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Abstract 
 

The main objective of this thesis is to develop three-dimensional numerical models to 

predict transport properties of concrete from its internal structure. The models relate 

the macroscopic transport property to internal structure of concrete so a better 

understanding of the influence of microstructure, especially microcracks, on transport 

properties can be obtained. 

Diffusivity of concrete is modelled by combining a digitised mesostructure and finite 

difference algorithm. This allows the determination of the effect of microcracks, ITZ 

and aggregate shape on the diffusivity of mortar and concrete. The limitation of this 

approach in modelling very small features (several micrometres) is discussed. 

A finite element technique is coupled with aligned meshing approach to study the 

effect of microcracks on the diffusivity of concrete. Microcracks are incorporated as 

interface elements. New information regarding the effect of microcrack properties 

such as width, density, diffusivity and percolation on overall diffusivity of concrete is 

obtained. The transport model is then combined with a mechanical model to 

investigate the effect of tensile load-induced microcracks on diffusivity. In doing so, 

the mechanical model is used to simulate the formation and propagation of 

microcracks due to tensile loading which is then used as an input to the transport 

model. 

A similar technique is applied to investigate the effect of microcracks on the 

permeability of concrete. The simulations show the influence of microcrack 

properties such as width, density and percolation on overall permeability of concrete. 

The difference between the effect of microcracks on permeability and diffusivity is 

discussed. 

Capillary absorption of concrete is modelled by using a Lattice-Network approach in 

which unsaturated flow is simulated using a non-linear finite element method. The 

model is employed to evaluate the effect of heterogeneities produced by aggregate 

particles and microcracks on the sorptivity of concrete. 



5 
 

 

Publications arising from this research 
 

Journal papers  

[1] S. Dehghanpoor Abyaneh, H.S. Wong, N.R. Buenfeld, Modelling the diffusivity of 

mortar and concrete using a three-dimensional mesostructure with several 

aggregate shapes, Computational Materials Science, 78 (2013) 63-73. 

[2] S. Dehghanpoor Abyaneh, H.S. Wong, N.R. Buenfeld, Computational 

investigation of capillary absorption in concrete using a three-dimensional mesoscale 

approach, Computational Materials Science, 87 (2014) 54-64. 

 

Conference proceedings 

[1] S. Dehghanpoor Abyaneh, H.S. Wong, N.R. Buenfeld, Investigation into the 

diffusivity of concrete using a three-dimensional multi-phase model, 3rd International 

Conference on the Durability of Concrete Structures, September 2012, Belfast, UK. 

[2] S. Dehghanpoor Abyaneh, H.S. Wong, N.R. Buenfeld, Modelling the transport 

properties of concrete from three-dimensional mesostructure, TRANSCEND, 

November 2013, Guildford, UK. 

[3] S. Dehghanpoor Abyaneh, H.S. Wong, N.R. Buenfeld, Modeling the effect of 

microcracks on the transport properties of concrete in three-dimensions, 

CONCREEP-10, September 2015, Vienna, Austria 

 

 

 

 

 

 

 



6 
 

Acknowledgments 
 

I would like to express my special appreciation and thanks to my PhD supervisors, 

Professor Nick Buenfeld and Dr Hong Wong, for their continuous support, 

encouragement, guidance and invaluable suggestions throughout this study. 

I would also like to thank Professor Karen Scrivener, Professor Peter McDonald and 

other members of Nanocem for comments and valuable discussions. 

I also wish to express my gratitude to the European Union Seventh Framework 

Programme (FP7/2007-2013) under grant agreement 26448 for the financial support 

granted through a Marie-Curie fellowship. 

Thanks are also due to all my friends, colleagues and staff at Imperial College 

London and especially the Department of Civil and Environmental Engineering for 

their help and support. 

Last but not least, I would like to thank my family for their endless love, support and 

encouragement, without which none of this would have been possible. 

 

 

 

 

 

 

 

 

 

 

 

 

 



7 
 

Contents 
Declaration ................................................................................................................. 2 

Copyright Declaration ................................................................................................. 3 

Abstract ...................................................................................................................... 4 

Publications arising from this research ....................................................................... 5 

Acknowledgments ...................................................................................................... 6 

Nomenclature ........................................................................................................... 10 

List of Tables ............................................................................................................ 15 

List of Figures ........................................................................................................... 16 

Chapter 1 Introduction .............................................................................................. 23 

1.1  Research motivation ................................................................................... 23 

1.2  Objectives and scope .................................................................................. 24 

1.3  Thesis outline .............................................................................................. 25 

Chapter 2 Literature review ...................................................................................... 27 

2.1  Structure of concrete ................................................................................... 27 

2.1.1  Experimental characterisation .............................................................. 28 

2.1.2  Numerical simulation ............................................................................ 32 

2.1.2.1  Macroscale ..................................................................................... 33 

2.1.2.2  Mesoscale ...................................................................................... 33 

2.1.2.3  Microscale ...................................................................................... 34 

2.1.3  Microcrack formation and propagation.................................................. 36 

2.2  Transport phenomena ................................................................................. 37 

2.2.1  Measurement of transport properties .................................................... 37 

2.2.2  Modelling transport phenomena ........................................................... 38 

2.2.2.1  Analytical approaches .................................................................... 40 

2.2.2.2  Numerical approaches ................................................................... 43 

Chapter 3 Modelling diffusivity from three-dimensional mesostructure .................... 47 

3.1  Introduction ................................................................................................. 47 

3.2  Approach ..................................................................................................... 50 

3.3  Generation of the model by computer program ........................................... 51 

3.3.1  Mesostructure ....................................................................................... 51 

3.3.2  Non-spherical aggregate particles ........................................................ 51 

3.3.3  Diffusivity of the aggregate, ITZ and bulk cement paste ....................... 53 



8 
 

3.3.4  Simulation of diffusion process ............................................................. 56 

3.4 Representative elementary volume ............................................................. 59 

3.4.1  Size and statistical effects .................................................................... 59 

3.4.2  Required resolution to capture the effect of aggregate particles and ITZ
 61 

3.5  Results ........................................................................................................ 62 

3.5.1  Comparison with experimental results .................................................. 62 

3.5.2  Sensitivity analysis ............................................................................... 63 

3.5.3  Effect of aggregate shape ..................................................................... 67 

3.5.4 Specific surface area and tortuosity .......................................................... 68 

3.5.5 Effect of aggregate orientation .................................................................. 70 

3.5.6 Feasibility of 3D images as input .............................................................. 72 

3.6  Discussion ................................................................................................... 76 

3.7  Conclusions................................................................................................. 78 

Chapter 4 Modelling the effect of microcracks on the diffusivity of concrete using 
aligned meshing approach ....................................................................................... 80 

4.1  Introduction ................................................................................................. 80 

4.2  Methodology (Approach) ............................................................................. 84 

4.2.1  Input structure containing cracks .......................................................... 84 

4.2.2  Governing equations ............................................................................ 85 

4.3  Generation of the model .............................................................................. 86 

4.4  Results ...................................................................................................... 109 

4.5  Discussion ................................................................................................. 120 

4.6  Conclusions............................................................................................... 121 

Chapter 5 Modelling the effect of microcracks on the permeability of concrete using 
aligned meshing approach ..................................................................................... 122 

5.1  Introduction ............................................................................................... 122 

5.2  Methodology (Approach) ........................................................................... 124 

5.2.1  Governing equations .............................................................................. 124 

5.3  Results ...................................................................................................... 126 

5.4  Discussion ................................................................................................. 131 

5.5  Conclusions............................................................................................... 132 

Chapter 6 Modelling capillary absorption using a three-dimensional approach ...... 133 

6.1 Introduction ................................................................................................... 133 



9 
 

6.2 Unsaturated flow ........................................................................................... 135 

6.3 Methodology and description of the model.................................................... 138 

6.4 Validation ...................................................................................................... 142 

6.5 Results .......................................................................................................... 145 

6.5.1 Size and statistical effects....................................................................... 145 

6.5.2 Effect of aggregate volume fraction ........................................................ 146 

6.5.3 Effect of aggregate size .......................................................................... 150 

6.5.4 Effect of aggregate shape ....................................................................... 151 

6.5.5 Effect of microcracks .............................................................................. 154 

6.6 Discussion ..................................................................................................... 158 

6.7 Conclusions .................................................................................................. 160 

Chapter 7 Conclusions and recommendations for further research ....................... 162 

7.1 Conclusions .................................................................................................. 162 

7.2 Recommendations for further research ......................................................... 164 

References ............................................................................................................. 167 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



10 
 

Nomenclature 
 

ɸ bulk  Capillary porosity of bulk cement paste 

ɸ ITZ  Capillary porosity of ITZ 

ɸ  Capillary porosity 

α  Degree of hydration 

.  Divergence operator 

Gradient operator 

  Paste tortuosity 

τ0  Total volume 

τm  Matrix volume  

  Poisson’s ratio 

L  Lower bound of Poisson’s ratio 

U  Upper bound of Poisson’s ratio 

μ  Fluid viscosity  

ϑ  Volume fraction of inclusions 

Ψ  Capillary potential  

θ  Reduced water content  

Θ  Volumetric water content  

Θi  Initial volumetric water content 

Θs  Saturated volumetric water content 

γ  Surface tension 

ζ  Liquid/solid contact angle 

A  Cross section area 

Acr  Crack area (cross-section)  

