49]. One of the 

assumptions of MIP is that all pores are connected to the sample surface directly or through larger 

pores. However, the high complexity and heterogeneity of pore features in most porous materia ls 

result in pores that do not meet this assumption [87], known as “ink-bottle pores”. The intrusion of 

mercury into the wide inner body of ink-bottle pores does not occur until the pressure corresponding 

to the threshold diameter of narrow pores is reached. As a consequence, part of the volume of large 

pores in porous materials is assigned to a size smaller than that of the threshold diameter, regardless 

of their actual size, leading to a biased interpretation of the PSD [43]. Due to the ink-bottle effect, no 

indication of large pores in materials is presented in many published MIP results [43], and pore sizes 

greater than 100 μm in diameter detected by MIP are rarely reported in the literature [88-90]. These 

large pores, present in construction materials such as concrete, soil, and rock, form a substantia l 

portion of the total pore volume, which may connect to the specimen’s surface by small pores at the 

surface of materials. These large pores are not intruded until the threshold pressure is reached in MIPs, 

and they are recorded as fine pores [18]. Thus, MIP results will always show smaller pore sizes than 

observed with microscopy or microCT. 

The shapes of pores are misrepresented by the cylindrical pore assumption. The Washburn 

equation was derived based on the assumption that the cross-section of intruded pores is cylindr ica l 
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[91], which is far from the irregular shape of the pores in most porous materials. The pore shape 

information is related to the properties of the materials [46, 92-94].  

Selection of an appropriate contact angle in MIP may also cause deviation in the results [10]. An 

error of 1° in the contact angle assumption in MIP can lead to an error of 2% in pore size detection. 

The contact angle depends on several parameters including the composition of the specimen [95], 

pore size [96], drying techniques [97], surface roughness [98], and the purity of mercury [99]. These 

effects can scarcely be considered and controlled in the MIP test, all of which can cause a biased 

interpretation of results such as the PSD. MIP also requires extreme care and safety protocols during 

experiments because mercury is a highly toxic substance that can be absorbed through the skin and 

mucous membranes [100].  

2.2.2. GAS ADSORPTION 

Physical gas adsorption is extensively used in the determination of micro- and mesoporous materia ls. 

This technique accurately determines the number of gas molecules adsorbed on solid materials, which 

is a measurement for pore structure. Adsorption isotherm measurements provide information about 

surface area, pore volume, and PSD [101-103]. Gas adsorption allows the detection of pore size 

distributed over a narrow range (the detectable pore diameter is usually limited from 2 nm to about 

100 nm [42]. Of all the frequently used adsorptives including Ar, H2O, and CO2, N2 has remained 

universally pre-eminent since N2 adsorption at 77 K and sub-atmospheric pressure can be used for 

routine quality control and investigation of new materials. 

Physical gas adsorption is a method that involves determination of the amount of gas adsorbed 

at different relative pressures, before and after adsorption in an adsorption isotherm. To obtain the 

specific surface area of porous materials, a simplified model of physisorption based on Brunauer–

Emmett–Teller theory, is applied to describe the adsorption process [101]. It is assumed that the 

completed monolayer gas molecules on the solid surface are in a close-packed state, with no lateral 

interactions between the adsorbed molecules. The molecules in the first layer act as sites for the 
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molecules of the second layer; these molecules, in turn, are sites for molecules in the higher layers. 

The PSD model in gas adsorption is developed based on the Kelvin equation [104] and correlated for 

multilayer thickness on the pore wall. 

Due to the artificial nature of the BET theory, the range of applicability of the BET equation is 

always limited to a part of the gas isotherm, where the linear relationship of the BET equation is 

maintained only in the range of 0< P/P0<0.35 [105]. Therefore, the maximum diameter of pores 

detectable by the gas adsorption technique is limited to around 100 nm. The narrow range of pore 

size detectable by gas adsorption makes it insufficient for obtaining the pore structure information of 

porous materials in which the pore sizes are distributed over a wide range, such as concrete [51], soil 

[106], and rock [39]. Hence, gas adsorption is usually used in combination with other pore analys is 

techniques to study porous materials [107, 108]. Also, the nature of BET theory makes it impossib le 

to detect the spatial distribution of pores. 

Although gas adsorption techniques and the analysis of adsorption data appear to be well 

established, the accuracy and reliability of evaluation of these data and information is still a problem. 

This is mostly attributed to the inherent strong surface heterogeneity and structural heterogeneity of 

many porous materials. Most of the models in data analysis developed so far are based on ideal 

cylindrical pore geometry [109], which is different from the actual shape of pores. On the other hand, 

the effects of structural and surface heterogeneity on the adsorption properties of porous materials are 

often difficult to distinguish, which makes it difficult to develop theoretical models of gas adsorption 

in heterogeneous porous media and to apply the methods for characterization of porous solids [110, 

111]. 

 

2.2.3. MICROCT  

MicroCT is an imaging technique that provides the 3-dimensional internal structure of porous 

materials [112, 113]. MicroCT relies on measurement of the attenuation of X-rays passing through a 
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specimen. By applying appropriate reconstruction algorithms, a number of different angular 

projection images produced by the rotational movement of specimens relative to the X-ray source 

and detector are used to visualize 3-D pore networks of porous materials. Extensive research using 

MicroCT has been undertaken to study the complex porosity and pore geometry of concrete [114], 

soil [115], rock [116], wood [117], and other porous construction materials. 

MicroCT is a preferred candidate for pore analysis of porous media because there is no need to 

use any arbitrary hypotheses in pore profiling or data that is essential for other techniques (e.g. MIP) 

[114]. MicroCT can produce information about the physical features and spatial arrangement of pores 

that cannot be obtained from MIP and gas adsorption. Another advantage of MicroCT is its ability to 

perform pore structure determination of specimens in a non-destructive way, making it possible to 

study the pore structure of specimens without introducing substantial disturbances [118], such as the 

compression of highly porous samples [41] and the influence of drying [119] in MIP. This advantage 

allows monitoring of the time-dependent evolution of the internal structure of materials [115, 120, 

121]. 

In practice, this 3D structure characterization technique is an excellent tool for visual inspection 

and quantitative analysis. It is essential, however, that the limitations of microCT should be 

considered when characterizing pore structure. The main limitation of MicroCT is its low spatial 

resolution [122]. Spatial resolution describes the level at which details in an image can be resolved. 

A small cross-section of a sample will absorb fewer photons and therefore will require a longer 

exposure time to assure acceptable counting statistics. Increasing the spatial resolution for detecting 

the features of a small sample requires larger incident photon intensity or longer integration time. Due 

to the technical limitation of fabricating radiation sources with high photon flux and high energy 

[122], the ability to examine small features in samples is limited to approximately 1μm [115, 123]. 

The limited detectable spatial resolution of MicroCT makes it impossible to characterize the large 

number of nanopores existing in many porous materials, such as nanopores in clay and concrete. 
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Another critical limitation of MicroCT is the contradictory feature regarding voxel size (the size 

of the volume elements in a 3D matrix of reconstructed samples) and sample size [115]. In the 

rotational movements of the imaged samples, the reconstructed voxel size is controlled by the source-

to-detector distance, the source-to-sample distance, and the distance between the center of two 

neighbouring pixels [124]. Due to technological and computational reasons, the number of detector 

pixels is usually limited to several thousands of pixels, a feature that limits the detectable voxel size 

as a function of the sample size [115]. This limitation can result in limited detectable pore features 

and a narrow detectable pore size that may not allow capture of the entire pore structure information 

of samples. For example, the analysis of micropores in coarser rock samples by MicroCT will miss 

large pores and may not produce representative pore structure information due to the larger-scale 

heterogeneity of samples [116, 125]. 

 

2.2.4. METAL INTRUSION TECHNIQUE 

Metal intrusion technique is a branch of image analysis techniques that can analyze pores through 

direct observation using an electron microscope. MI involves the intrusion [12] of a non-wetting metal 

at high pressure into interconnected pores of samples. The imaging process is performed on the flat 

cross-section [126] of samples that is commonly obtained by grinding and polishing. The threshold ing 

method [127] is then applied to the cross-section images of the samples to separate the pores and the 

solid matrix of samples. Due to the enhanced difference of the backscattered electron intensity 

between pore space filled with metal and the solid matrix of porous materials in backscattered electron 

(BSE) imaging, the pore images obtained by MI are much clearer than those obtained from traditiona l 

polymer impregnation [128]. This enhancement in the imaging process is beneficial to pore profile 

detection and analysis. 

The MI technique can produce detailed pore structure information including porosity [129], PSD 

[130], specific surface area [131], and fractal dimension of pores [67, 132]. Direct observation of 
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pores also provides the potential to measure the spatial distribution of pores [131, 133] by this 

technique. MI is a preferred method because it is one of the most direct ways to analyze complex pore 

features and porosity [134]. It can also detect pores in materials over a wide range of sizes, from tens 

of nanometers [14] to millimeter scale [11]. 

Despite the considerable capacity of MI for pore analysis, its limitation in presenting the 3D pore 

structure is well recognized [135]. An experimental study by Kurumisawaa et al. [136] presented the 

possibility of using stacking of 2D pore images to achieve 3D reconstruction of pore structure by MI. 

Other extensive studies involving image-based 3D modeling have demonstrated the possibility of 

presenting 3D pore structure based on the 2D observation of pores [137, 138] by MI. On the other 

hand, past work using MI has mainly used toxic Wood’s metal [14, 15, 139, 140] as intrusion materia l, 

leading to safety concerns in experimentation. 
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2.2.5. SUMMARY OF TECHNIQUES FOR PORE ANALYSIS 

A summary of commonly used pore analysis techniques is given in Table 2-1. 

Table 2-1 Summary of commonly used pore analysis techniques  

Technique Detection limits Capacity Limitations 

MIP 3.6 nm-100 μm  
Indirect method 

Porosity, PSD,  

specific surface area. 

Biased PSD measurement [43, 49].and 
inability to present large pores [18, 43]. 
(>100μm) due to ‘ink-bottle’ effect 

Toxicity of mercury [141] 
Accuracy influenced by contact angle 

[10]. 

Gas 
Adsorption 

2 nm-100 nm 
Indirect method 

Porosity, PSD, 
specific surface area. 

Narrow detectable pore size range [142] 
Alteration of PSD and porosity due to 
altering the surface of the sample [143]. 

MicroCT >1 μm 

Direct method 

Porosity, PSD, 
specific surface area, 
spatial information. 

Limited resolution (~1μm) [115, 123] 
Difficulty in presenting features of the 
sample due to contradictory voxel size and 
sample size [115, 144, 145] 

MI 
Down to nanometer 
level (>10 nm in 
reported studies) 

Direct method 

Porosity, PSD, 
specific surface area, 

spatial information. 

Toxicity of intrusion metal in past work 
[13, 16, 146] 
Limited pore structure information from 
2D observation (compared with MicroCT) 
[135] 

 

Based on the review and the summary in Table 2-1, the comparative advantages and limitat ions 

of commonly used pore analysis techniques were studied. Of all the techniques described, MIP is the 

most widely used method in pore analysis of porous construction materials [147, 148]. Although the 

appropriateness of MIP for pore analysis has been questioned by researchers [43, 149-151], the MIP 

will continue to be used in the construction industry in the foreseeable future [152]. This is because 

MIP is experimentally faster, conceptually simple, and can analyze a much wider pore size range than 

other techniques currently used in practice [10].  

Despite the broad application of MIP in the construction industry and material science, some of 

the issues result from the principle and assumptions of MIP that impose restrictions on the method. 

Washburn’s equation models the pores as cylinders [153], an assumption that departs grossly from 
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the reality of the pore system in porous construction materials [154]. The biased pore shape 

information from MIP can affect permeability study [46] of construction materials. The effect of 

considering noncylindrical pore shapes rather than assuming cylindrical pores tends to shift the PSD 

measured by MIP. This effect has been pointed out by several researchers [28-30]. However, the 

problem has not been addressed on the basis of pore shapes directly observed in construction materia ls.  

On the other hand, the pore analysis of MIP is performed based on indirect measurement [155]. 

On the basis of Washburn’s equation, which presents the relationship between intruded pore and 

pressure, the PSD is calculated via determining the intrusion volume of mercury at different pressures 

[156]. This procedure does not capture the detailed spatial arrangement of individual pores [157, 158]. 

Therefore, MIP cannot be used to analyze important spatial information of pores, which is highly 

correlated with the mechanical properties of construction materials.  

Furthermore, the fluid dynamics model of Washburn's equation, which describes the capillary 

flow [26] of mercury in the pore system, is inapplicable for the study of nanopores. Despite the fact 

that a theoretically minimum pore size of 3.6 nm [159] can be measured by MIP, its performance in 

analyzing nanopores is questionable. Comparison studies between MIP and gas adsorption have 

shown that MIP is not reliable for measuring porosity around 5 nm [160, 161]. The reason that MIP 

is inapplicable for nanopore analysis is that the movement of mercury atoms in the nanopores is 

dominating by diffusion [162, 163] rather than capillary flow. This restricts the application of MIP to 

the study of nanopores that influence the shrinkage and creep behavior of construction materials. The 

limitations of MIP resulting from its principles and assumption is summarized in Table 2-2. 
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Table 2-2 Summary of limitations of the MIP and Washburn’s equation 

Assumption or 

principle of MIP 

Limitation in pore 

analysis 

Related material properties 

and performance 

Cylindrical pore shape 

assumption 

Lacks pore shape 

information [41], biased 

PSD [28-30] 

Permeability 

Indirect measurement of 

pores based on 

Washburn’s equation 

Does not provide spatial 

information of pores 

[157, 158] 

Strength 

Capillary flow described 

by Washburn’s equation 

at the nanoscale 

Inapplicable for 

nanopore analysis [161, 

162] 

Shrinkage and creep 

 

These inappropriate principles and assumptions restrict the application of MIP in pore analys is 

of porous construction materials. MI, on the other hand, provides the possibility of solving these 

limitations. In combination with an electron microscope, MI can directly observe pores in physical 

space over a wide size range. All other commonly used techniques entail some issues that are critica l 

in address these limitations, such as the indirect measurement of gas adsorption and the low resolutio n 

of MicroCT. To address the limitations of MIP presented in this section, this study aims to (i) modify 

the theoretical model of the MIP, and (ii) develop and evaluate analytical models for MI.  
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2.3. Research Gaps 

From the literature review in this section, the following research gaps have been identified: 

1. The inappropriate cylindrical pore shape assumption of Washburn’s equation leads to the 

biased pore size analysis of MIP. 