Am  Area of matrix 

ASTM  American Society for Testing and Materials 
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C  Concentration of diffusing specie 

CEM  Calcium-enriched mixture 

CH  Calcium hydroxide 

CO2  Carbon dioxide 

C-S-H  Calcium silicate hydrates 

CT  X-ray computerized tomography 

D(x)  Diffusivity at a distance x from the nearest aggregate surface 

D0  Free diffusivity 

Da  Diffusivity of aggregate particles  

Dbulk  Diffusivity of bulk cement paste 

Dcp  Diffusivity of cement paste 

Deff  Effective diffusivity tensor 

Deq  Equivalent diffusivity  

DITZ  Diffusivity of ITZ 

DITZ-bulk Diffusivity of an element connecting ITZ to a bulk paste voxel 

Dcr  Crack diffusivity 

Dcracked  Cracked diffusivity (diffusivity of cracked material) 

Duncracked Uncracked diffusivity (diffusivity of uncracked material) 

Dm   Diffusivity of matrix 

DOH  Degree of hydration 

Ei (x)  Exponential integral ( ∞ ) 

E  Effective Young’s modulus 

EL  Lower bound of effective Young’s modulus 

EU  Upper bound of effective Young’s modulus 

FE  Finite Element 

G  Effective shear modulus 
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GL  Lower bound of effective shear modulus 

GU  Upper bound of effective shear modulus 

GB  Gigabyte  

GHZ  Giga Hertz 

GPa  Gigapascal 

H()  Heaviside function 

HPC  High performance concretes  

HPCSF High performance concretes silica fume 

ITZ  Interfacial transition zone 

  Overall flux 

  Overall x-direction flux 

  Local flux in the crack 

   Local x-direction flux in the crack  

  Local flux in the matrix  

  Local x-direction flux in the matrix 

K  Effective bulk modulus 

KL  Lower bound of effective bulk modulus 

KU  Upper bound of effective bulk modulus 

Kh  Hydraulic conductivity 

Kcr  Crack permeability 

Kcracked Cracked permeability 

Keff  Effective permeability tensor 

Keq  Equivalent permeability  

Kuncracked Uncracked permeability 

Km   Permeability of matrix 

L  Length 
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mCT  Microfocus computerized tomography 

MPa  Megapascal 

n  Shape term  

NaCl  Sodium chloride 

NaOH  Sodium hydroxide 

NIST  National Institute of Standards and Technology 

NMR  Nuclear magnetic resonance 

OC  Ordinary concrete 

OPC  Ordinary portland cement 

p  Pressure 

PC  Personal Computer 

Q  Sum of the flow at steady-state 

q  Vector flow velocity 

r  Radius of the capillary  

RAM  Random-access memory 

R2  Correlation coefficient 

s  Scaled sorptivity 

Scr  Crack surface 

SEM  Scanning Electron Microscopy 

t  Time 

  Overall fluid velocity 

  Local fluid velocity in matrix  

  Overall fluid velocity in x direction 

Va  Aggregate volume fraction 

Vbulk  Volume fractions of bulk paste 

VITZ  Volume fractions of ITZ 

w/c  Water-to-cement ratio 
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wcr  Crack width  

z  Capillary rise height 

  Capillary rise height derivative 
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Chapter 1 Introduction 
 

1.1  Research motivation 
Concrete is the most heavily used construction material on Earth and its usage 

continues to increase. Production of 1m3 per year for every person makes concrete 

the second most heavily consumed material after water. Furthermore, the concrete 

industry is a primary producer of CO2, one of the major greenhouse gases that 

retains heat in the atmosphere and affects Earth’s climate. The CO2 emission mainly 

comes from the production of cement, which is the binder used in concrete. About 

0.73–0.99 ton of CO2 are emitted for the production of every ton of cement 

(Hasanbeigi et al, 2012). Moreover, production of cement is an energy intensive 

industry. Therefore, the economic, social and environmental impacts of concrete are 

high. 

Premature deterioration of concrete structures is a major concern worldwide since it 

shortens the useful lives of concrete structures and leads to major social, economic 

and environmental consequences. About half of the construction turnover is spent on 

maintenance and repair of existing structures. Most deterioration processes affecting 

concrete such as reinforcement corrosion, sulphate attack, frost damage and 

chemical degradation processes, are caused by penetration of water and other 

aggressive species through its porous microstructure (Buenfeld, 1997; Neville, 

1995). For example, reinforcement corrosion occurs when the concentration of 

chloride ions at the reinforcing steel surface exceeds a threshold value. Sulphate 

attack is controlled by the rate of penetration of sulphate ions, which requires 

moisture for transport. Frost damage occurs when the concrete exposed to 

freeze/thaw environment is above a critical degree of water saturation and so is 

controlled by water movement. All chemical degradation processes depend on the 

transport of ions and other species into concrete.  

As expected, the transport properties of concrete are influenced by its internal 

microstructure characteristics such as the pore structure of the cement paste, the 

aggregate-cement paste interfacial transition zone (ITZ) and properties of the 

aggregate (porosity, shape and size). Most concretes in practice are subjected to 

various types of loading such as mechanical loads and thermal gradients which often 
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lead to the high tensile stresses exceeding the tensile strength of concrete and 

subsequently cracking in the structure. Therefore, concrete in real structures is 

almost always cracked. However, the influence of microcracks on transport 

properties of concrete is not well understood. 

Thus, understanding the link between microstructure and transport properties at the 

macro-scale, in particular the effect of microcracks on transport processes, will lead 

to more accurate modelling of degradation processes and service-life prediction of 

concrete structures. It will also facilitate the innovation of durable and sustainable 

materials in which the negative characteristics of current concretes such as high CO2 

emission are eliminated.  

Transport processes in concrete, and generally in any other porous media, can be 

categorized into several mechanisms. When the media is saturated, the process of 

fluid flow that occurs under pressure gradient is called permeation and this is 

characterized by the permeability coefficient. When the media is unsaturated, water 

is absorbed by capillary forces and this process is characterized by the sorptivity 

coefficient. The third mechanism is diffusion, which occurs under a concentration 

gradient of diffusing species through the porous media. Lab based transport testing 

has been conducted for many years to gain a better understanding of different 

variables influencing the transport properties of cement-based materials. Since the 

microstructure of concrete is highly complex and its transport properties are 

influenced by many interacting parameters, many laboratory experiments would be 

required in order to understand their significance and interactions. However, some of 

these effects are impractical to quantify from laboratory experimentation alone. 

Moreover, experiments are time-consuming and expensive. The modelling 

approaches described in this thesis would be particularly useful for evaluating the 

influence of various parameters on transport properties.  

 

1.2  Objectives and scope 

The main objective of this thesis is to develop models to predict transport properties 

of concrete from its internal structure. Since concrete is a highly heterogeneous 

material, the modelling approach used should be able to capture these 

heterogeneities. However, analytical and empirical techniques may not be able to 
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reach this level of detail. This thesis will apply numerical homogenization schemes 

such as finite element, finite difference and finite volume, and attempt to use realistic 

structures as input to the models. The models will be applied to a range of samples 

in order to increase current understanding of the role of microcracks and other 

phases in the microstructure on transport properties. Specific objectives are to: 

 Develop numerical models to predict diffusivity, permeability and capillary 

absorption;  

 Validate the models by comparing to available experimental data; 

 Apply the models to investigate the influence of microcracks on mass 

transport properties of concrete.  

Although the emphasis will be on developing appropriate models to investigate the 

effect of microcracks, the models will also be applied to study the influence of other 

heterogeneities such as ITZ, aggregate shape and size on transport properties.  

 

1.3  Thesis outline 

The dissertation consists of seven chapters. Chapter 1 introduces the research 

background, objectives and scope of the study. Chapter 2 presents a thorough 

literature review of the topics relevant to the scope of this thesis. The main findings 

of this thesis are then presented in four chapters (Chapter 3, 4, 5 and 6).  

Chapter 3 presents a three-dimensional finite difference model to simulate diffusion 

in cement-based materials. The input to the model is a digitized microstructure. The 

model is applied to assess the effects of water/cement ratio, degree of hydration, 

aggregate size, volume fraction, shape and orientation, ITZ width and percolation on 

diffusivity. The model is also applied to three-dimensional images of real 

microstructure from X-ray tomography to evaluate the effect of cracks.  

Chapter 4 presents a three-dimensional finite element model to evaluate the effect of 

microcracks on the diffusivity of mortar and concrete. The advantage of this model is 

that it overcomes the limitation of conventional digitized model where the smallest 

microcrack that can be represented is dependent on the size of the digitization. The 

microcracks in this model are idealised to have different lengths, widths, orientations 

and are placed in the media in a way to mimic the structure of real microcracked 
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concrete. The main objective is to quantify the effects of crack parameters such as 

crack volume fraction, density, width, percolation and crack diffusivity on the bulk 

diffusivity of the composite.  

Chapter 5 deals with extension of the model developed in Chapter 4 to evaluate the 

permeability of cracked cement-based materials. Similar to the previous chapter, the 

idealised microcracks are assumed to have different lengths, widths, orientations 

and are placed in the media in a way to mimic the structure of real microcracked 

concrete. The aim of this study is to investigate the effects of various crack 

parameters on the bulk permeability of the composite. 

Chapter 6 presents a study on the effects of different heterogeneities such as 

microcracks, aggregate size and shape on capillary absorption using a nonlinear 

finite element approach. Concrete is treated as heterogeneous composites and 

discretized as a regular cubic lattice. The lattice elements are considered as 

conductive "pipes" and their transport properties are assigned based on the phase 

they represent. Capillary absorption is described by a nonlinear diffusion equation, 

with the hydraulic diffusivity as a nonlinear function of the degree of saturation of the 

composite. Nonlinear finite element method is then used to solve the set of 

governing differential equations.  

Finally, the key findings from this thesis and recommendations for further work are 

given in Chapter 7. 
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Chapter 2 Literature review 
 

This chapter presents a literature review on the subjects relevant to the scope of this 

thesis. This review includes studies on the structure and transport properties of 

concrete from an experimental and numerical point of view. 

 

2.1  Structure of concrete 

Concrete is a multiscale composite material that contains phases at the nanometre 

to the millimetre length scale. At the mesoscopic scale (mm), concrete can be 

regarded as a composite containing aggregate particles, cement paste, air voids and 

cracks. At the microscopic scale (μm), the main heterogeneity is the hardened 

cement paste which can be viewed as a porous media that contains pore sizes that 

vary by many orders of magnitude from 10 angstroms (gel pores) to 10 microns 

(large capillary pores). These gel pores and solid constituents of cement paste such 

as C-S-H are the main phases at the nanoscale. 

Microcracks are an inherent feature of cement-based materials. Different processes 

may induce microcracking and if these processes persist, the microcracks will 

propagate, increasing in width and length, and will transform to macrocracks. 

Concrete structures are almost always subjected to loading which can induce 

cracking. Furthermore, some concrete structures may be subjected to high 

temperatures, e.g. in nuclear power plants and radioactive waste storage facilities, 

which can also induce microcracking. Finally, all concretes are subjected to volume 

change due to shrinkage which cause microcracking if the shrinkage is restrained. 

A large number of researchers have attempted to experimentally characterise and 

investigate the multiscale structure of concrete. However, direct characterisation of 

the three-dimensional structure of concrete is extremely difficult, so numerical 

simulation of concrete has also attracted the attention of researchers. It should be 

recalled that a three-dimensional representation of internal structure is required for 

many applications such as assessment of transport and percolation properties. For 

such applications, two-dimensional images are inadequate and may result in 

misleading conclusions (Bentz and Garboczi, 1991a). For example, the capillary 

pore structure of a hydrating cement becomes disconnected in two-dimension long 
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before it does in three-dimension. Fig. 2.1 shows a representation of concrete at 

different length scales. In the following sections, an overview of these approaches is 

presented. It should be noted that nanoscale characterisation and modelling 

methods are not covered in this review. The interested reader is referred to the 

following papers for more information about nanoscale structure of concrete 

(Richardson, 2008; Richardson, 1999; Richardson and Groves, 1992; Valori et al., 

2013; Muller et al., 2013b; Muller et al., 2013a; Dolado et al., 2011; McDonald et al., 

2010). 

 

                    
 

 

                      
 macroscale                       mesoscale                                        microscale      

 

Fig. 2.1 Representation of concrete at different length scales: macroscale, 
mesoscale (Wong et al., 2009) and microscale (Wong et al., 2012; Dolado and 
van Breugel, 2011). 

 

2.1.1  Experimental characterisation 

In this section, a summary of different experimental methods used to investigate the 

internal structure of cement-based materials at different length scales are presented. 

It should be noted that the current study is focussed on numerical modelling so these 
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experimental techniques were not directly used. However, the numerical approaches 

used are based on experimental observations. Therefore, a brief summary of these 

experimental techniques are stated below. The interested reader is referred to the 

provided references for further information. 

Experimental methods such as optical microscopy (Bisschop and van Mier 2002; 

Soroushian et al., 2003; Litorowicz. 2006; Ammouche et al., 2000; Ammouche et al., 

2001) and X-ray microtomography (Bentz et al., 2000b; Rougelot et al., 2010; 

Moreno-Atanasio et al., 2010; Promentilla and Sugiyama, 2010) can be used to 

characterise the structure of concrete at the mesoscale. Fig. 2.2 shows some 

micrographs of mortar obtained using optical microscopy. Fig. 2.3 shows the internal 

structure of mortar that consists of cement paste, aggregate particles, air voids and 

cracks characterised at a resolution of about 10 microns using X-ray 

microtomography. 
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Fig. 2.2 Micrographs from fluorescence microscopy of a mortar sample 
showing sand particles, interfacial transition zone, bulk cement paste and 
microcracks.  Field of view is 1 1mm (Soroushian et al., 2003). 

 

 

 



31 
 

 

Fig. 2.3 An example of mortar mesostructure obtained by X-ray 
microtomography (Promentilla and Sugiyama, 2010).   

 
The main heterogeneity of concrete at the microscale occurs within the hardened 

cement paste which consists of several constituents including unreacted cement 

particles, different types of hydration products and pores. The approaches used to 

characterise the microstructure of concrete include scanning electron microscopy 

(Scrivener et al., 2004; Scrivener and Nemati, 1996; Glass et al., 2001; Wong et al., 

2010; Zhao et al., 2011; Nemati et al., 1998; Kjellsen and Jennings, 1996; Ollivier, 

1985), X-ray microtomography (Gallucci et al., 2007; Promentilla et al., 2008; 

Promentilla et al., 2009; Promentilla and Sugiyama, 2010; Sugiyama et al., 2010) 

and laser scanning confocal microscopy (Kurtis et al., 2003; Gallucci et al., 2007). 

Fig 2.4 shows the microstructure of hardened cement paste as observed using 

synchrotron microtomography. In all the imaging methods mentioned above, care 

should be taken to ensure that images are obtained at an adequate resolution to 

enable characterisation of the features of interest and are sufficiently large to provide 

a representative elementary volume. 
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Fig. 2.4 Microstructure of hardened cement paste obtained by synchrotron 
microtomographic technique (Sugiyama et al., 2010).  

 

 

2.1.2  Numerical simulation 

Three-dimensional characterisation of concrete is extremely tedious and time-

consuming. Thus, numerical simulation of concrete and its properties has become an 

attractive subject for researchers. The aim here is to mimic the internal structure 

observed by experimentalists and to compute properties based on the simulated 

structure. 
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2.1.2.1  Macroscale 

At this scale, concrete is often idealized as a homogeneous material and all the 

internal features are replaced by averaged properties. For example, a substantial 

amount of work on predicting the onset of chloride induced corrosion of the steel 

reinforcement and corrosion induced cracking in reinforced concrete are carried out 

at this scale (Grassl and Davies, 2011; Bentz et al., 2013; Grassl, 2009). Grassl and 

Davies (2011) modelled the expansive corrosion process in reinforced concrete by 

considering a circular bar in an otherwise homogeneous media. Bentz et al. (2013) 

investigated the effect of transverse cracking on chloride ion penetration into 

concrete by assuming a transverse crack and steel bars in an otherwise 

homogeneous media. One of the main applications of the models at this scale is 

service-life prediction. 

 

2.1.2.2  Mesoscale 

At the mesoscopic scale (mm), concrete can be viewed as a composite containing 

randomly placed aggregate particles that are bound by cement paste. Although a few 

researchers have suggested that the structure of cement paste consists of dense 

and highly porous patches (Diamond and Thaulow, 2006; Diamond, 2006; Diamond, 

2005; Diamond, 2004; Diamond, 2003; Diamond and Huang, 2001), it is generally 

believed that there is an interface region known as the ‘interfacial transition zone’ 

(ITZ) around aggregate particles which has significantly higher porosity and lower 

cement content compared to the bulk cement paste (Scrivener et al., 2004; Scrivener 

and Nemati, 1996; Bentz et al., 1992; Pope and Jennings, 1992; Brough and 

Atkinson, 2000; Wong and Buenfeld, 2006c; Wong and Buenfeld, 2006b; Gao et al., 

2013). Other constituents such as air voids and cracks are also visible at this scale. 

The presence of these phases and their characteristics depend on many factors, 

including the mix ingredients and composition, the processing and curing conditions 

of the concrete. 

The structure of mortar and concrete is often represented by aggregate particles with 

different shapes coated by an interface zone and embedded in a bulk cement paste 

(Garboczi et al., 1995; Sun et al., 2012; Kim and Abu Al-Rub, 2011). However, the 

mesoscale models used in the literature are generally limited to aggregate particles 
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with analytical shapes, particularly spherical. Furthermore, these models do not take 

into account variability of ITZ characteristics from location to location. Fig. 2.5 shows 

examples of mortar mesostructure created by randomly placing aggregate particles 

in the computational cube with the largest particles first with no overlaps.  