2. The indirect method based on Washburn’s equation cannot capture the spatial distribution of 

pores.  

3. The feasibility of using a MI to analyze nanopores, which cannot be measured using 

Washburn’s equation, is still unclear. 

4. The ink-bottle effect due to the pore structure of materials leads to the biased measurement 

of pore size distribution in MIP. 

5. The constant contact angle used in MIP may produce significant distortions in pore size 

distribution. 

The research gaps 1, 2, and 3 are addressed in the following chapters. 
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CHAPTER 3. ANALYSIS OF NONCYLINDRICAL PORES 

AND MODIFICATION ON WASHBURN’S EQUATION 

 

3.1. Introduction 

The pore structure provides essential information for studying the properties and behaviour of porous 

construction materials. Pore structure parameters such as porosity, PSD and pore shape can exert their 

influences on the properties of porous construction materials. Among all these pore structure 

parameters, the study of pore shape is rarely observed. Pore shape describes the geometry 

characteristic of the cross-section of pores, the permeability of porous construction materials is highly 

correlated with the pore shape [164] since the hydraulic radius [165, 166] in the capillary flow is 

directly linked with the pore shape. 

Due to the absence of specific knowledge of pore shape, cylindrical pore shape assumption has 

been used in many traditional pore analysis techniques such as the Washburn’s equation of mercury 

MIP [167]. However, the pore shape in most porous construction materials is rarely cylindrical. For 

example, the pore shapes observed in concrete and soil are irregular and quite different from 

cylindrical shape [168, 169], as shown in Figure 3-1 (a) [170],and (b) [171], respectively. 

 

Figure 3-1 Pore shape of (a) cement paste, and (b) clay. 

Despite the wide application of MIP in the construction industry, the numerous assumptions of 

（a） （b）



Chapter 3 Pore Shape Analysis 
 

23 
 

MIP can lead to a biased measurement of pore size [49], especially the cylindrical pore shape 

assumption. Past studies have pointed out the limitation and potential deviation of pore size 

measurement result from the cylindrical pore assumption in MIP [43, 49], but the correlation between 

the irregular pore shape and the cylindrical pore shape assumption in MIP is not addressed 

quantitatively. Metal intrusion technique, on the other hand, provides the possibility of study the pore 

shape information through direct observation of the shape of the pores. 

In this Chapter, the pore shape parameters obtained from MI is used to correct the pore size 

measurement of MIP by modifying the biased pore shape assumption in Washburn’s equation. Non-

toxic field’s metal is firstly used in metal intrusion technique to solve the safety issue. Comparison 

between the MI and traditional polymer impregnation illustrates the MI can greatly increase the 

contrast and reduce the imaging noise in pore images while retaining the sample integrity of silty clay 

samples. Based on the area-perimeter relationship reflected by the pore shape descriptor namely 

circularity, the biased pore shape assumption of Washburn’s equation is modified to provide a more 

accurate estimation of the pore size by MIP. The two new pore shape descriptors, namely solidity and 

aspect ratio, are combined with PSD to interpret the transformation of pore features and pore shape 

in the cement hydration and consolidation of silty clay. The pore shape data from 2D observations is 

shown to have a statistical correlation with pore shape in 3D space. The pore shape analysis scheme 

presented in this Chapter is beneficial to the interpretation of the test results of MIP and future pore 

shape analysis of the construction materials. 

 

3.2. Experimental program 

3.2.1. MATERIALS AND INSTRUMENTATION 

Type GP Ordinary Portland Cement, conforming to the requirements of Australian Standard AS 3972, 

was used to fabricate the cement paste sample. The soil investigated in this study is undisturbed silty 

clay samples obtained from Wuhan, China using drilling thin-walled. The soil samples were packed 
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in airtight containers to avoid evaporation loss after sampling. Two types of low-melting-point metal, 

whose properties are shown in Table 3-1, were purchased from Rotometals, Inc. 

Table 3-1 Properties of low-melting-point metals used in this study 

 Composition by weight Melting point Contact angle  Density 

Wood’s 

metal 
50% Bi, 26.7% Pb, 13.3% Sn, 10% Cd  70°C [172] 130° [131] 9.38g/cm3 [172] 

Field’s metal 32.5% Bi, 51% In, 16.5% Sn  62°C [132] 130° [131] 8.00g/cm3 

 

Two types of apparatus are applied to conduct the metal intrusion. The metal intrusion process 

of cement paste sample is conducted using centrifugation-based low-melting-point metal intrus ion 

(CLMI) technique. The CLMI technique was conducted using an Eppendorf Centrifuge 5702 with 

the swing bucket rotor. The assembly of the intrusion device is shown in Figure 3-2. A set of 

aluminium containers was used to hold the sample and the melted metal in the swing bucket and 

plastic foam was used to reduce heat loss of the container. Centrifugal force was generated by the 

spinning rotor and the pressure increased with the depth of the melted metal as shown in Figure 3-2.  

 

Figure 3-2 Schematic of CLMI instrumentation for sample preparation. Only one set of devices is demonstrated here; 2 

or 4 sets had to be placed symmetrically on the rotor in centrifugation.  

 

As for the soil sample, a custom-designed piston-cylinder apparatus [173] was used for the metal 
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intrusion process. A Shimazu AG-X test machine was used for pressurizing. The principle of the 

instrument is pressurizing the molten low-melting-point metal in the pressure vessel by compression. 

As shown in Figure 3-3. An AutoPore IV 9505 mercury porosimeter was used to conduct MIP testing. 

The porosimeter could achieve a maximum pressure of 182 MPa and the corresponding minimum 

accessible pore diameter was about 8 nm. A Nova 450 SEM was used to conduct BSE imaging of 

both the cement paste and soil samples. 

 

Figure 3-3 Schematic of apparatus used for metal intrusion 

3.2.2. SAMPLE PREPARATION AND EXPERIMENTAL PROCEDURE 

A high-speed shear mixer (CTE Model 7000) was employed to mix the cement paste samples follow 

the mixing procedure of ASTM C1738-11. Two different w/c ratio of 0.4 and 0.8 were adopted for 

the mix design. For the cement paste with w/c of 0.4 and 0.8, one cubic cement sample approximate ly 

5 mm×5 mm×5 mm for each mix design was taken from the cores of 20 mm cement paste cubes after 

being cured in saturated calcium hydroxide solution for 28 days and 7 days, respectively. Ethanol 

exchanging last for 28 days was used to stop hydration after sampling. The cement samples were 

reserved in vacuum for one week to remove liquids from the capillary pores. It should be noted that 

the number of samples for each mix design is determined by the number of BSE images, which is 

stated in section 3.2.3. 

In the metal intrusion process of cement paste sample, samples were placed in the container as 
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shown in Figure 3-2. The container was heated to 95 ±2 °C and filled with melted metal. Foam plastic 

insulator was used to reduce heat loss from the container. The centrifuge ran for 10 minutes to allow 

cooling-down of the container so that the intruded metal would solidify under pressure. The depth of 

the metal H was controlled to 82±2 mm for all the samples. 

The CLMI technique used for the metal intrusion of cement paste sample can generate maximum 

intrusion pressure around 15MPa. Based on Figure 3-2, the intrusion pressure P in the CLMI 

technique is calculated as: 

 𝑃 =
1

2
𝜌𝜔2(2𝐿1𝐻+ 𝐻2)/109 

(3-1) 

where 𝜌 is the density of the melted metal, 𝜔 is the angular velocity (rad/s) of centrifuge, L1 = 48mm, 

is the distance from the center of the centrifuge to the surface of liquid metal in the tube, H =82mm, 

is the depth of liquid metal to the upside of the cement paste sample.  

Ten cement paste samples were prepared using CLMI as shown in Table 3-2. C1 and C2 are 

calibration samples, where Wood’s metal with higher density was used to generate higher pressure 

(15.2±0.34MPa based on Eq. (3-1)) at 4400 revolutions per minute (rpm) in order to obtain baseline 

information of the pores. The baseline information was used to develop relationships between pore 

shapes and the Washburn’s equation. The non-toxic Fields’ metal was used to prepare the other 8 

verification samples V1-V8 with different intrusion pressure, which were prepared at speeds (pressure) 

of 200 rpm (0.03±0.0005MPa), 1100rpm (0.77±0.0173MPa), 2200rpm (3.10±0.069MPa), and 

4400rpm (12.4±0.28MPa). These verification samples were used to verify the modified Washburn’s 

equation of cement paste developed in this study.  
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Table 3-2 Sample information of soil samples  

 

Sample Name w/c 
Age 

(days) 
Centrifuge Speed (rpm) Intrusion Pressure (MPa) 

C1 0.4 28 4400 15.2 ± 0.34 
C2 0.8 7 4400 15.2 ± 0.34 
V1 0.4 28 200 0.03 ± 0.0005 
V2 0.4 28 1100 0.77 ± 0.0173 
V3 0.4 28 2200 3.10 ± 0.069 
V4 0.4 28 4400 12.40 ± 0.28 
V5 0.8 7 200 0.03 ± 0.0005 
V6 0.8 7 1100 0.77 ± 0.0173 
V7 0.8 7 2200 3.10 ± 0.069 
V8 0.8 7 4400 12.40 ± 0.28 

 

For the soil samples, uniaxial consolidated silty clay samples with consolidation pressures of 0 

kPa (C-0), 600 kPa (C-600), and 3200 kPa (C-3200) were prepared in accordance with soil test 

method standards GB_T50123-1999 [174]. The soil samples were then dried in ventilated ovens at 

105±1°C for 24 hours. MIP was performed for C-0 and C-600 sample to verify the modified 

Washburn’s equation of soil developed in this study. 

After the drying process, cubic soil samples approximately 5𝑚𝑚×5𝑚𝑚×5𝑚𝑚 in size were taken 

from the cores of undisturbed silty clay cylinders to do the metal intrusion. In the metal intrusion, the 

dried samples and molten metal were placed in the pressure vessel of the piston cylinder apparatus. 

Controlled temperature (90±2°C) was generated by the furnace and monitored by a thermocoup le 

during the metal intrusion process. The intrusion pressure increased evenly to the peak pressure of 

400 MPa at the rate of 12.5 MPa/min. The peak pressure was then held for 20 minutes to guarantee 

the intrusion of the metal. After the pressure holding stage, the pressure vessel was cooled to room 

temperature to ensure the solidification of intrude metal.  

Epoxy impregnation [175] was conducted to prepare the calibration soil sample (C-3200) to 

verify the influence of metal intrusion on the sample integrity of soil samples.  

All the samples prepared by the metal intrusion and epoxy impregnation were ground and 

polished to retain their plane surface. The first grinding stage was performed with sandpaper of four 
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grades (125μm, 58.5μm, 25,8μm, and 15.3μm). The polishing stage was performed using polishing 

cloths with four grades of ethanol/diamond grit polishing suspensions (6μm, 1μm 0.25μm, and 

0.1μm). After each particle/grit size, the samples were cleaned ultrasonically in ethanol to remove 

grit. 

3.2.3. BSE IMAGES AND IMAGE ANALYSIS 

To prevent charging before imaging, each sample’s surface was coated with a thin layer (~10nm) 

of carbon. For each cement paste sample, five backscattered electron images were taken randomly at 

the centre of the sample at the magnification of 1000× using low energy electron (5 keV), more than 

50000 pore profiles were obtained for each cement paste sample. For each soil sample include the 

sample prepared by metal intrusion and epoxy impregnation, an area of 5.461×106μm2 was scanned 

with BSE imaging using a low-energy electron (5keV) at the magnification of 100×. More than 

110,000 pore profiles were observed for each soil sample.  

Are five images enough to achieve acceptable sampling confidence for cement paste sample? A 

statistical method at 95% degree of confidence proposed by Zhao and Darwin [176] was used to 

determine the number of images required to achieve given confidence levels. It was determined that 

the 5-image sets for cement pastes provide a value for pore fraction that is within 17% of the true 

value, a margin of error that is reasonably small. 

In our study, intruded pores were identified by thresholding the grey levels of the pores to produce 

binary images. For the cement paste sample used here, ISODATA thresholding method [177] was 

used to obtain binary images of the pores. As for the soil samples, the threshold grey levels used to 

segregate porosity and solid phases were selected by a technique based on the grey-level histogram 

of each sample. The different phases, namely sand, clay, silt, and pore in the BSE images were first 

distinguished by fitting the grey-level histograms with multiple Gaussian distributions. The volume 

fraction of each phase was then computed by integration of the corresponding Gaussian distributions 

over the grey-level domain. An iterative process was then used to obtain the threshold value that 
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produced a consistent volume fraction as the pore phase. The detailed process of this process is shown 

in Section 3.3.1.  

The binary image images obtained by thresholding were analyzed using the software package, 

ImageJ, which is a widely used image processing program. This algorithm finds the connected regions 

of white pixels (white represents pores) on the binary image with an eight-directional connection 

setup. The characteristic descriptors for each pore profile were analyzed using the inbuilt ImageJ 

algorithm. 

 

3.3. Performance of metal intrusion technique 

Figure 3-4a-b show the BSE images of calibration soil samples (C-3200) prepared by metal intrus ion 

and epoxy impregnation, respectively. Low-energy electron and long electron beam dwell time were 

adopted to acquire these images. A clear difference of pore profile can be seen between BSE images 

using the two methods. For sample prepared by metal intrusion, the pores filled with metal appear as 

very bright signal in the images, whereas in the epoxy impregnated sample the pores appear as darker 

regions.  
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Figure 3-4 (a), (b) Typical BSE images of calibration samples prepared by metal intrusion and epoxy impregnation, the 

top right region show the images obtained by normalizing BSE intensity; (c), (d) normalized BSE intensity distribution 

for different phases in samples prepared by metal intrusion and epoxy impregnation; (e), (f) colored images of samples 

prepared by metal intrusion and epoxy impregnation based on the Gaussian distribution of phases (red -pore, green-

clay/silt, yellow-sand). 