 

 
 

 

Fig. 2.5 Examples of mesostructure of mortar (7.5×7.5×7.5 mm) created by 
randomly placing aggregate particles in a cement paste matrix. 

 

2.1.2.3  Microscale 

At the microscopic scale (μm), the hardened cement paste can be regarded as a 

porous media that contains pore sizes that vary by many orders of magnitude from 

10 angstroms (gel pores) to 10 microns (large capillary pores). Apart from pores, 

solid hydrate phases such as C-S-H also exist. 

Several numerical models have been developed to simulate the microstructural 

evolution of hydrating cement paste. For example, Bentz and Garboczi (1991a) 

developed a three-dimensional digital image-based model to simulate the hydration 

of C3S, a major constituent of cement. The model was later extended to Portland 

cement by Bentz (1997). Although the digitized approach allows complex particle 

shapes and spatial distribution to be represented easily (Bullard and Garboczi, 

2006), only particles of sizes larger than the resolution can be modelled and the 

approach can be very computationally demanding. For example, 1 billion voxels are 
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required to model a 1003 μm3 microstructure with a voxel size of 0.1 μm, which is still 

insufficient to represent the actual cement particle size distribution. van Breugel 

(1995) developed a continuum-based model called HYMOSTRUC, but the model 

cannot capture the inter-particle interactions and multi-phase systems. Fig. 2.6 show 

a microstructure of cement paste obtained by HYMOSTRUC (Zhang et al., 2011). 

Recently, Bishnoi and Scrivener (2009) developed a resolution-free model 

overcoming the limitations of existing microstructure models. Applying a vector 

approach, millions of cement particles can be modelled with reasonable 

computational resources. Using such microstructure development models, the 

effects of water-to-cement ratio, degree of hydration and supplementary 

cementitious materials on the microstructure and transport properties of cement-

based materials can be readily examined (Bentz et al., 2000a; Bentz, 2000). 

 

 
Fig. 2.6 Three-dimensional microstructure of hardened cement paste, 
100×100×100 μm3 (0.4 w/c ratio and 80% degree of hydration) (Zhang et al., 
2011). 
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2.1.3  Microcrack formation and propagation 

In concrete, it is generally believed that microcracking arises from physical and 

thermal incompatibilities between the aggregate particles and the surrounding media 

(Hanaor, 1985; Choinska et al., 2007). Using X-ray radiography and microscopic 

approaches, Slate and Olsefski (1963) studied the internal structure of concrete and 

observed that cracks formed during drying (and possible carbonation) occur almost 

exclusively at the interfaces between aggregate and mortar, predominantly on larger 

aggregates. These cracks were observed in concrete not subjected to any prior 

loading. In concrete subjected to large compressive strains, bond cracking at the 

interfaces was observed to be greatly increased, with additional cracks through 

mortar bridging between bond cracks. It was concluded that bond cracks 

predominate over mortar cracks through most of the loading range (Shah and Slate, 

1968). Shah and Chandra (1968) reported similar results. They found that isolated 

interfacial cracks around sand particles are rare and that there was no noticeable 

preference for a mortar crack to go around a sand particle rather than through the 

cement paste. Furthermore, Goltermann (1994; 1995) theoretically showed that large 

aggregate particles cause crack propagation. In other words, fracture mechanics 

predict that grains below a critical size will not cause crack propagation. However, 

the critical size is difficult to determine since it depends on a number of factors 

(Goltermann, 1995). Moreover, it was experimentally observed that the 

characteristics of the mortar matrix, large aggregate particles and its interfaces are 

the main parameters influencing transport properties (Torrijos et al., 2010). 

The exact crack pattern is often difficult to predict theoretically. However, it can be 

shown that cracks will follow the shortest path to release stresses, occur in regions 

with the highest stresses, pass through the weakest material, or follow the path 

combining these criteria (Goltermann, 1994; Goltermann, 1995).  

Hsu (1963) conducted a mathematical analysis of shrinkage stresses in a model of 

hardened concrete and concluded that whether bond cracks or mortar cracks occur 

first, depends on the relative magnitude of two ratios. These are the ratio of mortar-

aggregate tensile bond strength to tensile strength of mortar, and the ratio of 

maximum tensile stresses set up at the interface to the maximum stress in the 

mortar. It was concluded that bond cracks occur in preference to mortar cracks in 

practically all concrete. 
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2.2  Transport phenomena 

The durability of concrete is much influenced by mass transport properties because 

most deterioration processes such as reinforcement corrosion, sulphate attack and 

frost damage are caused by penetration of water and other aggressive species 

through the porous microstructure of concrete. Therefore, it is of high importance to 

understand how transport properties are dependent on microstructure. As previously 

stated, the main transport processes in concrete, and generally in any other porous 

media, can be categorized into diffusion, permeation and capillary absorption. 

Microcracks, regardless of their origins, provide a transport path for water and other 

deleterious species, so they are expected to have an impact on bulk transport 

properties of cement-based materials and may accelerate deterioration of concrete 

structures. Understanding of the link between microstructure and transport 

properties, for example the effect of microcracks on transport processes, will 

facilitate the development of more accurate durability prediction models and can lead 

to innovation of better materials in which the negative characteristics of current 

concretes are eliminated. 

The following provides a review of experimental and numerical studies on the effect 

of microstructure of concrete and especially microcracks on mass transport 

properties. It should be stressed that there are only a few studies in the literature that 

have attempted to numerically investigate the effect of microcracks and most of them 

are based on either a simplified microstructure of concrete or transport process.  

 

2.2.1  Measurement of transport properties 

Lab based transport testing has been performed for many years to increase the 

understanding of different parameters influencing the transport properties of 

cementitious materials (Buenfeld et al., 1986; Buenfeld and Newman, 1984; 

Buenfeld and El-Belbol, 1991; Aldred et al., 2004; Wong et al., 2009).  

 A number of researchers have attempted to identify the effect of microcracks on the 

transport properties of cement-based materials using experimental methods. 

Samaha and Hover (1992) reported that microcracking caused by compressive 

loading can affect the transport properties only when the load level is higher than 

75% of the maximum capacity of the concrete. Jacobsen et al. (1996) examined the 
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effect of cracking on chloride transport of concrete with w/c ratio of 0.4. It was found 

that the internal cracking due to freeze/thaw exposure increased chloride migration 

by 2.5 - 8 times while the crack density increased from 0.09 mm-1 for the reference 

sample to 0.77 mm-1 for samples exposed to 95 cycles of freeze/thaw. Wong et al. 

(2009) investigated the effect of microcracks induced by oven-drying on the transport 

properties of cement-based materials. They observed that sample preconditioning by 

oven-drying induces microcracks with widths of 0.5–10μm that are interconnected 

and randomly orientated. It was found that the diffusivity increased by a factor of 2 at 

most, while the permeability increased by up to a factor of 30, when comparing the 

same sample dried at 50° C and 105° C.  

Zhou et al. (2012a) investigated the effect of mechanical cracking on transport 

properties of concrete. They proposed a relationship between altered gas 

permeability and ultrasonic damage. They observed that an ultrasonic damage factor 

is correlated strongly with altered gas permeability, and proposed a relationship 

between the two parameters. In another study, Zhou et al. (2012b) investigated the 

impact of the cracks induced by cyclic axial loading on the transport properties of 

concrete. They found that gas permeability has a strong dependence on crack 

density. A major weakness of these studies is that the proposed relationships are 

empirical correlations between transport properties of the cracked material with 

some variables characterising its internal structure without any theoretical basis. 

Furthermore, the microstructure of concrete is complex and many interacting 

parameters affect transport properties. Therefore, relating transport property to only 

a small number of variables is expected to have limited validity. In this respect, 

modeling approaches could provide a more reliable and systematic way to study the 

influence of various parameters on transport properties. 

 

2.2.2  Modelling transport phenomena 

To model transport phenomena, the microstructure obtained from experimental or 

numerical techniques can be coupled with a transport algorithm. However, it is 

incredibly challenging to include all the important phases and processes in a single 

model because of the complexities involved and limitations of current computers. It 

would be necessary to unite multiple length scales in a more sophisticated way and 
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multiscale modelling techniques offer a promising solution. In this approach, 

properties computed at one length scale are used as input into another model that is 

constructed at a higher scale. However, it should be noted that modelling 

approaches that are appropriate at one scale may not necessarily be useful at the 

other scale. Thus, different techniques have been developed for different length 

scales.  

Transport models can be categorized into three groups according to the way in which 

their input is created. The first group consists of transport models that are explicitly 

coupled with the outputs of experimental characterisation of internal structure such 

as tomography techniques. For example, Kutay et al. (2006) developed a Lattice 

Boltzmann model to simulate fluid flow through granular materials. Three-

dimensional geometries of these materials were generated from X-ray computed 

tomography and used as input to the Lattice Boltzmann model. Zhang et al. (2012a) 

applied X-ray computed microtomography to obtain the three-dimensional 

microstructure of cement paste specimens with different water-to-cement (w/c) ratios 

and curing age at a resolution of around 0.5 μm which are then used as input to a 

model for simulating steady-state diffusion behaviour.  

The second group consists of transport models that use the outputs of computer 

simulation of microstructure as input. For example, Liu et al. (2012) investigated the 

ionic diffusivity of cement paste by coupling a random walk algorithm with the 

microstructure model HYMOSTRUC3D. This algorithm has been extensively applied 

to reproduce the microstructure of granular, fibrous and netlike porous structures 

(Wang et al., 2007a; Wang et al., 2007b; Wang and Pan, 2008a; Wang et al., 2009; 

Wang et al., 2007c). For example, Wang et al. (2007a) simulated the micro 

morphology of natural fibrous materials based on statistical macroscopic geometrical 

data, which are then used as input to a lattice Boltzmann algorithm to solve the 

energy transport equations through the fibrous material.  

The third category consists of models that are based on an idealisation of internal 

structure of material. For example, Wong et al. (2012) proposed a method to 

estimate permeability of cement-based materials from the pore structure which is 

idealised as a cubic lattice having pores of arbitrary size but matching the 

characteristics of real pore structure such as pore areas and perimeters which are 

obtained from SEM images. However, care should be taken in correct depiction of 
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the internal structure. This approach has already been successfully applied for the 

prediction of the permeability of sandstone (Lock et al., 2002). As these models are 

based on an idealised input structure, they have limited potential for increasing the 

fundamental understanding of transport phenomena. 

As previously stated, concrete is a multi-scale material so the characteristics of each 

constituent at a particular scale can be computed from a model that is constructed at 

a lower scale. For example, the transport property of ITZ could be obtained from a 

microscale model and then used at the mesoscale to study the transport property of 

mortar and concrete. However, the ITZ has also been used as a convenient fitting 

parameter to match predictions with actual measurements. In such studies, the 

effects of all unconsidered parameters are lumped into the ITZ property. This is the 

reason why a wide range of ITZ transport property covering several orders of 

magnitude has been reported in the literature (Yang and Su, 2002; Shane et al., 

2000). In the work of Koster (2010) for example, the width of ITZ was assumed to be 

21 μm and it was shown that the water vapor diffusivity of the ITZ has to be 180 

times larger than that of the bulk paste matrix in order for the calculated bulk 

diffusivity of a 28-day mortar sample with a water to cement ratio of 0.47 to match 

the measured value. For a 28-day mortar with a water to cement ratio of 0.57, this 

ratio amounts to 26. For the case of permeability, contrast ratios of 5200 and 18400 

were calculated for both mortars respectively. These findings are odd because it 

should be expected that the ITZ contrast ratio for both diffusion and permeation to 

follow the same trend. So the results of such models should be viewed with caution.  

Modelling approaches rely on homogenisation principles, where the overall 

behaviour of the material is reported in terms of an averaged or homogenised 

property. These averaged properties are also called “effective” or “equivalent” 

properties. These modelling techniques can be divided into two classes: analytical 

and numerical techniques. 

 

2.2.2.1  Analytical approaches 

A significant number of analytical models for effective transport properties have been 

proposed. Analytical approaches are popular because of their ease of use and low 

computational cost. These approaches mainly rely on bulk composition (volume 
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fractions) and do not explicitly deal with the structure and spatial distribution of 

individual phases. Therefore, these approaches are mainly suitable for simple 

structures such as ordered fibres (Tamayol and Bahrami, 2011; Tamayol and 

Bahrami, 2010; Tamayol and Bahrami, 2009). Considering the fact that cement-

based materials are random heterogeneous materials, analytical models generally 

lack the sophistication required for accurate predictions. The following provides a 

summary of applications of analytical models in cement-based materials. 

Gérard and Marchand (2000) applied an analytical method to evaluate the effect of 

continuous cracks on steady-state diffusion properties of concrete. Cracks were 

assumed to be of uniform size and evenly distributed on a one- or two-dimensional 

grid which allows the use of parallel law for calculating effective diffusivity. These 

assumptions will result in the diffusivity of cracked concrete depending only on two 

parameters, the ratio of diffusivity through the crack over the diffusivity of un-cracked 

concrete and crack spacing factor, which is the ratio of the distance between cracks 

and the crack width. As previously stated, analytical models are based on 

simplification of the internal structure. The simplified crack geometry in the model 

proposed by Gérard and Marchand (2000) will lead to the conclusion that crack width 

does not directly affect the diffusivity of cracked concrete. This modelling approach is 

only suitable for a structure with parallel cracks so the results should be viewed with 

caution when it is applied to actual cement-based materials. 

A number of researchers have used analytical models to study the effect of 

continuous cracks on transport property. Djerbi et al. (2008) investigated the effects 

of traversing cracks with widths ranging from 30 to 250μm on diffusivity of concretes. 

As expected, they found that the diffusion coefficient of cracked concrete increased 

with increasing crack width regardless of the type of concrete. They reported that the 

analytical predictions for the diffusivity of cracked concrete were higher than the 

experimental results for the case of samples containing cracks with widths less than 

80μm. This was attributed to the lower crack diffusivity when the width is less than 

80μm. This is probably because the influence of crack surface roughness and 

tortuosity becomes increasingly important for small cracks, but this was not 

considered in their model. Similar results were reported by Jang et al. (2011) and 

Akhavan and Rajabipour (2013). The difference between analytical and experimental 

results were attributed to tortuosity of the microcracks.  
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Wang et al. (1997) investigated the relationship between crack characteristics 

induced by feed-back controlled splitting tests and the permeability of concrete. They 

found that the change in permeability largely depends on the crack opening 

displacement. Similar results were reported by Aldea et al. (1999a; 1999b). Picandet 

et al. (2009) and Akhavan et al. (2012). These studies have found that permeability 

of cracked concrete increased proportionally to the cube of the crack opening 

displacement and consequently crack width, which is consistent with the theory of 

viscous flow in rough fractures. However, in order to match experimental results, a 

reduction factor was applied to the predictions. This factor takes into account the 

effects of tortuosity or roughness of cracks which were not explicitly considered in 

the model.  

A number of researchers (Yang and Cho, 2005; Yang, 2005; Yang, 2003; Yang and 

Su, 2002) assumed that the different components in concrete such as aggregate 

particles, ITZ and bulk cement paste are distributed in a parallel arrangement to 

allow the use of parallel law for calculating transport property. Although the 

assumption of parallel distribution of cracks may be reasonable for some cases, the 

parallel distribution of the aggregate particles, ITZ and other constituents do not 

reflect the real structure of concrete and hence, are very unrealistic.  

Zheng and Zhou (2007) analytically solved the governing differential equations for a 

three-phase composite circle model composed of aggregate particles, ITZ and bulk 

cement paste. The authors have extended the work to three-dimension by employing 

a three-phase composite sphere model (Zheng and Zhou, 2008c). This work was 

then extended to capture the effect of porosity gradient in ITZ (Zheng et al., 2009). In 

these studies, the mesostructure is replaced by a single aggregate coated with ITZ. 

This is an oversimplification and it does not allow effects such as ITZ percolation and 

tortuosity due to multi-sized aggregate particles to be evaluated. To overcome these 

limitations, effective medium theory has been applied (Zheng and Zhou, 2013; 

Zheng, 2013; Garboczi and Berryman, 2000). However, effective medium theories 

are generally valid for the dilute regime and require the use of empirical laws for their 

extension to non-dilute regime. Similar approaches have also been applied to 

examine diffusivity and permeability of cement paste (Zheng et al., 2010; Zheng and 

Zhou, 2008a; Zheng and Zhou, 2008b). Considering that these models contain 
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empirical parameters to reproduce experimental data, their range of validity is limited 

and so cannot be applied in a general sense.  

As previously stated, analytical models usually fail to correctly predict effective 

properties because the models are mainly based on volume fraction of the 

constituents and simplification of internal geometry. However, these models are 

useful for deriving the upper and lower bounds of effective properties. The upper and 

lower bounds for conductivity of heterogeneous media were first derived by Wiener 

(1912) which are also known as the parallel and series laws. For a material that is 

macroscopically homogeneous and isotropic, Hashin (1962) derived improved 

bounds for effective magnetic permeability, which are also valid for electric 

conductivity, heat conductivity and diffusivity due to the fact that the governing 

equations of these properties are analogous. 

 

2.2.2.2  Numerical approaches 

Because of the inherent limitations of analytical models, many researchers have 

employed numerical homogenization schemes such as finite element, finite 

difference, random walk and Lattice Boltzmann for investigating the behaviour of 

cement-based materials. These methods are all very well-known mathematical 

approaches which are generally used in different fields to solve differential equations 

governing physical behaviours. However, their application to study the effect of 

microcracks is very limited. A major advantage of these numerical techniques is that 

they can be explicitly coupled with digital images of the actual microstructure. For 

example, each voxel in a digital image can be considered as an element in finite 

element simulations. So a total and direct transference of information between the 

digital image and the simulation grid can be done (Moreno-Atanasio et al., 2010). 