It should be noted that different scaling of the BSE intensity signals was applied in Figure 3-4a 

and b in order to produce visible contrasts in the BSE images. When the same scaling of the BSE 

intensity signals is adopted, in other words, when the BSE image is plotted based on normalized BSE 

intensity, the two samples prepared by different methods appear as the top right regions of Figure 

3-4a and b (in the rectangular boxes). Comparison of the images with normalized BSE intensity shows 
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that the signal intensity of pores from the epoxy impregnated sample is lower, as the images appear 

darker (the top right regions in Figure 3-4b).  

This difference is also illustrated in Figure 3-4c and d in a qualitative way, where the BSE 

intensity of different phases [178, 179] was fitted by multiple Gaussian distributions. The mean and 

standard deviation of the fitted Gaussian distributions are obtained by an iteration process until the 

R-squared for these fittings is larger than 0.999. By replacing the epoxy resin with metal, the 

normalized BSE intensity of pores is shifted from 0.051 to 0.809.  

Figure 3-4e and f show coloured images (based on Figure 3-4a and b) that demonstrate the effect 

of the grey level of the image on the pore profiles identification. Coloured images are obtained by 

assigning two grey-level thresholds based on corresponding Gaussian distributions for pore, silt/c lay, 

and sand, and colouring the pixels in the three phases as red, green, and yellow respectively. 

Thresholding is a commonly used method to identify profiles of different phases from image data  

[180]. Comparison between Figure 3-4e and f show that the number of identifiable features and 

imaging noise in the sample prepared by the two methods are different. In Figure 3-4e, a sharp 

boundary between pores with other phases and features smaller than 10μm can be clearly observed, 

whereas a large amount of imaging noise in Figure 3-4f blurs the pore boundary, making it impractica l 

to properly trace the pore profiles by software.  

The advantage of sharp contrast and low imaging noise in the sample prepared by metal intrus ion 

due to that the metal filled in the pores can strongly reflect electrons in SE imaging. Imaging noise 

result from the overlapping of BSE intensity of different phases is reduced due to the high contrast in 

chemical composition between pore filled with metal (In, Bi, Sn) and soil matrix (Si, C, H, O, etc.).  

For samples exposed to high intrusion pressure in the metal intrusion process, pore structura l 

stability and sample integrity need to be considered. Because polymer impregnation can preserve the 

microstructural integrity of soil [181], the influence of high-pressure metal intrusion on pore structure 

was investigated by comparing the pore volume fraction of sample (C-3200) prepared by epoxy 
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impregnation and metal intrusion. 

Table 3-3 summarizes the volume fraction of different phases in calibration soil samples 

quantified from the Gaussian distribution fitting. The volume fraction of each phase is obtained 

through integration of the summed area of the corresponding Gaussian distributions[182, 183]. It can 

be seen that the difference between the volume fraction of pore obtained from the sample prepared 

by the metal intrusion and the epoxy impregnation is less than 1.8%. And the difference in the volume 

fraction of sand and clay/silt both less than 1.5%. Since the damage and collapse of pores in metal 

intrusion process can alter the pore volume fraction, the small difference in volume fraction of each 

phase indicates that minimal change in the pore structure is caused by the metal intrusion. This 

observation is consistent with the effect of MIP on pore structure and sample integrity reported in the 

literature.  

Table 3-3 Volume fraction of phases obtained by Gaussian fitting 

 

In traditional MIP, high intrusion pressure up to 400 MPa is also necessary to force the mercury 

into the fine pores of samples. Extensive studies of soil microstructure integrity in MIP have been 

conducted to investigate the effect of high pressure in MIP, demonstrating that MIP does not cause 

microstructure change or alteration of the PSD of soil samples. Sridharan et al. [184] conducted the 

MIP of week clay samples and showed that MIP did not change the topographic outline samples. The 

experimental study of Lawrence reported that a multi-intrusion run presented similar PSD, which 

indicated MIP did not cause microstructural deformation of soil samples[185]. Sills et al used gas 

 Pore Clay/silt Sand 

Epoxy 

Impregnation 

Peak BSE intensity 0.043 0.047 0.062 0.100 0.164 0.148 0.190  

Percentage 6.96% 7.49% 7.02% 7.49% 26.80% 13.88% 30.36%  

Metal 

intrusion 

Peak BSE intensity 0.784 0.847  0.380 0.639 0.161 0.188 0.235 

Percentage 11.94% 7.80%  19.41% 15.41% 28.76% 11.14% 5.77% 

Method 
Volume Fraction 

Sand Clay/Silt Pore 

Metal intrusion 45.67% 34.82% 19.74% 

Epoxy impregnation 44.24% 34.29% 21.47% 
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sorption and MIP to analyze the pore structure of soil, the results showed that MIP did not alter the 

PSD of micropores [186]. Thus, the minimal effect on sample stability and integrity in MIP reported 

in existed research, along with the result presented in this section, indicate that high-pressure metal 

intrusion is unlikely to affect the pore structure of the soil samples. 

Figure 3-5 shows the typical binary images of pores for cement paste sample obtained by 

thresholding method. As shown in Figure 3-5, the analysis could successfully distinguish the pores 

(black pixels) from the cement (white pixels) based on the thresholding method. As demonstrated in 

Figure 3-5c and d, the thresholding method can capture profiles of the pores, allowing accurate 

measurement of the pore perimeter and shape information.  

 

Figure 3-5 Typical binary images of pores (black) for (a) sample W3, w/c=0.4, 10cycles, 15.2 MPa and (b) sample W5, 

w/c=0.8, 4cycles, 15.2 MPa.  
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In terms of pores size, the definition and representation of pore size needed to be considered. 

Current conventions often based on cylindrical pore shape assumption and use pore diameter to 

represent the size of a pore [187-189]. However, as shown in Figure 3-5d, the shape of the pores was 

hardly circular, and most of the pores lacked the diameter. To be coherent with the conventions where 

pore size is often expressed as diameter, the equivalent pore diameter (dp) was applied to describe the 

pore size and subsequent pore analysis. The dp of an irregular pore with the given area was calculated 

as: 

 𝑑𝑝 = √
4𝑎𝑟𝑒𝑎

𝜋
 (3-2) 

under the current magnification, the smallest identifiable pore (which represented by a single pixel in 

binary images) of cement paste sample and silty clay sample are 20nm and 200nm, respectively.  

 

Figure 3-6 Equivalent pore diameter based coloured image of metal intruded sample (C-0) 

Figure 3-6 shows coloured images of silty clay sample in which pores are coloured based on the 

dp. It can be seen that pores smaller than few hundred nanometers are mainly embedded in the clay/silt 

particles, which larger pores with dp range from several microns to around 400 μm mainly packed 
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between the sand and clay/silt particles.  

 

3.4. Non-cylindrical pores and its correlation with Washburn’s equation 

The previous section demonstrated that metal intrusion can effectively enhance the identification of 

pore profiles in BSE images while maintaining the pore structure integrity of samples. In this section, 

a shape descriptor called circularity (C) is used to describe the area-perimeter relationship of pores 

and correlated with Washburn’s equation to correct the biased pore size measurement of MIP. 

The Circularity measures how closely the shape of a pore appear as a perfectly circular shape. 

The circularity of a noncircular pore is calculated as: 

 𝐶 = 4𝜋
𝑎𝑟𝑒𝑎

𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟2
 

(3-3) 

C equals to 1 when the pore is mathematically perfectly circular. C decreases when the pore has 

curving features or large elongation. 

 

Figure 3-7  Circularity (C) of pores with different sizes (equivalent diameter, dp) for 7-day cement paste sample with 

c/w = 0.4 (C1) and 28-day cement paste sample with w/c =0.8 (C2). The overall C-dp is fitted with an inverse power 

function C=0.32dp
-0.52. 

Figure 3-7 shows the circularity-dp distribution of the 7-day and 28-days cement paste samples. It can 

be seen that C increases as dp decreases. The difference between circularity-dp distribution of 7-day 
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and 28-day cement paste samples is small, indicating a universal C-dp relationship exists for pore of 

cement paste, which is independent to the w/c ratio. The circularity-dp distribution is found to follow 

an inverse power correlation given as: 

 𝐶 = 𝑎 ∙ 𝑑𝑝
−𝑏  

(3-4) 

The fitted equation used to describe the C-dp relation of pores of cement paste is found to be 

C=0.32dp
0.52. This equation yields a good general fit for both the 7-day and 28-day cement paste 

samples. 

The C-dp relation describes the relationship between the pore area and the perimeter, which is 

essential for MIP. In the MIP, the pore diameter can be derived based on the applied pressure that 

forces the mercury into the interconnected pore of the specimen using Washburn’s equation [87]. This 

equation is based on the area–perimeter relationship of cylindrical pores by assuming that the pores 

have a perfect circular shape.  

Figure 3-8 shows the intrusion process of the non-wetting liquid (mercury in MIP) into an 

irregular pore (Figure 3-8a) and a circular pore (Figure 3-8b). In Washburn’s equation, it is assumed 

that there is only one advancing liquid metal surface and the cross-section of the pore is constant. In 

Figure 3-8a and b, the driving force F of the two pores are the same, being the product of the pore 

area and the applied intrusion pressure. It should be noted that dp is an equivalent measure of pore 

size and therefore area equals πdp/4 for both pores. The driving force F is balanced by the sum (R) of 

the surface tension (γcosθ indicated by red arrows in Figure 3-8) that acts at the edge of the advancing 

liquid surface. R is proportional to the length of the pore perimeter. The perimeter of an irregular pore 

with C<1 (Figure 3-8a) is larger than that of a circular pore (Figure 3-8a).  
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0 

Figure 3-8 Schematic for the effect of circularity on metal intrusion into an irregular pore (a) and (b) a circular pore. F: 

intrusion force. R: resistant force. p: perimeter of pore. γcosθ: surface tension (per unit length of pore perimeter) parallel 

to the direction of intrusion. 

 

Using Eq. (3-1), Washburn’s equation can be corrected to consider the true area-perimeter 

relation in pore analysis. The force equilibrium between applied pressure and surface tension can be 

expressed as: 

 𝑃 × 𝑎𝑟𝑒𝑎 = −𝛾𝑐𝑜𝑠𝜃 × 𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟 
(3-5) 

 𝑎𝑟𝑒𝑎 =
𝜋

4
𝑑𝑝
2 

(3-6) 

 𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟 = √
4𝜋 × 𝑎𝑟𝑒𝑎

𝐶
 (3-7) 

where P is the pressure applied on non-wetting liquid, γ is the surface tension of the mercury, θ is the 

contact angle between mercury and pore wall. The cylindrical pore assumption applied the circular ity 

of 1 and the Washburn’s equation can be obtained by substituting Eq.(3-6), (3-7) into Eq. (3-5): 

 𝑃 = −
4𝛾𝑐𝑜𝑠𝜃

𝑑𝑝
 

(3-8) 

Given the C-dp relation obtained in Figure 3-7, the force equilibrium in Washburn’s equation can 

𝑝=𝜋𝑑𝑝/𝐶
   

 =𝜋𝑑𝑝/𝐶
   𝛾𝑐𝑜𝑠𝜃

 𝑎𝑡𝑟𝑖 

𝑝=𝜋𝑑𝑝

𝑎𝑑 𝑎 𝑐𝑖   𝑚𝑒𝑡𝑎  𝑠 𝑟 𝑎𝑐𝑒𝑠

    𝑎𝑟𝑒𝑎(𝑃  𝑃 )
𝑚𝑒𝑡𝑎   𝑖  𝑒𝑑 𝑝𝑜𝑟𝑒

    𝑎𝑟𝑒𝑎(𝑃  𝑃 )

  𝜋𝑑𝑝𝛾𝑐𝑜𝑠𝜃
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be modified based on the area–perimeter relation of different samples by substituting equations (3-4), 

(3-6) and (3-7), into equation (3-5), so that the pressure-equivalent pore diameter relation is shown as: 

 
𝑃 = −

4𝛾𝑐𝑜𝑠𝜃

𝑑𝑝 × √𝐶
= −

4𝛾𝑐𝑜𝑠𝜃

√𝑎 ∙ 𝑑𝑝
1−

𝑏
2

 
(3-9) 

The effectiveness of this modified Washburn’s equation was verified experimentally for both 

cement paste samples and soil samples. For the cement paste sample, the intrusion pressure in CLMI 

can be accurately controlled by altering the spinning speed of the centrifuge. Figure 3-9 shows the 

BSE images of cement paste sample obtained at different intrusion pressures. At very low intrus ion 

pressure (Figure 3-9a), large (>10 μm) and shallow pores are visible at the surface. As the intrus ion 

pressure increases (Figure 3-9b), a few large pores are unfilled, and some deep pores are still visib le. 

The visual differences between the sample prepared with 3.10MPa (2200 RPM) and 12.4MPa 

(4400RPM) are small (Figure 3-9c and d). It appears that pressure of 3.10MPa allows the penetration 

and filling of most of the large pores. 
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Figure 3-9 BSE images of metal intruded samples with w/c=0.8, 4 cycles and under different centrifuge pressures: (a) 

0.03MPa (200 RPM) and magnification of unfilled shallow pore; (b) 0.77MPa (1100RPM) and unfilled deep p ore; (c) 

3.10MPa (2200 RPM); (d) 12.4MPa (4400RPM). 

 

 

Figure 3-10 F distribution of samples under different centrifuge speeds obtained by metal intrusion technique, 

Washburn’s equation and modified equation [Eq. (3-9)]. 
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Figure 3-10 shows the cumulative porosity as a function of dp (F distribution) of cement paste 

sample increase with increased intrusion pressure. It is suggested here that the effect of pore perimeter 

can be indicated by comparing the F distribution (at 12.4 MPa) observed from MI and the calculated 

F distribution based on the porosimetry method. The porosimetry method used here obtains the total 

observed pore volume fracture from image analysis of V1-V8 and calculates the corresponding pore 

diameter based on intrusion pressure by using Eq. (3-2) and (3-9), in which parameter a and b equal 

to 0.32 and 0.52, respectively. The corresponding pore size that can be intruded at each pressure is 

calculated based on Eq. (3-2) and plotted in Figure 3-10. It can be seen that for the 28-day 0.4 sample 

(Figure 3-10a), the F distribution obtained from metal intrusion is very different from the F 

distribution obtained from porosimetry measurement We deduce, therefore, that porosimetry 

measurement using Washburn’s equation can be modified with C-dp relationship to produce F 

distribution results that are much closer to the direct measurement. The same situation is evident for 

the 7 days 0.8 w/c sample. The F distribution obtained by modified Washburn’s equation is much 

closer to the observed F distribution by MI. 