Finite element method has been applied to cement-based materials both at the 

microscale and mesoscale. Kamali-Bernard et al. (2009; 2008) used finite element 

method to homogenise the mechanical and transport properties of cement paste and 

mortar. Cement paste in the model is composed of capillary pores, C-S-H, CH and 

other solid phases while mortar is composed of sand particles, ITZ and bulk cement 

paste. The property of each constituent was either assumed or obtained from 

experiments. However, the ITZ was assumed a have a width of 125 μm, which is 
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much larger than the range observed in experiments (20-50 μm). An ITZ thickness of 

125 μm was assumed because this was the size of the discretisation used in the 

model. In the transport model, the property of the ITZ was treated as an independent 

parameter to calibrate the model and reproduce the experimental data. The model 

has also been extended to evaluate the effect of cracks on the diffusivity (Kamali-

Bernard and Bernard, 2009) where the diffusivity of crack was assumed to be equal 

to free diffusivity. Again, to reduce computational cost, the width of ITZ and 

microcrack was assumed to be 125 μm, which is far greater than what is observed in 

practice. The model has also been used to examine the effect of leaching on the 

mechanical and diffusion properties (Bernard and Kamali-Bernard, 2010). The 

property of leached phase was assumed to be equal to the property of capillary 

pores.  

Gerard et al. (1997) studied the effect of crack parameters on the equivalent 

diffusivity of concrete containing planar array of periodically spaced crack segments 

using finite element method. Yanwei (2007) used finite element to examine the effect 

of chloride binding on the diffusion behaviour and observed that binding can have a 

significant effect on the diffusivity. However, due to the limitations of meshing 

capability, the simulations of Gerard et al. (1997) and Yanwei (2007) were performed 

in two-dimension. A 3D finite element approach has been applied to investigate the 

effect of discontinuities such as fractures and cracks on the transport properties of 

rock (Adler and Thovert, 1999; Dietrich, 2005; Sahimi, 2011; Adler et al., 2012). 

Although it has been shown that fractures in rock tend to form strongly correlated 

structures (Belayneh et al., 2006), it is often assumed that rock matrix contains a 

network of randomly located fractures (Bogdanov et al., 2007; Bogdanov et al., 

2003). 

Garboczi and Bentz (1992) applied a finite difference method to the microstructure of 

cement paste to study the effect of different variables such as water to cement ratio, 

degree of hydration and addition of silica fume addition on diffusivity. They have later 

found that the results vary significantly with the change of resolution (Garboczi and 

Bentz, 2001). This can be attributed to the fact that the microstructure input used in 

these studies, CEMHYD3D (Bentz, 1997), vary in terms of percolation behaviour 

with resolution. This approach has also been applied to the mesostructure of 

concrete containing around 1000 spherical aggregate particles to study conduction 
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and creep (Sanahuja and Toulemonde, 2011). It was found that the effect of 

resolution on the results is small since the smallest simulated aggregate was several 

times larger than the resolution (voxel size). Therefore, the shape of aggregate 

particles was well captured. 

Random walk algorithms were mainly applied to digitized images at the microscale 

and are generally known as typical random walk. In these approaches, random 

walkers placed at different positions in the pore phase are allowed to take steps in 

random directions at different time steps. Sugiyama et al. (2010) applied this 

approach to the  outputs of synchrotron microtomography of pore structure of 

cement paste and calculated the tortuosity. Liu et al. (2012) used this numerical 

technique to study the effect of water to cement ratio and degree of hydration on 

ionic diffusivity of cement paste microstructure model obtained from 

HYMOSTRUC3D. It should be noted that transport through hardened cement was 

not captured in the aforementioned studies. 

In order to overcome the limitation of this approach in its application to digitized 

images, Garboczi et al. (1995) proposed a modified random walk algorithm which 

can be applied to continuum systems subsequently requiring a smaller amount of 

memory. The main advantage of this modified algorithm is that the continuum input 

can be stored as geometrical objects rather than a collection of voxels in 3D or pixels 

in 2D. While the typical random walk algorithms (applied to digitized images) suffer 

from resolution dependency, modified algorithms achieve acceptable accuracy with a 

high computational cost. This is due to the fact that the resolution in the digitized 

input used in the typical random walk is now replaced by the step size in the 

modified random walk. It should also be noted that random walk algorithms are 

limited to diffusion behaviour. 

Garboczi and Bentz (2001) reported the first application of Lattice Boltzmann method 

to calculate the permeability of simulated cement paste microstructure as a function 

of water to cement ratio and degree of hydration. This approach has also been 

applied to other microstructural models (Zalzale and McDonald, 2012; Zhang et al., 

2013). However, it was found that the permeability values varied substantially with 

the size of the lattice elements. It should be noted that in this approach, the 

heterogeneous cement paste microstructure is replaced by a binary system that 

consists of only solid and pore phases. The flow occurs only through the pore phase 
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and transport property of the different components of hardened cement paste is 

assumed to be equal to zero. To the author’s knowledge, the only application of 

Lattice Boltzmann method at the mesoscale is the preliminary study conducted by 

Martys and Hagedorn (2002) in which this numerical technique was applied to one 

single sample to evaluate the effect of a crack network on the permeability of a 1 mm 

cube of mortar. They concluded that nearly all fluid flow is occurring through the 

crack. 

Despite the fact that digitized approaches (finite-element method, finite-difference 

method, typical random walk algorithm and lattice-boltzmann method) are resolution 

dependent at the microscale, it has been found that they can achieve the required 

accuracy with a reasonable computational expense at the mesoscale (Sanahuja and 

Toulemonde, 2011). It should be noted that the resolution dependency observed at 

the microscale is due to the limitations of current computers in terms of storage and 

data processing. Current computers are capable of producing mesh-independent 

results at the mesoscale, but not at the microscale. In order to overcome the 

limitation of digitized approaches at the microscale, a number of researchers applied 

skeletonization algorithm, also known as ‘‘thinning algorithm’’, to extract the skeleton 

or centerline of the pore space. This skeleton is in a second step converted into a 

transportation network of cylindrical tubes. Using Bernoulli’s law and Fick’s law, 

water permeability and vapour diffusivity have been derived directly from the 

morphology of the 3D micro-structure (Koster et al., 2006; Koster, 2010). This kind 

on network can be extracted from either experimental data or the output of cement 

hydration models (Ye et al., 2002; Ye et al., 2003; Ye et al., 2006). 
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Chapter 3 Modelling diffusivity from three-dimensional 
mesostructure 
 

This chapter presents a numerical investigation into the effect of concrete 

heterogeneities such as microcracks, ITZ and aggregate shape on the diffusivity of 

mortar and concrete using a three-dimensional model. Concrete is treated as a multi-

phase composite consisting of aggregate particles, bulk cement paste, aggregate-

paste interface, i.e. the ‘interfacial transition zone’ (ITZ) and microcracks. The model 

is set up in two stages. First, a three-dimensional representative volume element of 

the concrete mesostructure is obtained using experimental approaches and 

computer programs. Then, a finite difference method is used to simulate molecular 

diffusion through the mesostructure. The transport properties of the conductive 

phases (bulk cement paste and ITZ) are determined based on the water/cement 

ratio, degree of hydration and porosity gradients away from aggregate particles. Free 

diffusivity is assigned to the crack phase. The model is validated against available 

experimental data and compared with analytical relationships for ideal cases. The 

model is then used to study the effect of aggregate shape on diffusivity, which has 

not been attempted before in three-dimensions. The model is also applied to assess 

the effects of water/cement ratio, degree of hydration, aggregate size, volume 

fraction, shape and orientation, ITZ width and percolation on diffusivity. Some of 

these effects are impractical to quantify from laboratory experimentation alone. 

Finally, the model is applied to a three-dimensional image from X-ray 

microtomography to study the effect of freeze-thaw induced microcracks on the 

diffusivity of mortar. It is found that the shape and orientation of aggregate particles 

have a significant effect on diffusivity. Diffusivity decreases when spherical aggregate 

particles are replaced with ellipsoidal particles due to the consequent increase in 

tortuosity of the cement paste. It is also found that the diffusivity of severely cracked 

sample is significantly higher than that of uncracked one. The advantages and 

limitations of the modelling approach are discussed. 

 

3.1  Introduction 

Diffusion is one of the most important transport processes influencing the durability 

of cement-based materials. Therefore, the ability to estimate the diffusivity of 
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concrete based on mixture proportions and microstructure is attractive, as it would 

assist in the development of service life prediction models and durability-based 

design codes. 

Lab based transport testing has been carried out for many years to gain a better 

understanding of different variables influencing the diffusivity of cement-based 

materials. Since the microstructure of concrete is highly complex and its transport 

properties are influenced by many interacting parameters, many experiments should 

be carried out in order to identify the effect of different variables. However, it is often 

difficult to isolate the effects of specific variables because other influencing 

parameters inevitably vary. While some of these effects can be reduced or avoided 

entirely, others are difficult if not impossible to control, and so must be accounted for 

when analysing results. Moreover, experiments are time-consuming and expensive. 

Thus, it would be extremely useful to be able to predict diffusivity based on the 

microstructure of concrete, either using an analytical or numerical model. However, 

existing analytical models are restricted to simplified microstructures, e.g. spherical 

aggregate particles dispersed in a medium (Garboczi and Bentz, 1998; Oh and Jang, 

2004), so they are likely to be inaccurate. The tremendous increase in computational 

capabilities has strongly favoured the development of numerical simulations based 

on more precise description of the microstructure. Bentz et al. (1998) used random 

walk simulations to study the diffusivity of concrete. Concrete is assumed to be a 

composite material consisting of aggregate particles, ITZ and bulk cement paste, 

and all three phases are treated as uniform continuum materials. Kamali-Bernard et 

al. (2009; 2012) computed the diffusivity of mortars from a digitized mesostructure by 

applying Fick’s law. The mortar is assumed as a composite, in which the transport 

properties of the conductive phases (bulk cement paste and ITZ) are constants 

obtained by fitting experimental results. Zheng et al. (2009) proposed a three-phase 

composite sphere model to calculate the steady-state chloride diffusivity of concrete. 

However, the simulations were carried out using a composite sphere model and may 

not be sufficient to capture the effects of ITZ percolation and tortuosity due to multi-

sized aggregate particles. 

Representing aggregate particles as spheres in a model is probably a gross 

simplification since the aggregate shape can affect the properties of concrete. Most 

modelling works published to date have been carried out assuming spherical 
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aggregate particles. Recently, some researchers have attempted to model the 

influence of aggregate shape on the transport properties of cement-based materials. 

However, the simulations were carried out in two dimensions and the findings appear 

to be inconclusive (Zheng et al., 2012; Li et al., 2012a). Zheng et al. (2012) used a 

two dimensional lattice model to investigate the effect of elliptical aggregate shapes 

on transport properties. They found that when the aspect ratio of elliptical aggregate 

particles increases, the chloride diffusivity in concrete decreases for a given chloride 

diffusivity ratio of ITZ to cement paste. Li et al. (2012a) used the finite element 

method to investigate chloride diffusion in concrete. The concrete is treated as a two-

dimensional material composed of only cement paste and aggregate particles. They 

found that the shape of aggregate has a small influence on the diffusion coefficient of 

chlorides in concrete. To the authors’ knowledge, the effect of general aggregate 

shape on the transport properties of mortar and concrete has not been investigated 

in three-dimensions. 

This chapter presents a numerical investigation into factors influencing the diffusivity 

of mortars and concretes. This approach is particularly useful because a large 

number of related factors can potentially influence diffusivity. Many laboratory 

experiments would be required in order to understand their significance and 

interactions, and even so, may not be able to isolate all of these effects. For 

example, it is impossible to change the width of the ITZ and examine its effect on 

transport independent of other variables in a laboratory experiment. Increasing the 

volume fraction of ITZ (for example by changing the aggregate shape or particle size 

distribution) causes densification of the bulk cement paste and may change the 

tortuosity of the cement paste. These have different effects on transport properties, 

but cannot be isolated in experimental studies.   

In order to investigate the effect of aggregate shape, aggregate particles are 

modelled as ellipsoids with varying aspect ratios, thus providing a dynamic range of 

shapes from spheres to tri-axial ellipsoidal, prolate and oblate spheroidal to resemble 

elongated or flaky aggregate shapes. The developed model is regarded as 

interactive because the transport properties of the ITZ and bulk paste are estimated 

from their porosities, which depend on the ITZ characteristics (width, porosity 

gradient), water/cement ratio and degree of hydration. The total porosity of the 

cement paste (ITZ + bulk paste) is set to be equal to the porosity of a cement paste 
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of the same water to cement (w/c) ratio and hydration degree. A realistic aggregate 

size distribution is used as an input to the model. The model was validated against 

available theoretical and experimental results and was then applied to evaluate the 

effects of aggregate shape, content, size and orientation, water/cement ratio, degree 

of hydration, ITZ width and percolation on diffusivity.  Finally, the model was applied 

to a three-dimensional image from X-ray microtomography to study the effect of 

freeze-thaw induced microcracks on the diffusivity of mortar.  

 

3.2  Approach 

To model transport phenomena in any material, an input structure coupled with a 

transport algorithm is required. Therefore, the approach in this work consists of the 

following steps. First, a three-dimensional mesostructure is obtained using 

experimental approaches or computer programs. Considering the fact that three-

dimensional characterization of internal structure of mortar and concrete by 

experimental techniques such as serial sectioning or tomographic approaches are 

difficult and time-consuming, three-dimensional representations of the samples are 

generally obtained by computer programs which were developed in a way to mimic 

the structure of real material. Concrete is idealised as a composite of aggregate 

particles, bulk cement paste and ITZ. The model may also include other phases such 

as air voids and cracks.  An algorithm is utilised to convert the mesostructure into a 

corresponding mesh based on voxel analysis.  

The transport property of each phase is then defined according to its pore volume 

fraction. The ITZ is not assumed to be a single shell of uniform property, instead the 

porosity and diffusivity of the ITZ are allowed to vary with distance from the 

aggregate surface and with the progress of hydration. After a desired hydration 

degree is achieved, the capillary porosity is calculated as a function of distance from 

the nearest aggregate surface and is converted into diffusivity using a previously 

derived relationship (Garboczi and Bentz, 1992). Then the ITZ diffusivity is averaged 

over its thickness. Free diffusivity is assigned to the crack phase. A finite difference 

scheme is applied to the entire mesostructure to simulate bulk diffusion at steady-

state conditions. This approach is advantageous because a fairly representative 

description of the microstructure is used as an input.  
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Using a digitized approach, real images of microstructure can also be used as an 

input. The finite difference technique requires less computational resource compared 

to finite element methods, thus investigation at higher discretisation is possible which 

may lead to improved accuracy. 

 

3.3  Generation of the model by computer program 

3.3.1  Mesostructure 

To generate the mesostructure of a mortar or concrete, the aggregate size 

distribution is first determined either experimentally in a conventional sieve analysis 

or generated from a theoretical gradation such as Fuller-Thompson (Fuller and 

Thompson, 1907). The smallest aggregate size considered was 0.15 mm.  

Aggregate particles within each sieve class are substituted with identical spheres at 

the required volume fraction, and placed randomly in the computational cube with 

the largest particles first with no overlaps. A periodic boundary condition is applied to 

all sides of the computational cube. In doing so, aggregate particles that extend 

beyond the cube are completed (wrapped) into the opposite face of the cube. For a 

cube of 7.5 mm containing 30% volume of aggregate particles ranging from 0.15 to 2 

mm (Fig. 3.1), around eight thousand aggregate particles were required. Voxels 

representing the cement paste matrix are classified as either ITZ or bulk paste 

depending on their location relative to the nearest aggregate particle. A large number 

of voxels are required to realistically represent the mesostructure, but this comes at 

higher computational cost. A suitable sample size and resolution to obtain 

representative results will be examined later in this chapter.  

 

3.3.2  Non-spherical aggregate particles  

Non-spherical aggregate particles are incorporated into the model to examine the 

effect of aggregate shape on transport properties. For this study, a range of 

ellipsoidal particles will be used. An ellipsoid is defined by the following equation: 

 (3.1) 
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where v is a vector representing the center of the ellipsoid and Apd is a positive 

definite matrix with eigenvectors which are the principal directions of the ellipsoid 

and eigenvalues which are the squares of the semi-axes: a2, b2 and c2. 

The mesostructure is projected into a regular lattice, so collision and overlap 

detection is a straightforward exercise of finding out whether two particles occupy the 

same site(s), rather than having to compute and test intersections between any two 

particles, which is usually very expensive for non-spherical particles (Jia and 

Williams, 2001). By varying the ratio a:b:c, four distinctive shapes ranging from 

spheres to elongated and disc shaped particles can be obtained. Table 3.1 shows 

the types of ellipsoids that will be used to represent aggregate particles in this study. 

Note that the ratios a:b:c were selected such that the particle volume (=4/3 abc) 

remains constant.  

The generation and discretization of the mesostructures are all implemented by the 

author using FORTRAN programming language. The input parameters to these set 

of programs are aggregate shape, aggregate gradation, aggregate volume fraction, 

minimum and maximum aggregate size, numerical sample size and the voxel size 

used to discretize the sample. Hereinafter, the input values required to produce the 

mesostructures are provided in figure captions, e.g. in Fig 3.1. 

Fig. 3.1 shows examples of randomly generated mesostructure containing 30% vol. 

of spherical and non-spherical aggregate particles. It should be noted that this 

approach of projecting the microstructure into a regular lattice has already been 

applied at the pore-scale (Zalzale and McDonald, 2012; Zhang et al., 2013; Nabovati 

et al., 2009). For example, Nabovati et al. (2009) used this approach, coupled with 

the lattice Boltzmann method, to investigate the effect of curvature and aspect ratio 

of fibres on the permeability of fibrous porous media.  