The modified Washburn’s equation based on the area–perimeter relationship of pores is also 

found to be effective in studying the pores of soil. The fitted parameters of the C-dp distribution at the 

99% confidence level for the C-0 and C-600 samples are listed in Table 3-4. 

Table 3-4 Fitted parameters for C-0 and C-600 samples 

 a b 

C-0 
Upper limit 0.9891 0.8496 

Lower limit 1.1004 0.7876 

C-600 
Upper limit 0.5043 0.6891 

Lower limit 0.5710 0.5956 

 

Figure 3-11 compares the F distribution of C-0 and C-600 samples obtained from metal intrus io n, 

MIP, and the F distribution based on modified Washburn’s equation. The shaded area represents the 

range of modified F distribution based on parameters of the corresponding sample with the confidence 
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level of 99%. For the C-0 sample (Figure 3-11a), it can be seen that the difference between the total 

porosity calculated by the metal intrusion and MIP is less than 5%. However, the F distribution 

obtained from MIP is very different from that of the result of metal intrusion, and MIP does not 

measure the pore with dp> 90μm. As shown in Figure 3-11(a), the accuracy of MIP measurement can 

be significantly improved by modified Washburn’s equation. The modified F distribution becomes 

closer to the results of MI, especially for pores larger than 90 μm. These large pores play a key role 

in determining permeability and bearing capacity. The situation is the same for the C-600 sample, 

where the modified F distribution of MIP is closer to that of the direct visualized F distribution from 

MI. Based on the effective modification on F distribution of cement paste and soil sample presented 

above, we suggest here that MIP test results can be improved by using the modified Washburn’s 

equation based on C-dp relationship to provide a more accurate reflection of the true pores sizes.  

 

Figure 3-11 F distributions of samples obtained by image analysis, Washburn’s equation and modified equation [Eq. 

(3-9)]for (a) C-0 sample and (b) C-600 sample.  

 

3.5. Pore shape analysis and its link with microstructure transformation 

In this section, the PSD and pore shape descriptors (Solidity, aspect ratio) are used to describe the 

transformation of pore structure in the hydration procedure of cement samples and the consolidat ion 

of silty clay samples. A statistical correlation is presented to illustrate the link between the pores shape 

from 2D observation and pore shape in 3D space. 



Chapter 3 Pore Shape Analysis 
 

42 
 

Figure 3-12a shows the F distribution obtained from imaging analysis of the soil samples. A clear 

difference in the total porosity can be seen between the samples experienced different consolidat ion 

pressures. The C-0 sample has not experienced the consolidation process, therefore shows the highest 

pore volume fraction of 0.351 in the pore range from 0.2μm to 380μm. As the consolidation pressure 

increase, the pore structure of the soil is deformed and the pore volume fraction decreases. The pore 

volume fraction of the C-600 sample decreases to 0.265 and the C-3200 sample that experienced the 

highest consolidation pressure shows the lowest pore volume fraction of 0.197.  

 

Figure 3-12 (a) Pore volume fraction of soil samples in relation to equivalent pore diameter, (b) PSD of soil samples. 

The numbers in (a), indicates the corresponding total pore volume of each curve. 

PSD is applied to analyze the transformation in the relative abundance of each pore size due to 

the consolidation [190], which is obtained by the derivative of F distribution by dp. Figure 3-12b 

shows the PSD of soil samples. It can be seen that the PSD of the C-0 sample has the widest pore size 

range of 0.2-380 μm, compared with that of the C-600 (0.2-250 μm) and C-3200 (0.2-150 μm) 

samples. The densification effect induced by consolidation is the main reason for shrinkage of the 

range of dp [96, 191]. In the densification, the larger pores with dp of several hundred microns 

collapsed during the consolidation process.  

As shown in Figure 3-12b, the PSDs of the C-0 and C-600 samples show a similar pattern. 

Compared to C-0, the PSD of C-600 has two uniform reductions. The average drop in probability for 
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dp ranges of 1-10 μm is 12.3% while for dp ranges of 10-100 μm the average drop is 28.1%. In contrast, 

the consolidation pressure of 3200 kPa (C-3200) causes a notable change in the PSD compared with 

the C-0. When the consolidation pressure reaches 3200MPa, a significant increase of 56.8% in 

probability for dp smaller than 10 μm is observed, while the probability of pores with dp larger than 

10 μm is decreased by 50.6 % in average. The significant transformation in the PSD of the C-3200 

sample indicates that the consolidation process caused the formation of smaller (dp<10μm) pores. The 

collapse of larger pores and the formation of smaller pores in the consolidation leads to the alteration 

of PSD. 

Figure 3-13a shows the F distribution of cement paste sample. The pore size range from 0.1 to 

50 μm is observed in cement paste samples. A clear difference can be seen between the two samples, 

C2 has a higher w/c ratio and shorter hydration time, and therefore shows a much larger pore volume 

fraction of F=0.27 in the pore range compared with that of C1 (F=0.19). Figure 3-13b shows the PSD 

of the two samples, the PSD is smoothed by plotting using a moving average of 20 points. It can be 

seen that the difference is due to the larger number of pores with dp >10 μm in the C2 sample. More 

detailed information for pores smaller than 10 μm can is shown in the PSD. Figure 3-13b show that 

C2 has more significant peaks than C1 in the range of 5-8μm, indicating that C2 has more large pores. 

In contrast, C1 shows a larger amount of pores in the range 500 nm to 3 um (small capillary pores) 

due to the higher degree of hydration [192]. 

 



Chapter 3 Pore Shape Analysis 
 

44 
 

 

Figure 3-13 (a) Pore volume fraction of cement paste samples in relation to equivalent pore diameter; and (b) PSD of 

cement paste samples. 

In terms of pores in the evolution process of samples, the pore shape transformation needs to be 

considered to describe the number of features on the pore walls and the elongation of pores. Solidity 

and aspect ratio are applied to describe these pore properties.  

The solidity (S) of a noncircular pore with a certain area is calculated as: 

 𝑆 =
𝑎𝑟𝑒𝑎

𝑐𝑜  𝑒  𝑎𝑟𝑒𝑎
 

(3-10) 

where the convex area is the area of a convex hull that fully encapsulates the pore. When a pore has 

no rough features on its wall, the convex area equals the pore area and yields the solidity of one. 

However, most pores observed in the BSE images have rough features on their wall, as shown in 

Figure 3-5a. 
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Figure 3-14 Figure 4 (a), (b) Typical pressure-induced transformation on Solidity of undisturbed silty clay from 0kPa 

(a) to 3200kPa (b). Scale bar: 50μm. Blue: void in pore. Red: features on the wall of a pore. (c) Solidity-dp relationship. 

Figure 3-14a and b show typical transformation of solidity as consolidation pressure increase. 

These two pores extracted from the BSE images of C-0 and C-3200 samples both have the dp of 80 

μm. Compared with the pore profile shown in Figure 3-14a (C-0), the pore in Figure 3-14b (C-3200) 

shows a larger number of rough features induced by the consolidation process. Rougher pore features 

results in a larger convex area and hence lower pore solidity. 

Solidity can be used as an indicator of the effect of the consolidation process on the pores. Figure 

3-14c shows the S-dp relation of three samples experienced different consolidation pressure. As the 

consolidation pressure increase, the S decreases gradually. C-3200 sample displays the lowest S 

among the three samples for dp drop into the range of 6–100μm, which is due to the highest degree 

of structural deformation in the consolidation. As dp decreases, the difference in S among the three 

samples gradually decrease and shows a similar pattern when the dp is smaller than 6μm. Also, the S 

varies in all samples regarding of dp. S increases with the decrease in dp for all samples, the reason is 

that smaller pores are less likely to have a large number of rough wall features. 

In cement paste samples, S can be used as an important indicator for the effects of hydration and 

packing, as shown in Figure 3-15. In the pores of the cement paste sample, these pore features (yellow 

in Figure 3-15a) are the cement grain surfaces or hydration products. If a hydration reaction proceeds 
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within the pore, the newly grown hydration product as shown in Figure 3-15b deposit onto pore wall 

as features, hence reducing S. As indicated in Figure 3-15c, S for the w/c=0.4, 28-day sample is lower 

than that for the w/c=0.8, 7-day sample, especially when dp =2 to 10 µm, due to higher degree of 

hydration and packing. In addition, it can be seen that S decreases as pore diameter increases, this is 

because that larger pores are more likely to have greater wall features (e.g. hydration products) and 

thereby lower S value compared to smaller pores.  

 

Figure 3-15 (a) ~ (b) Change of solidity due to hydration. Black: void in pore. Yellow: features on the wall of a pore. 

Green: newly grown hydration products. Blue: convex hull of a pore profile. (c Average solidity of pores with different 

pore equivalent diameter 

 

Another pore descriptor is the aspect ratio (A) that can be used to describe the overall pore 

slenderness. To obtain the aspect ratio of a pore, the pore outline is first fitted with an ellipse, and the 

A is calculated by dividing the length of the major axis by the minor axis.  
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Figure 3-16 (a) Examples of fitted ellipses of pores, average aspect ratio (b) of pores with different pore diameter (dp), 

and c) distribution of aspect ratio and comparison with the probability distribution of A of observed 2D cross sections 

for d) an oblate ellipsoid (with three radii equal to 2, 2, and 1), and e) a prolate ellipsoid (with three radii equal to 2, 0.8, 

and 0.8). HDM: high-density material with minimal pores (likely to be unhydrated grains and high-density C-S-H). FE: 

fitted ellipses.  

 

Figure 3-16a shows the distribution of pores and fitted ellipses around cement grains (indicated 

by HDM in Figure 3-16a). Figure 3-16b shows that the average aspect ratio of pores in cement paste 

sample is found to be constant at 2, regardless of the dp, water to cement ratio, and curing age of the 

samples. The finding indicates that the hydration product growth and packing of the cement grain 

demonstrate a preference for a certain aspect ratio. The A-dp distribution is shown in Figure 3-16c, it 
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can be seen that the distribution of A is very similar for C1 and C2. This further implies that A is less 

dependent on the curing age of sample and w/c.  

Aspect ratio in 2D BSE images can be linked with 3D pore structures, a characteristic of 

considerable interest in developing hydration models and the research of pore transport properties  

[193, 194]. BSE images are 2D observations that record the cross-section information of pores 

oriented randomly in 3D space. If the overall shape of a pore in 3D is fitted by an ellipsoid, the 

ellipsoid can have a distribution of aspect ratio for its cross section obtained by slicing the ellipso id 

with random planes. In Figure 3-16c, the probability distributions of the aspect ratio calculated from 

two ellipsoids with different aspect ratio in 3D space are plotted. It can be seen that the ellipsoid with 

radii 2, 2, and 1 (Figure 3-16d) shows a fair fit with the A distribution when A is smaller than 2. For 

A larger than 2, a more elongated ellipsoid may need to be introduced, such as that with radii 2, 0.8, 

and 0.8 shown in Figure 3-16e. These results can be used as an important reference for the 

development of hydration models [195, 196] in cement science. 

 

Figure 3-17 A-dp relationship of soil samples  

 

Figure 3-17shows the A-dp distribution of soil samples. A similar pattern displays for the three 

samples. The aspect ratio of pores with dp of 1–100 μm ranges from 2.2 to 2.54 and has the average 
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about 2.4, the difference of A among the three samples being less than 6%. The aspect ratio of pores 

with dp small than 1 μm is found to decrease when the pore size decreases. The small difference 

between the three soil samples indicates that the aspect ratio is minimally dependent on the 

consolidation pressure.  

Because the smaller pores (e.g. dp <10μm) in consolidated silty clay originate from larger pores, 

by either pore shrinkage in consolidation process or pore collapse, the pressure-independent A-dp 

relation of silty clay indicates that the pores in consolidation are likely to be compressed and shrink 

evenly. The obtained aspect ratio of pores can be used to describe pore slenderness, provide use ful 

information for the engineering properties study of silty clay via e.g. permeability study.  

Based on the pore size and pore shape information of soil shown above, Figure 3-18shows a 

schematic of the evolution of pore structure in silty clay with increased consolidation pressure. In the 

consolidation, the aspect ratio of pores is pressure-independent (Figure 3-17). Two stages in the 

transformation of the consolidation are clearly observed here, namely radial compaction and pore 

segregation. 

 

Figure 3-18 Schematics of transform process of pore structure in silty clay under increased consolidation pressure: (a) 

C-0; (b) C-600; (c) C-3200. 

 

According to the visualized results indicated in Figure 3-6 for silty clay sample does not 

experience the consolidation, the formation of larger (dp > 10 μm) pores are dominated by the 

distribution of sand while smaller (dp < 10 μm) pores are mainly embedded in clay/silt particles. 

When the pressure increases to 600 kPa, the porosity decreases. This is mainly resulted from 
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shrinkage of larger pores (dp > 10 μm), especially for pore with dp > 250 μm. In this process, the sand 

particles are mainly compacted radially, in which the pore area is reduced while the pore integrity is 

preserved. This stage is referred to as ‘‘radial compaction”. During this process, the overall shape of 

the convex area remains less altered as indicated by the similar A-dp relationship (Figure 3-17) while 

the solidity is reduced significantly (Figure 3-14). Based on the PSD (Figure 3-12), it can be seen that 

the PSD for dp < 10 μm remains close as unconsolidated silty clay sample, indicating the insignificant 

transformation of the packing of clay/silt particles at this stress level. 

As the pressure increased to 3200 kPa, the largest dp is reduced to be 150 μm. The PSD shows a 

notable change with a significant increase for smaller pores and decrease for larger pores (Figure 

3-12). The transformation of PSD indicates that a portion of larger pores is directly divided into 

smaller pores (dp < 10μm), by the separation of agglomerated clay and silt particles. This stage is 

referred to as “pore segregation”. This is because in the consolidation, lower porosity results in higher 

effective stress to distribute and agglomerate soil grains including small silt and clay particles. The 

marginal reduction in pore solidity (Figure 3-14) in pore ranges also indicates that pore-segregation 

effect is the dominating factor for PSD and volume reduction when pressure increases from 600 to 

3200 kPa. 

 

 

3.6. Conclusion 

The pore shape analysis using MI is conducted to correct the biased pore size measurement of MIP 

by modifying the pore shape assumption of Washburn’s equation. The non-toxic field’s metal is firstly 

used in metal intrusion technique to address the safety issue of past works.  

The MI in combination with BSE imaging was found to be able to produce clear pore images 

that can effectively be used for computer-based programs while maintain the pore structure integrity 

of porous silty clay samples. The circularity was used to describe by the area-perimeter relation of 

pores, which was found to hold a power correlation with dp. Based on this correlation, the pore shape 
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assumption of Washburn’s equation was modified to give a more accurate reflection of pore size in 

MIP test. The effectiveness of the modified Washburn’s equation was verified experimentally by 

studying the pore size measurement via MIP. 

The solidity and aspect ratio of pores was proposed here to describe the shape information of the 

pores. The solidity was used to describe the number of features on the pore wall. In cement paste 

samples, it was found that a low w/c (denser packing of cement particles) and longer hydration time 

reduced solidity. On the other hand, Solidity in the pores of soil was found to decrease when the 

consolidation pressure increased, due to the deformation of pores induced by consolidation pressure. 

Aspect ratio of pores was used to describe the overall pore slenderness or elongation. In 2D 

observations, it was found that the aspect ratio of pores of cement paste and silty clay has the average 

value of 2 and 2.4, respectively. The distribution of aspect ratio was used to link the two 2D 

observation and 3D shape of pores through probability distributions. The ellipsoid with radii 2, 2, and 

1 was found to shows a fair fit for the pores in the cementitious material. Based on the pore shape 

information and PSD, a clear two-stage evolution of the pore structure of silty clay in consolidat ion 

is proposed. 

The study improves the accuracy of the pore size measurement of MIP by incorporating pore 

shape into the method. The scheme provides a more comprehensive and complete information for the 

pore analysis of construction materials. In addition to the strong correlation between pore size and 

properties, the spatial distribution of pores is also a key factor controlling the performance of porous 

construction materials. Therefore, the analysis of the spatial distribution of pore is the focus of the 

next chapter (Chapter 4)
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CHAPTER 4. DEVIATION FROM WASHBURN’S 

EQUATION – SPATIAL DISTRIBUTION ANALYSIS OF 

PORES 

 

4.1. Introduction 

Pore structure is a very important characteristic of construction materials because it directly 

influences the mechanical properties of materials. Although a considerable number of studies have 

been conducted to predict the strength of porous construction materials using porosity and PSD [197, 

198], study of the effect of the spatial distribution of pores on strength is rarely reported. It is known 

that spatial distribution of pores is one of the key factors that can influence the strength [199] of 

construction materials. Changes in mechanical properties are observed when the total porosity is held 

constant and the spatial distribution of pore structure is varied [200].  

Spatial distribution of pores is the arrangement of pores in the 3D-space of composites matrix. 

The ordered or uniform pore structure of synthetic composites at microscale can be processed through 

templating [201], 3D printing [202], and proper treatment [203, 204] during the composite’s 

processing. However, the pores in most porous construction materials are rarely uniformly distributed. 

Nonhomogeneously distributed pores can influence the engineering properties of porous construction 

materials [205-207], especially the possible significant deteriorating effect on the material’s 

mechanical properties. Nonhomogeneously distributed pores in materials reduce the loadbearing area 

in local regions of the material and can result in lower strength and modulus of elasticity [55]. 

Clustering of pores, which creates local regions with high pore density, can act as stress concentration 

sites for fatigue crack initiation and propagation [23, 208]. 

The spatial distribution of pores is much more difficult to measure and quantify than total porosity. 

Spatial distribution of pores in construction materials with a wide range of pore sizes cannot be 

measured by traditional testing methods such as MIP, mainly due to its indirect measurement. On the 

other hand, the ability of MI to directly measure pores over wide size ranges provides the possibility 
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of investigating the spatial distribution of pores of construction materials. 

Nano-engineered cement composites provide exciting opportunities to improve the performance 

of cement and have stimulated extensive research interest in the last decade [209, 210]. Among all 

the nanomaterials applied in cementitious materials, GO has attracted much attention because of its 

high specific surface area, ultra-high strength and high reinforcing efficiency [211-213]. Studies have 

investigated the effect of GO on the pore structure and properties of cementitious materials. However, 

reported studies show large discrepancies in terms of the effect of GO on the porosity of cement paste. 

Past works have reported different effects of GO on the porosity of cementitious materials, includ ing 

increasing the porosity [214, 215], significantly reducing the porosity [216, 217], and having no effect 

on porosity [218]. The large discrepancies in findings could result from the indirect measurement and 

intrinsic limitation of MIP. Understanding the effect of GO on the porosity of cement composites is 

key to the study of nano-engineered cement composites. However, no direct measurement based pore 

analysis of GO-Cement composites, especially the spatial distribution of pores, has been reported.  

The foregoing discussion indicates that the spatial distribution of pores could be a primary factor 

influencing the properties of porous construction materials. There is an emerging need to understand 

that effect and to further optimize material properties by modifying the spatial distribution of pores. 

It is necessary to develop a proper analytical method to describe the spatial distribution of pores to 

address this gap resulting from the indirect measurement of MIP. 

This chapter focuses on investigating the spatial distribution of pores in porous construction 

materials, using the proposed analytical model associated with MI. Two main topics are investiga ted 

in this chapter: (1) developing an analytical model based on the radial distribution function (RDF) to 

study the spatial distribution of pores in construction materials and (2) investigating the spatial 

distribution of pores and its correlation with mechanical properties of construction materials. The 

spatial distribution of pores in cementitious materials is observed to follow a clustering pattern and is 

described using a proposed expression of RDF. The degree of clustering is defined to analyze the 
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spatial inhomogeneity of pores and its correlation with mechanical properties. To evaluate the 

effectiveness of the proposed scheme in determining the correlation between the spatial distribution 

of pores and mechanical properties, a case study is conducted based on the results from reported work.  

 

4.2. Experimental program 

4.2.1. MATERIALS AND INSTRUMENTATION 

Ordinary Portland cement Type GP (General purpose) conforming to the requirements of Australia 

Standard AS 3972, was used throughout this study. The GO 4 mg/ml water dispersion was obtained 

from Graphenea, Inc Spain. The properties of GO are shown in Table 4-1.A polycarboxylic-based 

superplasticizer (Sika® ViscoCrete® 10) was used to modify the workability of the cement paste. 

The low-melting-point metal (Field’s metal, with melting point 62°C) used for metal intrus ion 

analysis in this study was obtained from Rotometals, Inc.  

Table 4-1 Elemental analysis of GO 

Element Carbon Hydrogen Nitrogen Sulphur Oxygen 

% 49-56 0-1 0-1 0-2 41-50 

 

4.2.2. COMPOSITE PROCESSING AND MECHANICAL TESTING  

Two mixes of cement paste with the water to cement ratio (w/c) of 0.5 were prepared. One was a 

plain cement mix as the reference sample (Plain Cement). The other mix incorporated GO with 0.04% 

by weight of cement powder (GO-Cement). A high-speed shear mixer (CTE Model 7000) was 

employed for sample mixing. The mixing procedure adopted was similar to ASTM C1738-11 [217]. 

Immediately after mixing, fresh mixtures were tested by a mini-slump test [219] to determine the 

workability of the cement pastes. To ensure that different mix batches had similar workability, slightly 

more superplasticizer was added to the GO-Cement mix to compensate for the loss of workability 

due to the high surface area of GO. Two cement paste mixes were prepared using this protocol and 



Chapter 4 Spatial Distribution Analysis 
 

55 
 

their mix design is listed in Table 4-2. In the literature, the dosage of this superplasticizer is in the 

range of 0.25–1%, for cementitious material [220]. 

Table 4-2 Mix design 

Mix Water/cement GO/cement 

(%) 

SP/cement 

(%) 

Mini-slump test 

(mm) Plain 

Cement 

0.5 0 0 125.5 

GO-

Cement 

0.5 0.04 0.45 123.6 

 

To examine the influence of GO sheets on the mechanical properties of cement paste, 

compression tests and tensile splitting tests were conducted on cylindrical specimens ∅ 23.5 × 47 mm. 

Immediately after mixing, the fresh cement paste were cast into ∅ 23.5 × 47 mm cylinders and 

vibrated for approximately 30 s on a vibrating table. The samples were demolded after 24 hours and 

then cured in saturated lime until mechanical testing. During the preparation process, the room 

temperature was maintained at 25 ± 1 °C and the humidity was controlled at 50 ± 5%. Mechanica l 

testing was performed using an Instron 4204 50kN loading frame. The loading rate of compression 

test and tensile splitting test was set to 0.1mm/min and 0.02mm/min, respectively. Three duplicated 

samples were tested for each mix and the calculated average value was taken as the strength of the 

cement paste. 

 

4.2.3. SAMPLE PREPARATION AND METAL INTRUSION PROCESS 

Cubic samples approximately 5 mm × 5 mm × 5 mm were taken from the cores of cement paste 

cylinders. The samples were taken after being cured for 1 day, 7 days, and 28 days, respectively. 

Ethanol was used to stop hydration after sampling. The cubic samples were reserved in vacuum for 

one week to remove liquids from the capillary pores. High-pressure (400MPa) MI [33] was used to 

characterize the microstructure of the cement sample. The detailed procedure was presented in 

Section 3.2. 
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4.2.4. BSE IMAGING AND THRESHOLDING 

To prevent charging before imaging, each sample’s surface was coated with a thin layer (~10nm) of 

carbon. A Magellan 400 FEGSEM was used to conduct BSE imaging of the samples. For each sample, 

an area of×μm2 was scanned with BSE imaging using a low-energy electron (5 keV) and a long 

electron beam dwell time (10μs). More than 880,000 pore profiles were observed for each sample.  

Intruded pores were identified by thresholding the grey levels of the pores to produce binary 

images. In the procedure of thresholding, the threshold grey levels used to segregate porosity and 

solid phases were selected by the technique based on the grey-level histogram of each sample 

presented in the formal study [33], as described in Section 3.3. The different phases in the BSE images, 

namely unhydrated grain, hydration products, and pore, in the BSE images were first distinguished 

by fitting the grey-level histograms with multiple Gaussian distributions. The mean and standard 

deviation of the Gaussian distributions fitting were obtained by iterations until the R-squared for these 

fittings was greater than 0.995. The porosity was computed by integration of the Gaussian 

distributions corresponding to pore over the grey-level domain. An iterative process was then used to 

obtain the threshold value that produced a consistent volume fraction as the pore phase. The detailed 

results of Gaussian distribution fitting are shown in Table 4-3. 
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Table 4-3 Porosity calculated from Gaussian fitting 

Sample Sample 
Volume fraction 

R square Porosity 
Cement Matrix Pore 

1-day Plain 

cement 

Peak BSE intensity 0.178 0.228 0.293 0.491 0.699 0.776 
0.9982 0.426 

Percentage (%) 7.53 9.93 15.66 24.23 18.19 24.46 

7-days Plain 

cement 

Peak BSE intensity 0.076 0.169 0.236 0.440 0.734 0.846 
0.9964 0.269 

Percentage 2.12 15.99 18.58 36.35 14.79 12.16 

28-days Plain 

cement 

Peak BSE intensity 0.065 0.157 0.225 0.417 0.689 0.817 
0.9991 0.217 

Percentage 0.79 24.19 23.02 30.29 15.47 6.24 

1-day GO-

Cement 

Peak BSE intensity 0.198 0.214 0.282 0.507 0.695 0.760 
0.9980 0.351 

Percentage 12.82 11.73 10.17 30.31 21.04 14.30 

7-days GO-

Cement 

Peak BSE intensity 0.066 0.152 0.209 0.442 0.731 0.834 
0.9967 0.222 

Percentage 2.13 15.94 23.63 36.06 13.39 8.85 

28-days GO-

Cement 

Peak BSE intensity 0.054 0.146 0.239 0.374 0.721 0.843 
0.9981 0.187 

Percentage 0.86 33.87 11.56 35.01 17.65 1.05 

 

The binary images were analyzed using the inbuilt algorithm of the software package, ImageJ. 

The center of mass of the pore regions was then calculated to derive the coordinate of pores. The 

coordinate of the pores and the corresponding equivalent pore diameter were used for the analysis of 

spatial distribution of pores. 

 

4.2.5. MEASUREMENT OF SPATIAL DISTRIBUTION OF PORE  

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

used in the study of the spatial patterns of objects in many fields [56, 221, 222]. The RDF expressed 

as g(r) can be interpreted as the ratio of the mean local density determined at the distance r from an 

arbitrary object to the overall density. In this measurement, there were N pores distributed in a 

rectangular field of area A. The overall density was given by ρ=N/A. The following calculation was 

adopted to obtain g(r): Calculate the number of all the inter-pore distances and bin them into a 

histogram. The histogram was then normalized with respect to an ideal gas, where the particle 

histogram was completed uncorrelated. For two dimensions of the rectangular field, the normalizat ion 

was the number density (ρ) of pores multiplied by the area of the ring, which was symbolica lly 
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expressed as ρ2πrdr. The edge effect of the rectangular sampling region was addressed by using the 

algorithm proposed by Bell [223]. 

Because the pores obtained by BSE imaging had a wide PSD varying from around 0.1μm to 

several tens of micron meters, pores were categories into different characteristic diameters based on 

their equivalent pore diameter (dp) dropped into the region of large capillary pores, which was the 

pores direct influence on the mechanical properties of cement [224]. 

 

4.3. Radial distribution of pores in cementitious materials 

The RDF g(r) is defined as “the ratio of the average local number density of a structure at a distance 

r from a reference structure to the mean density of the structures”, a measurement of spatial pattern 

commonly used in statistical physics.  

The distribution pattern of objects in the system was reflected in different characteristic patterns 

of g(r). This function has been used in several systems, such as (i) analysis of the pore pattern in 

porous materials [53, 56]; (ii) spatial distribution of particles and cells in biology [225-228]; (iii) 

analysis of the distribution of reinforcing particles in composites [229-232].  

 

Figure 4-1 Ideal forms of different patterns of g(r): (a) random distribution, (b) substantial order, and (c) clustering 

distribution. 

 

All patterns of the g(r) had the common feature of rising monotonically from zero at the origin 

and becoming unity at a large distance. However, three different functional patterns can be obtained 
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based on the literature [53, 225]. In the first pattern (Figure 4-1 a), the distribution increases 

monotonically to its asymptotic value equal to the unity. This pattern is distinguished by its relative 

lack of structure. It represents random distribution of particles where there is no correlation between 

particles and the particles are uniformly distributed in the system. 

The second pattern (Figure 4-1 b) is a substantial order pattern. The distribution of the substantia l 

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 order in objects. The degree of ordering of objects 

is reflected in the amplitude of the maximum and minimum and the rate of decay with the increase in 

distance to the origin. 

The third pattern (Figure 4-1 c) is a clustering pattern, in which there is a strong first peak 

followed by the damping shape to the unity at a considerable distance. This type of distribution is 

characteristic of spatial inhomogeneity of particles, in which particles group into clusters that are 

widely separated. Some clustering distribution [225] produces minor second and third peaks at 

distances that are roughly multiples of the abscissa of the first peak. However, the amplitudes of these 

peaks are weak and significantly smaller than that of the first peak. In this type of pattern, the 

amplitude of the first peak indicates the degree of clustering. 

 

Figure 4-2 RDF of pores with the equivalent diameter of (a) 0.205 μm, (b) 0.815 μm, and (c) 3.246 μm 

 

The typical g(r) of pores in the cement paste is shown in Figure 4-2. The RDF of pores was found 

to follow a clustering distribution, indicating that spatial inhomogeneity of pores exists in the pore 
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system of the cement paste. For pores with different characteristic pore diameters (Figure 4-2 a-c), a 

strong first peak corresponds to the preferable inter-pore distance at the dimensionless distance 

around 2. All the distribution densities converge to the unity at dimensionless distances less than 8. 

In pores with a large characteristic size, a weak oscillatory decaying distribution can be observed after 

the first peak (Figure 4-2 c), where the local maximum is considerably small compared with that of 

the first strong peak. These features clearly indicate the spatial inhomogeneity of the pores of cement 

paste. 

To describe the RDF g(r) of pores in the cement paste, a mathematical expression is needed to 

describe the characteristic of the RDF. The radial distribution g(r) of the pores must satisfy the 

following relations: 

At zero inter-pore distance, g(r) must equal zero because the pores cannot overlap. 

lim
𝑟→ 

 (𝑟) = 0 

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

lim
𝑟→∞

 (𝑟) = 1 

Furthermore, the equation of the RDF must be continuous over all distances and the first 

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

d, with d=h σ, where σ is the diameter of the pore, h is the adjustable variable that represents the 

preferable inter-pore distance in physical space. An oscillatory decaying shape may exist during the 

decay from the first maximum to the unity. 

Considering the features summarized above regarding the general shape of the RDF and the 

above boundary conditions, the following dimensionless functional form was proposed for the RDF 

of pores in the cement matrix, through modification of the existing RDF expression in pure fluid 

study [233]. The expression of the RDF of pores in cementitious materials is shown as: 
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 ( ) =  (𝑑) ∙ 𝑒[𝛼(𝑥−𝑑)]
2
,  < 𝑑 

 ( ) = 1+ [1 −
1

 (𝑑)
] ∙ 𝑒−𝛾(𝑥−𝑑) ∙ 𝜇 + (1 − 𝜇) ∙ cos[𝜃 ∙ ( − 𝑑)] ,  ≥ 𝑑 

(4-1) 

 

where  = 𝑟/𝜎 is the dimensionless inter-pore distance and  (𝑑), 𝛼, 𝑑, 𝛾, 𝜇, and 𝜃 are adjustable 

parameters. The term  (𝑑) ∙ 𝑒[𝛼(𝑥−𝑑)]
2
 provides the monotonical increase of the first peak. The term 

[1 −
1

𝑔(𝑑)
] ∙  (𝑑) ∙ 𝑒−𝛾(𝑥−𝑑)   provides the decay after the first peak, and the factor 𝜇 + (1 − 𝜇) ∙

𝑐𝑜𝑠[𝜃 ∙ ( − 𝑑)] gives the oscillatory decaying shape that the RDFs function of pores may display. 

By means of a nonlinear least square routine [234], the parameters of Eq. (4-1) were adjusted to 

produce RDF pores with different characteristic pore diameters over the pore size range of 100nm to 

10μm, corresponding to the large capillary pores observed in the BSE images. Table 4-4 shows the 

parameters of self-interaction of pores with different characteristic pore diameters for the 1-day GO-

Cement composites. In Table 4-4, pores with sizes varying from 100 nm to 10 μm are classified into 

10 characteristic pores sizes according to their pore diameter range.  

Table 4-4 Parameters of the RDF equation of pores for GO-Cement (1 day) determined by nonlinear least square fitting 

 

Pore diameter range classification 
g(d) α d γ μ θ 

Pore diameter range 
Characteristic pore 
diameter (μm) 

0.100μm—0.158μm 0.129 3.271  13.289  1.488  0.662  0.863  4.259  

0.158μm—0.251μm 0.205 2.731  4.948  1.573  0.580  0.906  2.205  

0.251μm—0.398μm 0.325 2.913  5.793  1.470  0.616  0.863  2.205  

0.398μm—0.631μm 0.515 2.869  5.009  1.425  0.658  0.919  3.937  

0.631μm—1.000μm 0.815 2.720  4.828  1.425  0.659  0.854  2.205  

1.000μm—1.585μm 1.292 2.631  6.058  1.365  0.871  0.915  2.544  

1.585μm—2.512μm 2.048 2.249  4.007  1.425  0.951  0.907  4.888  

2.512μm—3.981μm 3.246 1.998  7.855  1.309  0.965  1.000  7.194  

3.981μm—6.310μm 5.145 1.839  1.905  1.615  1.675  0.865  5.836  

6.310μm—10.000μm 8.155 1.922  2.073  1.696  0.972  0.636  5.024  
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As an example, to illustrate the performance of Eq. (4-1), in Figure 4-3 a comparison is shown 

between experimental RDF points and calculated RDF for two cases. 

 

Figure 4-3 Plot of the radial distribution of pores (GO-Cement-1day) and the fitted distribution by the proposed 

expression with the characteristic diameter of (a) 0.815μm and (b) 8.155μm. 

To evaluate the goodness of fit of the RDF of pores by the proposed equation, the Kolmogorov-

Smirnov test was performed based on the Kolmogorov-Smirnov statistic (d), which is the maximum 

difference between the cumulative probability functions of the fitted distribution and measured one-

dimensional data [235, 236]. The square root of the sample size times the d has a critical value for 

different levels of significance (from 0.2 to 0.01), above which fitting is rejected [236]. The higher 

the significance level at which the fitted distribution is not rejected, the better is the fit of the result. 

For the 60 RDFs of pores, more than 84% of fitted RDF distributions determined from Eq. (4-1) 

passed 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%. The Kolmogorov-

Smirnov test results showed that the RDF distribution of pores in the cement matrix had a very high 

likelihood of following the proposed expression [Eq. (4-1)]. 

 

4.4. Effect of GO on the spatial distribution of pores in cementitious materials 

The RDF of pores presented in previous section shows clearly that the spatial inhomogeneity of pore 
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exists in the pore system of cement paste. This section investigates the effect of GO on the spatial 

inhomogeneity of pore and the mechanical properties of cement paste.  

 

Figure 4-4 Transformation on RDF of pore (dp=0.515μm) with the addition of GO 

Figure 4-4 shows the RDF of pore with the characteristic pore diameter of 0.515 μm. 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 1.295. With the addition of GO, the abscissa of the first peak increases to 

1.425 and the g(r) corresponding to the first peak decreases from 4.148 to 2.854. The deviation of g(r) 

from g(r)=1 of GO-Cement is reduced, indicating that the addition of GO reduces the degree of 

clustering of pores in the cement paste. The same situation is also observed for pores at the curing 

age of 7 days. The g(r) of pores of the GO-Cement shows a pattern closer to that of the random 

distribution where g(r)=1, compared with the RDF 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 matrix. A uniform distribution of pores yields g(r)=1 for any 

dimensionless distance r. On the basis of the fact that the deviation of the g(r) from g(r)=1 determines 

the degree of clustering (𝛿) of pores [230]. 𝛿 equals 0 indicates a perfectly uniform distributed pore 

structure whereas a larger 𝛿 indicates a greater spatial inhomogeneity of pores. The 𝛿 is given by 
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δ = ∫ | (𝑟) − 1|

∞

𝑑

 (4-2) 

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

pores (Eq. (4-1)). The degree of clustering of pores with different characteristic pore sizes is calculated 

to produce the relationship of dp-𝛿. 

 

Figure 4-5 Relation of pore diameter and degree of clustering of pores at the curing age of (a) 1 day, (b) 7 days , and (c) 

28 days. 

 

Figure 4-5 shows the dp-𝛿 relationship of pores in cement paste. It can be seen that the addition 

of GO effectively reduces the overall degree of clustering in samples at all the curing age. Figure 4-6 

shows the mean 𝛿 of pores at two characteristic size ranges corresponding to the capillary pores 

observed in the samples. Capillary pores form an interconnected channel resulting from the water-

filled spaces present in the hardened paste, the size of such capillary pores ranging from 10nm to 

10μm [10]. Generally, the volume of the capillary pores decreases with time, through the precipitat ion 

of hydration products. The large capillary pores (50nm<dp< 10μm) are important in determining the 

mechanical properties and permeability of cementitious materials [10, 224]. It can be seen that the 

GO effectively reduces the degree of clustering of large capillary pores. For the characteristic pore 

size range of 0.1μm < dp < 1μm, GO reduced the 𝛿 at 1 day, 7 days, and 28 days by 22.5%, 24.4%, 

and 18.7% respectively, whereas the 𝛿 of the characteristic pore size range from 1 μm to 10 μm at 

1day, 7 days, and 28 days was reduced by 13.7%, 21.2%, and 21.2%. In general, the 𝛿 was reduced 
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by around 20% for the larger capillary pores. The reduced degree of clustering of pores in the GO-

Cement samples indicates that GO could effectively homogenize 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 4-6 Mean degree of clustering of pores with the pore diameter 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 the materials. The compressive strength and splitt ing 

tensile strength of cement paste are shown in Figure 4-7. 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 

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

the compressive/tensile strength and the degree of clustering illustrates that the homogeneous 

distribution of capillary pores in the matrix is beneficial to the strength of the cementitious materia ls. 

The experimental observation and quantitative measurement using the proposed spatial distribution 

analysis indicate that the spatial homogenization effect of pores achieved by the addition of GO 

effectively increased the strength performance of the cement composites. 

a) b)
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Figure 4-7 (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 

effects of reduced spatial inhomogeneity of pores and tensile strength of multi-phase material were 

studied to verify this correlation, based on relevant literature. All the results presented in this part 

proceeded using the results presented by Yu et al. [232], who used simulation to investigate the 

clustering of hollow spheres filled with syntactic foams. Syntactic foams manufactured by filling 

polymeric matrix with hollow spheres are a kind of lightweight structural materials that have been 

widely employed in various engineering applications. Hollow spheres made of glass, carbon, 

ceramics, or polymers can be treated to intentionally induce void space in the polymeric matrix to 

reduce the density of composites while maintaining moderate mechanical properties [237]. The 

clustering of hollow spheres is a critical factor in the mechanical performance of syntactic foams 

[238]. Yu et al studied the tensile properties of constructed microstructures of hollow spheres filled 

syntactic foams with different clustering patterns, using the finite element method. The degree of 

clustering of the reinforcing particles was calculated using the RDFs of constructed microstructures 

presented in the simulation study [232].  
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Figure 4-8 Relation between normalized 𝛿 and normalized tensile strength (derived from data presented by Yu. et al. 

[232]) 

 

Figure 4-8 shows the relation between the normalized 𝛿 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 𝛿. The normalized degree of clustering corresponding 

to unity equals to 0.9. For all the constructed microstructures with different volume fractions of 

hollow spheres, the tensile strength shows a negative correlation in relation to the degree of clustering. 

The result shows that a reduction of 𝛿 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 𝛿 is 

greater than 10%, the normalized tensile strength shows an approximately linear relation to the 

normalized 𝛿. It should be noted that, as the volume fraction of the hollow sphere decreases, the 

improvement in normalized tensile strength corresponding to the same level of 𝛿 reduction is reduced. 

This observation indicates that the spatial distribution of pores of highly porous materials is one of 

the dominating factors that control mechanical properties. The proposed spatial analysis method can 

be used to quantify the inhomogeneity of pores in porous construction materials. 

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

construction materials. GO was first proved to be able to reduce the spatial inhomogeneity of pores 
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of cement paste, providing evidence that GO could be used for the future modification of the 

microstructure of cementitious materials. Other methods, such as use of a surfactant [239] or 

templating [240, 241], 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 could improve the engineering properties of cement paste and other construction materia ls 

through modification of the spatial distribution of pores. Special attention is needed in this field to 

develop more reliable structure–properties relationships and to investigate further optimization of 

porous construction materials. 

 

4.5. Effect of GO on the porosity of cementitious materials 

In addition to the spatial distribution of pores, porosity also has an essential link with the properties 

of materials. The porosity of plain cement matrix and GO-Cement composite at the curing ages of 1, 

7, and 28 days is given in Table 4-5. It can be seen that the addition of GO decreases the total porosity 

of the cement paste. At the curing age of 1 day, the GO-Cement composite has the total porosity of 

0.351, which is 17.6% lower than that of its plain cement counterpart. The addition of GO is less 

effective in reducing the porosity of cement paste at a longer curing age. Compared with the plain 

cement, the porosity of GO-Cement for the 7- and 28-day samples is reduced by 17.4% and 13.8%, 

respectively. The reduction in porosity also plays a key role in improving the mechanical properties 

of cement paste. Reduction in total porosity could be caused by the improved degree of hydration in 

the GO-Cement samples, as reported in the literature [217]. 

Table 4-5 Effect of GO on porosity in terms of curing age 

 1 day 7 days 28 days 

Plain 

Cement 

0.426 0.269 0.217 

GO-

Cement 

0.351 0.222 0.187 
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Figure 4-9 PSD for GO-Cement sample cured for (a) 1 day, (b) 7 days, and (c) 28 days. 

 

Figure 4-9 shows the PSDs of the plain cement matrix and GO-Cement composite. The inserted 

figure shows the pore volume percentage at three characteristic pore diameter ranges. For the 1-day 

sample (Figure 4-9-a), the PSDs over the pore size range from 2 to 50μm are similar. However, the 

addition of GO shows an increased volume percentage of small pores (0.1–1μm) and reduction of 

large pores (>10μm). With the addition of GO, a notable reduction of the maximum pore size can be 

observed. The maximum pore diameter in the cement matrix is reduced from 65μm in plain cement 

to 53μm in the GO-Cement composite. For the 7-day sample (Figure 4-9-b), it can be seen that 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 pores larger than 10μm is halved, and the maximum pore 

diameter is reduced from 27μm in plain cement to 19μm. For the 28-day sample (Figure 4-9-b), the 

PSDs of plain cement and GO-Cement is similar. It is clear, however, that the GO-Cement sample 

still has the larger volume percentage of small pores and less large pores. The results show that the 

microstructure refinement effect of GO is clearer with pores greater than 1μm at the early hydration 

stage. GO is effective in reducing the size of the largest pore in cement paste. A high volume 

percentage of small pores is thus an indication that the addition of GO may accelerate the hydration 

process [215], hence leading to the better strength performance of cement paste. 

The evidence presented here that GO could reduce porosity, in combination with the spatial 

homogenization effect shown in the previous section, indicates that GO can effectively optimize the 
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pore structure of cementitious material to create a new pore structure with more homogeneous ly 

distributed pores and lower porosity. These effects could be key to the process by which GO can 

significantly improve the engineering properties of cementitious materials. 

 

4.6. Comparison between spatial distribution of pores and Washburn’s equation 

The MIP test is an indirect method based on Washburn’s equation. In the typical procedure of MIP 

testing, a small dried specimen is evacuated and placed in the porosimeter and mercury is introduced 

to surround the specimen. Pressure is applied in progressive increments to the non-wetting mercury 

to force it into the pores, and the intrusion volume of mercury at each pressure step is monitored. The 

pressure that forces mercury into the pores of the specimen can be converted to pore size using 

Washburn’s equation. The set of pressure steps and corresponding intrusion volumes provides the 

basic data for calculations of pore size distribution. The pore size distribution obtained from MIP test 

describes the relative abundance of each pore size. However, the spatial information of pores in the 

materials cannot be captured by this indirect measurement procedure. 

To describe the spatial distribution of pores, the detailed location of individual pores is needed. 

Metal intrusion techniques produce a direct physical image of the pore structure examined, hence 

enabling analysis of the spatial distribution of pores. The analytical model proposed can analyze the 

spatial inhomogeneity of pores in construction materials, thereby extending the limits of Washburn’s 

equation. 

The analytical models proposed here provide the possibility for the development of novel and 

predictive structure-property relationships by intelligent data analysis [242, 243]. Experimental and 

theoretical evidence shows that the properties of porous construction materials are intrinsically linked 

to their pore structure [244, 245]. The microstructure of porous construction materials can be 

conveniently represented by pore structural fingerprints encoding topological and geometrica l 

features. Machine learning algorithms [246] in combination with pore structural fingerprints can be 
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used to unravel complex structure−property patterns that are too sophisticated to analyze by 

traditional methods. For example, the traditional models [198, 247, 248] used to predict the strength 

of porous construction materials focus mainly on porosity. Most of these models break down at zero 

or high porosities [249]. 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, Fernandz et al. [250] used the RDF to predict the gas uptake capacity of a metal-organic 

framework. The RDF, in combination with machine learning, has been shown to have the ability to 

recognize the electronic properties of graphene-based materials [251]. The RDF is a suitable structura l 

descriptor in machine learning because it is unambiguous regarding the number of objects and the 

spatial arrangement of the objects. The low computational cost of using RDF to describe structure 

also facilitates its application in machine learning. The proposed expression of RDF of pores in 

cement provides an easy way of describing the spatial distribution of pores, which can be adopted in 

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

properties of construction materials based on large material databases. 

 

4.7. Conclusion 

An analytical model associating MI was proposed to analyze the spatial distribution of pores in 

construction materials, which can supplement the pore analysis of MIP. The proposed scheme is based 

on RDF and was applied to investigate the effects of spatial inhomogeneity of pores on the strength 

of construction materials.  

The distribution pattern of large capillary pores in cement paste was found to follow the clustering 

distribution. A mathematical expression [Eq. (4-1)] was proposed to describe the RDF of pores in 

cement paste. A descriptor called the degree of clustering [Eq. (4-2)] was defined by calculating the 

deviation of the RDF from a random distribution in which g(r)=1. Based on the proposed analytica l 

model, GO was found to be able to reduce the degree of clustering by around 20% at all curing ages. 
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The improvement in strength of cement paste with the addition of GO indicated the correlation 

between the spatial inhomogeneity of pores and mechanical properties. The addition of GO was first 

proved to improve the pore structure of cement paste by homogenizing the spatial distribution of 

pores and reducing the porosity, indicating its enormous potential in microstructure modification and 

strength improvement of cementitious materials. 

Because Washburn’s equation derived pore information in an indirect way, the arrangement of 

pores could not be captured. The spatial distribution analysis of pores presented in this study bypasses 

this limitation of Washburn’s equation. It was suggested that the proposed spatial distribution analys is 

scheme in combination with machine learning could be used for future structure–properties study and 

prediction in porous construction materials. 

The results in this section serve as guidance for analyzing the spatial distribution of pores in 

construction materials, as well as the supplementary pore analysis for MIP. The experimental results 

presented up to this point are suited mainly to the analysis of macropores, but the capacity of using 

metal intrusion to analyze nanopores is still unclear. The next chapter evaluates nanopore analysis of 

metal intrusion using molecular dynamic simulation. 
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CHAPTER 5. NANOPORE ANALYSIS VIA METAL 

INTRUSION USING MOLECULAR DYNAMICS 

SIMULATION – BEYOND THE LIMITS OF WASHBURN’S 

EQUATION 

 

5.1. Introduction 

Creep and shrinkage behaviors are critical factors in construction engineering because they enable 

the assessment of the long-term performance of construction materials and the development of life -

cycle estimations of the structure [252]. It has been well known that nanopores structure plays a key 

role in determining the shrinkage [74, 253, 254] and creep [255, 256] behaviors of porous 

construction materials. Advances in nanoscience and nano-engineered construction materials have 

also led to an emerging need for nanopore analysis of porous construction materials incorporating 

nanomaterials [257, 258]. Typical nanomaterials with sizes ranging from 1nm to 20 nm [259, 260] 

can influence the pore structure at the nanoscale. Analyzing nanopores is essential to study of the 

long-term behavior of construction materials and further optimization of these materials through 

nanoengineering. 

In recognition of the importance of nanopores, studies have been performed to analyze nanopores 

in porous construction materials. MIP is the most commonly used technique for pore analys is 

including nanopores [261-263]. The MIP is based on Washburn’s equation, which describes the force 

equilibrium of the capillary flow of non-wetting mercury in cylinder pores [264]. According to the 

inverse relationship between intruded pore size and the pressure applied on mercury, as presented by 

Washburn’s equation, a pore diameter of 3.6 nm corresponding to the pressure of 400MPa is 

detectable in the MIP test [265]. However, the MIP is no longer valid in nanopore analysis, because 

it is the diffusion [162, 266, 267] that dominates the movement of substance in the nanopores rather 

than the capillary flow [268]. 

The MI is another pore analysis technique involving the intrusion of non-wetting metal into pores 
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under high pressure [269]. The metal filled in the pore space can greatly enhance the contrast between 

pores and solid materials under the microscope, facilitating the direct observation and analysis of 

pores [270]. Thus it is possible to use MI to detect nanopores or even smaller pores if suffic ient 

pressure can be applied on the liquid metal to force the metal into those pores.  

Despite the principle of MI providing the possibility of using this powerful tool to analyze 

nanopores, the feasibility and interpretation of MI in nanopore analysis are not clear. In particula r, 

past research [12, 15, 16] using MI has mainly used Washburn’s equation to estimate the minimum 

detectable pore size. Hence, investigation of the intrusion of non-wetting metal in nanopores is 

necessary to promote the future nanopore analysis of construction materials by MI. 

This chapter uses molecular dynamics (MD) simulation to evaluate the metal intrusion behavior 

at the nanoscale and compare the prediction with Washburn’s equation. A simulation box consisting 

of a nanogap structure and mercury atoms located outside the nanogap was established, with the 

mercury atoms gradually intruding into the nanogap with the increasing pressure in an isothermal 

process. The relationship between the pressure and intrusion size of metal intrusion in the nanogap is 

reported. The discrepancy in this pressure–size relationship between simulation and Washburn’s 

equation is studied, based on crystallography. An equation is proposed to predict the extremely high 

pressure required for the intrusion of non-wetting metal in nanopores. 

 

5.2. Molecular dynamics simulation of nanoporosity 

MD simulations were conducted to study the intrusion behavior of mercury in nanogap. The 

simulation setup is demonstrated in Figure 5-1a. The periodic simulation box (lattice parameter: 

a=118 Å, b=46.07 Å, c=43.0 Å) consisted of two main components, a graphene-based nanogap 

structure and the mercury atoms. As pressure is applied to the mercury (Hg) atoms, they were driven 

into the nanogap. The pressure was achieved by gradually decreasing the length of the simulation box 

in the z-direction (lattice parameter a). Three layers of graphene (sp2 hybrid carbon) were used to 
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form a smooth and naturally curving surface. The graphene layers divided the space into two parts. 

The first part was accessible to the mercury atoms which acted as the gap for the intrusion, with the 

gap width varying from 43 Å to 6.5 Å. The second part was enclosed by the graphene sheets and 

represented non-accessible (closed) pores for the mercury. The existence of these non-accessible 

pores allowed some deformation of the nanogap structure. In total, 5394 mercury atoms located 

outside the vacuum nanogap were initially assigned to the lattice to act as the intrusion medium. 

Geometry optimization and a 10 ps NVT (a constant number of particles, constant volume, and 

temperature dynamic simulation) ensemble at 300 K were employed to optimize the parameters of 

the simulation box and relax the system. 

 

Figure 5-1 (a) Snapshot of the box for intrusion simulation, (b) lattice used for Morse potential parameter calculation of 

Hg-Hg interaction, (c) system used for Morse potential parameter calculation of Hg-C interaction. 

 

The C-C interaction in the model was described by the Dreiding force field [271] and the Hg-Hg 

and Hg-C interactions were modeled with Morse potentials [272]. The parameters of Morse potential 

were determined by fitting the potential energy calculated from first principle calculations using 

Dmol3 [273]. First principle calculation was performed to compute the relation between systematic 

energy and size-scaled lattices, PBE functional [274] was used to calculate the force on atoms based 
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on density functional theory, and DNP [275] was adopted as the basis set. Figure 5-1b and Figure 

5-1c show the setup of the first principle calculation. A lattice of mercury (lattice parameters: 

a=b=c=3.005Å, α=β=γ=70.52°) at 300K was used to determine the Hg-Hg interaction, and a system 

(10.35 Å × 8.52 Å × 8.52 Å) consisting of two layers of graphene (sp2) sandwiching 20 Hg atoms 

was established for the Hg-C interaction. 

Eq. (1) gives the potential energy (V(r)) of two atoms separated by a distance R in the form of 

Morse potential: 

 𝑉(𝑟) = 𝐷 (𝑒
−2𝑎(𝑅−𝑅0) − 2𝑒−𝑎(𝑅−𝑅0)) 

(5-1) 

where R0 is the equilibrium bond distance of the two atoms, parameters 𝐷  and 𝑎 are constants with 

the dimensions of energy and reciprocal distance, respectively [276]. The potential energy of a lattice 

composed of multiple atoms is given by the sum Eq. (5-1) over the entire lattice. 

To simulate the isothermal (300K) intrusion process, the compression on the simulation box was 

increased step by step and in each step, the length of the simulation box (Figure 5-1a) in the z-

direction (corresponding to lattice parameter a) was reduced by 1 Å, while the dimensions of the 

simulation box in the other two directions were fixed. After compression in each step, the geometry 

optimization and twice (timesteps 2 ps and 100 ps respectively) the NVT ensembles at 300 K were 

employed to optimize the parameters of the lattice and relax the system. For each step, the pressures 

applied to the atoms were computed by Forcite calculation [277], and the minimum distance between 

the two surfaces of the nanogap filled with Hg atoms is measured as the intrusion gap width (referred 

to intrusion size in this study). 

Washburn’s equation is the classical model used in traditional MIP. The relationship between the 

pressure and intrusion size was computed by Washburn’s equation for comparison with the simulat ion 

prediction. To describe this relationship in the form of a gap structure, Washburn’s equation was 

modified and expressed as: 



Chapter 5 Nanopores Analysis 
 

77 
 

 
𝐷 = −

2𝛾𝑐𝑜𝑠𝜃

𝑃
 (5-2) 

where θ is the contact angle of mercury-graphene at room temperature and is taken as 152.5° [278], 

γ is the surface tension of mercury and is taken as 484mN/m [279], P is the pressure, and D is the size 

of the intrusion. 

 

5.3. Results and discussion – Nanopores in relation to Washburn’s equation 

5.3.1. FORCE FIELD PARAMETER 

The relationships of systematic energy and size-scaled lattice of Hg-Hg interaction and Hg-C 

interaction are shown in Figure 5-2. The comparison shows that the first principle and Morse potential 

calculated results are close. The Morse potential parameters computed from fitting are listed in Table 

5-1. To verify the accuracy of the obtained parameters in Morse potential, a Kolmogorov-Smirnov 

test was performed to determine the goodness of fit using the obtained parameters of the Morse 

potential. The result shows that the two sets of parameters of Morse potential each pass the test at the 

significance level of 5%, which means the fitted parameters can accurately present the interatomic 

potential of Hg-C interaction and Hg-Hg interaction and can be used in the subsequent simulat ion 

study of metal intrusion in the nanogap. 

 

Figure 5-2 Relationship between energy and lattice dimension for: (a) Hg-Hg interaction, (b) Hg-C interaction. 

(a) (b)
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Table 5-1 Morse potential parameters  

Category Functional form D0 (kcal/mol) R0 (Å) 𝑎 

Hg-Hg interaction Morse 4.6 3.275 11 

Hg-C interaction Morse 0.3 4.15 9.65 

 

5.3.2. PRESSURE AND INTRUSION PROCESS 

Figure 5-3 demonstrates the change of atomic structures at different intrusion pressures. As the 

pressure increases from 308.7 MPa to 6765.8 MPa, the Hg atoms gradually intrude into the narrower 

gap. Table 5-2 lists the relationship between pressure and intrusion size, where the intrusion size is 

the minimum distance between two surfaces of the nanogap filled with Hg atoms. As shown in Figure 

5-3a, at the pressure of 308.7 MPa, the Hg atoms begin to enter the nanogap following the curve of 

the graphene surface. When the pressure reaches 6765.8 MPa (Figure 5-3c), the mercury intrudes into 

the nanogap width of 0.74 nm. It should be noted that when the pressure exceeds 6765.8MPa 

(corresponding to the lattice parameter a smaller than 97 Å), significant local buckling of the nanogap 

structure is observed, as shown in Figure 5-3d. The significant mechanical destruction of the nanogap 

structure involves alteration of the dimensions of the nanogap as well as extra work done by the 

pressure due to deformation, which leads to the errors in intrusion size measurement and estimation 

of pressure. Therefore, the region (lattice length a smaller than 97 Å) in which the significant 

mechanical destruction of the nanogap structure existed was not considered in this study.  
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Figure 5-3 Snapshot of metal intrusion at the pressure of: (a) 513.5 MPa, (b) 1776.7 MPa, (c) 6765.8 MPa and (d) 

Pressure higher than 6765.8 MPa.  

 

Table 5-2 Relationship between pressure and intrusion size 

 

Lattice parameter a (Å) Pressure (MPa) Intrusion size (nm) 

113 117.0 4.30 

112 308.7 3.56 

111 513.5 3.19 

110 1047.6 2.99 

109 1324.7 2.56 

108 1092.4 2.35 

107 1776.7 2.04 

106 2586.8 2.13 

105 2373.1 1.68 

104 2577.9 1.42 

103 2951.5 1.41 

102 3119.1 1.11 

101 4401.3 1.08 

100 4532.0 1.07 

99 5606.1 0.91 

98 5900.6 0.82 

97 6765.8 0.74 

 
 

In Figure 5-3a, when the pressure equals 308.7 MPa, the mercury atoms align in a certain order 

that is unlike the disordered packing of mercury atoms under atmospheric pressure [280]. The 

(a)

(c)

(d)

Crystallographic orientation

transformation  

Atoms misalignment 

(Dislocation)

(b) (c)

Buckling of 

pore structure

Dislocation generation 

and transformation
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densified and ordered atomic packing is likely to be the consequence of pressure [281], where the 

rhombohedral angle of mercury decreases with increasing hydrostatic compression and continuous ly 

distorts towards the face center cubic [282] structure with closer atom packing. When the pressure 

increases to 1776.7 MPa (Figure 5-3b), it can be seen that the Hg atomic alignment orients at an 

inclined direction to fit the curvature of the nanogap, which is unlike the packing pattern at lower 

pressure (308.7 MPa in Figure 5-3a). Densification of atom packing and misalignment of atoms 

(dislocation) is also observed in Figure 5-3b, possibly indicating the liquid-solid phase transformation 

of mercury under high pressure. The phase transition for liquid subjected to high pressure is known 

as Alder transitions [283]. Such transition under high pressure occurs because atoms can only pack 

closer by transferring from a disordered configuration (liquid) to the ordered (solid) one. The pressure 

corresponds to the phase transition in the simulation is verified by the experimental result [281], in 

which the liquid-solid phase transition pressure at 300K equals 1284.5 MPa. More severe 

misalignment of Hg atoms is observed in Figure 5-3c in which Hg atoms near the gap structure 

undergo significant distortion to fit the curved boundary of the nanogap. Such generation and 

transformation of dislocations are also observed in crystals and alloys under extremely high stress 

[284].  

 

5.3.3. COMPARISON WITH WASHBURN’S EQUATION 

Figure 5-4 shows the relationship between pressure and intrusion size obtained from simulat ion 

prediction and Washburn’s equation. The comparison shows that when the intrusion size is greater 

than 3 nm, the simulation result manifests the same increasing tendency and generally fits Washburn’s 

equation. When nanogap is smaller than 3nm, however, the relationship between pressure and 

intrusion size from Washburn’s equation begins to deviate from the simulation prediction and the 

discrepancy between simulation and Washburn’s equation increases as the intrusion size decreases.  
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Figure 5-4 Comparison of simulation and Washburn’s equation 

 

The generation of internal stresses arising from crystalline deformation and dislocations is 

considered the reason for the pressure differential between simulation and Washburn’s equation. The 

volume of mercury fluid under high pressure can be greatly compressed. On the basis of a 

compression experiment of Hg at 295K [285], the volume of mercury could be compressed by 3.1% 

under the pressure of 1.3GPa. The micro-phenomena corresponding to the volume compression are 

crystal transformation and densification of atom packing. When the 𝛼-mercury is under high pressure, 

the rhombohedral structure of mercury lattice distorts towards the face center cubic structure, with 

closer packing (shorter bond length) of atoms [281] and closer packing leads to the increasing 

repulsive force between mercury atoms. Therefore, the work done by the pressure is partly consumed 

in the crystalline deformation of Hg. Apart from the pressure consumed by crystalline deformation, 

Peierls force in the dislocation movement is another reason for this discrepancy. The generation, 

movement, and transformation of dislocations due to pressure are observed in simulation (Figure 5-3), 

in which the lattice friction force [286] (Peierls force) that impedes the development and movement 

of dislocation can compensate for part of the stress induced by pressure. Hence, higher pressure is 

required to drive Hg atoms into nanoporosity. The discrepancy between the simulation prediction and 

Washburn’s equation indicates that the fluid dynamics model described by Washburn’s equation is 
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no longer valid to be used to describe the movement of substance in nanopores. 

To promote future nanopore analysis of metal intrusion, an equation is presented to predict the 

relationship between pressure and intrusion size in the metal intrusion of nanopores. The equation is 

expressed as: 

 
𝐷 = −

2𝛾𝑐𝑜𝑠𝜃 ∙ 𝑎 ∙ 𝑃𝑏

𝑃
 (5-3) 

where θ and γ are the contact angle and surface tension of non-wetting liquid at a certain temperature, 

P is the pressure, and D is the intruded gap width. The factor a·Pb giving the decaying factor accounts 

for the higher pressure required to intrude the non-wetting metal into nanopores. 

In the model for the use of mercury as the non-wetting liquid to intrude the graphene-based 

nanogap structure, the parameters a and b in Eq. (5-3) are calculated using the nonlinear least square 

methods, giving the predicted relation: 

 
𝐷 =

 858 6 ∙ 01246 ∙ 𝑃  4 7

𝑃
 (5-4) 

the constant 858.6 accounts for the term -2γcosθ in Eq. (5-4), which presents the constant contact 

angle and surface tension of mercury on graphene-based materials at 300K. This modified equation 

passes the Kolmogorov-Smirnov test at the significance level of 5%, indicating that the equation 

incorporating simulation prediction can be used to predict the relationship between pressure and 

intrusion size in the nanopore analysis. 

On the basis of that equation, it can be seen that the pressure required for metal intrusion at the 

nanoscale increases exponentially as the intrusion size decreases. The pressure required for the 

intrusion size of 1nm predicted by this equation is 5380MPa, which is six times greater than that of 

Washburn's equation (860MPa), while more than 10 times pressure (19600MPa) is required for the 

intrusion size of 0.5nm compared with Washburn’s equation (1720MPa). This result indicates that 
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Washburn’s equation which describes capillary flow is inapplicable for nanopore analysis. On the 

other hand, the MI can be used to analyze nanopores, but extremely high pressure is required to 

intrude a non-wetting metal into nanopores or even smaller pores. Prediction of the pressure required 

in nanopore analysis by metal intrusion is the key to the future nanopore analysis. 

The simulation study of the metal intrusion and the equation presented here serve as guidance 

for the further nanopore analysis by MI. Special notice needs to be taken to predict the extremely 

high pressure required for nanopore analysis using MI, especially for nanopores smaller than 3nm.  

 

5.4. Conclusion 

The metal intrusion behaviors during the intrusion of mercury into the graphene-based nanogap 

structure were studied by MD simulations that exceeded the minimum detectable pore size described 

by the fluid dynamics model of Washburn’s equation. The Morse potentials of Hg-Hg and Hg-C 

interaction were first modeled using first principle calculations.  

The relationship between pressure and intrusion size obtained from simulation prediction was 

compared with the results obtained using Washburn’s equation. The comparison showed that 

Washburn’s equation results began to deviate from the simulation prediction when the intrusion size 

was less than 3nm. The pressure required for metal intrusion at the nanoscale increased exponentia lly 

as the intrusion size decreased. These results indicate that Washburn’s equation, which is based on 

capillary flow, is not applicable in nanopore analysis. Crystalline deformation and dislocations were 

observed in the simulation, which could be the reason for the extremely high pressure required for 

the intrusion of nanopores. 

An equation [Eq. (5-3)] was proposed to predict the extremely high pressure required to force the 

liquid metal into the nanopores. The scheme presented in this chapter can serve as a starting point for 

establishing a nanopore analysis method based on MI, which is beneficial to study of the shrinkage 

and creep of porous construction materials.
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CHAPTER 6. CONCLUSIONS AND 

RECOMMENDATIONS 

 

Although MIP has become the most commonly used pore analysis technique in the construction 

industry, its assumption and principle restrict its application in analyzing the pore structure of 

construction materials. Past research studies have reported the significant capabilities and potentials 

of metal intrusion technique in pore analysis, which shows promise for obtaining more 

comprehensive pore structure information of construction materials that cannot be achieved by MIP. 

In this study, commonly used pore analysis techniques, especially MIP and metal intrusion, are 

reviewed. The limitations of the use of Washburn’s equation in MIP for pore analysis were highlighted. 

As a further development, the studies presented in this thesis transcend the limitations of MIP using 

a metal intrusion technique by (i) modifying the theoretical model of the Washburn’s equation and 

(ii) developing and evaluating analytical models for the metal intrusion technique. 

 

6.1. Key research findings 

(1) The pore shape information obtained from MI was used to correct the biased cylindrical pore 

shape assumption used in Washburn’s equation to provide more accurate pore size 

measurement by MIP. The non-toxic Field’s metal was used in the metal intrusion of this 

work to address the safety issue of past pore analyses using MI. MI in combination with BSE 

imaging was proved to cause minimal alteration to the pore structure while producing clear 

pore profile images. Circularity, which describes the area–perimeter relationship of pores in 

construction materials, was found to have a power correlation with pore size. The 

noncylindrical pore shape was correlated into Washburn’s equation using circularity to yield 

more accurate pore size measurement by MIP. As an illustration of pore analysis, pore shape 

data from 2D observations was shown to have a statistical correlation with pore shape in 3D 
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space. Based on the PSD and pore shape descriptors, the microstructure transformation of 

cement hydration and consolidation of soil was studied. 

(2) Due to the indirect measurement of MIP, there has been very limited research analyzing the 

spatial information of pores in construction materials. In this study, an analytical model in 

combination with MI was developed to address this issue. The spatial distribution of pores 

was analyzed using a proposed analytical model based on RDF. An expression of RDF [Eq. 

(4-1)] was proposed to describe the spatial distribution of pores in the cement paste. A 

descriptor called degree of clustering was defined to quantify the spatial inhomogeneity of 

pores in construction materials. The supporting strength test was conducted to verify the 

effectiveness of proposed analytical models. GO was first proved able to reduce the spatial 

inhomogeneity of pores in cement paste, leading to improvement in the mechanical strength 

of cement paste. The proposed analytical models can be used to establish further study in 

structure–properties relationships of porous construction materials via machine learning.  

(3) Molecular dynamics simulation was conducted to evaluate the feasibility of using 

metal intrusion to analyze the nanopores, a procedure that is not available for Washburn’s 

equation. The intrusion of mercury atoms into the graphene-based nanogap was studied and 

compared with Washburn’s equation. The pair interaction potential between Hg and C atoms 

was first determined by first principle calculations for the subsequent simulation. The 

pressure-gap size relationship observed in the simulation began to deviate from Washburn’s 

equation when the nanogap size was smaller than 3nm. That finding indicated that the fluid 

dynamics model used in Washburn’s equation was inapplicable the nanopore analysis. An 

equation [Eq. (5-3)] was proposed to predict the high pressure for metal intrusion at the 

nanoscale, which acts as a starting point for future nanopore analysis by the metal intrus ion 

technique. 

 



Chapter 6  Conclusions and Recommendations 
 

86 
 

6.2. Recommendation for pore analysis of construction materials by MI 

Because the capability of MIP to analyze pore structure information is still limited, some of the 

validated methods associated with MIP and MI presented in this study were recommended and are 

listed below: 

Application of the modified Washburn’s equation to provide more accurate pore size 

measurement based on pore shape: 

Washburn’s equation can be modified based on the area–perimeter relationship of 

pores to provide a more accurate measurement of pore size [Eq. (3-9)]. This area–

perimeter relationship of different porous construction materials can be determined 

using the MI.  

An analytical model based on MI for analyzing the spatial distribution of pores: 

The analytical model using the proposed expression of RDF [Eq. (4-1)] is suggested 

to quantify the spatial inhomogeneity of pores in construction materials. The details 

can be found in Chapter 4. 

Prediction of the relationship between pressure and intrusion size for metal intrusion at the 

nanoscale: 

A modified equation [Eq. (5-3)] is proposed based on simulation prediction to predict 

the pressure–size relationship in nanopore analysis by metal intrusion. 

 

6.3. Recommendation for future studies 

On the basis of the studies presented in this thesis, some future research direction related to pore 

analysis and porous construction materials are recommended: 

(1) Using machine learning to develop novel and improved structure–properties relationships 

of construction materials incorporating spatial information of pores.  
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(2) Analyzing the nanopores in porous construction materials by the MI. Using numerica l 

simulation to study and predict the behavior of the intrusion of Field’s metal in nanopores 

to provide the foundation for experimentation. 

Based on the limitations of MIP, the future research direction related to the modification of 

Washburn’s equation and MIP is recommended: 

(3) Developing a pore analysis method to address the ‘ink-bottle’ effect and correct the 

distorted pore size distribution measurement of MIP. 

(4) Considering changes in the contact angle in MIP to improve the accuracy of test results. 

Factors that need to be taken into consideration include the composition of the specimen, 

pore size, drying techniques, surface roughness, and temperature.
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