 

Table 3.1 Shapes used to represent aggregate particles 

Shape  (a: b: c) 

Spherical (a = b = c) (1:1:1) 
Tri-axial ellipsoidal (a > b > c) (2: 1: 0.5), (3: 1: 0.33) 
Prolate spheroidal (a = b < c) (0.82: 0.82: 1.5), (0.71: 0.71: 2) 
Oblate spheroidal (a = b > c) (1.5: 1.5: 0.44), (2: 2: 0.25) 
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3.3.3  Diffusivity of the aggregate, ITZ and bulk cement paste 

The transport property of each component in the mesostructure is defined according 

to its porosity. Since most aggregates used in concrete are dense compared to the 

cement paste, it will be assumed that they have zero diffusivity in this study. Thus, 

mass transport occurs entirely through the interconnected cement paste matrix. The 

diffusivity of the cement paste depends on its capillary porosity, which in turn is a 

function of the w/c ratio, degree of hydration and distance from the nearest 

aggregate surface.   

Fig. 3.2 shows an example of the distribution of porosity in the cement paste for an 

OPC concrete with w/c ratio of 0.4 after 28 days curing, obtained by Crumbie (1994) 

using image analysis on backscattered electron micrographs. Porosity is highest 

near the interface and decreases with distance from the aggregate surface. The 

width of the ITZ is typically about 25 to 50μm, depending on the size of cement 

particles and bleeding effects. However, the shape of the porosity gradient appears 

to be independent of w/c ratio and degree of hydration, and so the porosity 

distribution shifts vertically depending on the total capillary porosity (Scrivener et al., 

2004; Crumbie, 1994; Scrivener and Nemati, 1996; Bentz and Garboczi, 1991b). The 

porosity gradient can be approximated using the following exponential function:  

 (3.2) 

Where (x) is the capillary porosity at a distance x from the nearest aggregate 

surface, and ɸ bulk is the capillary porosity of the bulk cement paste (= 0.1 for the data 

presented in Fig. 3.2). It should be noted that although the averaged ITZ porosity 

displays well-defined gradients, the local ITZ characteristic is heterogeneous and 

spatially variable (Wong and Buenfeld, 2006a). Furthermore, the width of the ITZ is 

overestimated due to the random orientation by which the interfaces are measured in 

2D image analysis (Scrivener et al., 1988).The true porosity gradient of the ITZ may 

be determined using 3D image analysis, or a combination of optical and 

backscattered electron imaging (Head et al., 2008). For the sake of simplicity, it is 

assumed that the porosity gradient around every aggregate particle in the  

mesostructure is represented by Eq. 3.2 and no attempt is made to correct for the 
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effects described above. As such, the influence of ITZ on transport properties may 

be exaggerated, but it will be showed later that this is a minor effect.   

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1 Randomly generated mesostructure containing 30% volume of 
spherical and non-spherical aggregate particles ranging from 0.15 to 2 mm 
(Fuller-Thompson gradation) in a 7.5×7.5×7.5 mm computational cube (voxel 
size = 16.7μm). 

 

a) Spherical aggregate particles (a:b:c = 1:1:1) b) Tri-axial ellipsoidal aggregate particles (a:b:c = 2:1:0.5) 

c) Prolate spheroidal aggregate particles (a:b:c = 0.71:0.71:2) d) Oblate spheroidal aggregate  particles (a:b:c = 2:2: 0.25) 



55 
 

 

Fig. 3.2 Average porosity as a function of distance from the aggregate surface 
measured by Crumbie (1994) for an OPC concrete with w/c = 0.4 after 28 days 
of curing. Data is fitted using the exponential function shown in Eq. 3.2.   

 

Eq. 3.2 can be solved by considering that the porosities of ITZ (ɸITZ) and bulk cement 

paste (ɸbulk) are related to the total capillary porosity (ɸ) by the following equation:    

 (3.3) 

Where VITZ and Vbulk are the volume fractions of the ITZ and bulk paste respectively, 

and ɸ can be estimated from the w/c ratio and degree of hydration (α) based on the 

empirical model derived from the work of Powers and Brownyard (1947): 

(3.4) 

Once the distribution of porosity in the cement paste is known, the diffusivity of 

voxels in the ITZ and bulk paste can be estimated as a function of x, using the 

following equation derived from the work of Garboczi and Bentz (1992):  

 (3.5) 
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Where D(x)/D0 is the ratio of diffusivity of the phase of interest to the free diffusivity 

(Do) and H is the Heaviside function having a value of 1 when ɸ > 0.18 or a value of 

0 otherwise. This equation was established by fitting experimental results of cement 

pastes at a range of w/c ratios (0.4 to 0.6), and degrees of hydration (0.6 to 0.9). The 

constant term (0.001) represents the limiting value of diffusion through C-S-H gel 

pores when the paste contains no capillary porosity, the H term represents diffusion 

through percolated capillary porosity, and the second term is a fitting term that 

connects the two limiting behaviours. This equation assumes that diffusion occurs 

mainly through capillary pores as long as they remain percolated. When the capillary 

pores become depercolated, transport is then dominated by the gel pores within the 

C-S-H. The percolation threshold is taken to be independent of w/c ratio and occurs 

at ɸ = 0.18 (Garboczi and Bentz, 1992).  

It should be noted that there are several versions of Eq. 3.5, each having slight 

variations in the fitting coefficients (Bentz et al., 2000a; Bentz et al., 1999; Garboczi 

and Bentz, 1992). However, the author has applied the form presented in Eq. 3.5 as 

this is most commonly used and more importantly, it has been shown to give good 

agreement with diffusivity and conductivity (Halamickova et al., 1995; Garboczi and 

Bentz, 1996) when coupled with the porosity equation from Young and Hansen 

(1987): 

 (3.6) 

Where the coefficient 3.2 represents the assumed specific gravity of cement and 

1.31 represents the relative increase in solids volume due to the hydration. However, 

this equation considers only C3S reaction and does not properly account for 

chemical shrinkage.  

 

3.3.4  Simulation of diffusion process 

Fick’s first law of diffusion coupled with mass conservation is then applied to simulate 

bulk diffusion through the mesostructure. At steady state and ignoring chemical 

interactions: 
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 (3.7) 

Where C is the concentration of the diffusing species and t is time. To derive a finite 

difference of this equation, the partial derivatives of the concentrations should be 

expanded around the center of each particular voxel (Garboczi et al. 1999). It should 

be noted that in the finite difference scheme, transport can only occur between two 

voxels that share a face (Fig. 3.3). Voxels that share a vertex or an edge are 

assumed disconnected in the model. If two particular face-sharing voxels are of the 

same phase, then the diffusivity of the element connecting them is the diffusivity of 

that particular phase. If the face-sharing voxels are of different phases, then the 

diffusivity of the element connecting them is approximated using a simple series 

combination. Taking a trivial case of a mesostructure that consist of either ITZ, bulk 

paste or aggregate voxels as an example, the resulting network will contain three 

types of elements with the following diffusivities: DITZ, Dbulk or DITZ-bulk, where the 

latter is the diffusivity of an element connecting ITZ to a bulk paste voxel (or vice-

versa) given by: 

 (3.8) 

However, if the ITZ is further divided into several layers each having its own porosity 

and transport property as a function of x defined in Eq. 3.2 and Eq. 3.6, then the 

resulting network will contain many more types of elements, but similar rules will 

apply when determining their connectivity and diffusivity as described earlier.  

 

Fig. 3.3 Schematic showing the connectivity of the voxelised mesostructure. 
Transport occurs between voxels with a shared face only.  

 

(Connected) (Not connected) 
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A constant concentration boundary condition is applied for all the nodes on the inlet 

and outlet surfaces. This leads to a set of algebraic simultaneous equations which 

can be solved by an iterative algorithm. It should be noted that the advantage of an 

iterative algorithm over direct solver is that the stiffness matrix is not stored and 

consequently the required memory will be much lower. Discretization of differential 

equations using finite difference algorithm lead to a set of algebraic simultaneous 

equations. Subsequently, these equations are solved using algorithms implemented 

by the author using FORTRAN programming language. It should be recalled that the 

inputs to these set of programs are water to cement ratio, degree of hydration, 

concentration gradient and necessary information relating diffusivity and porosity to 

water to cement ratio and degree of hydration (equations 3.4, 3.5 and 3.6). All the 

input data used in the simulations are provided in the captions and descriptions of 

the figures and tables. It should be noted that concentration gradient is not provided 

as the differential equations are linear and consequently the results are independent 

of this input value. 

Fig. 3.4 shows an example of the concentration distribution for a sample containing 

spherical aggregate particles at steady-state conditions. Once the concentration in 

all the nodes is obtained, the equivalent diffusivity (effective diffusivity) of the media 

Deq can be calculated from: 

 (3.9) 

Where Q is the sum of the flow through all elements on the outlet surface at steady-

state, A is the cross section area and L is the length over which the concentration 

gradient C is imposed.  

Considering the fact that the concentration value at the centre of each voxel should 

be calculated, each voxel corresponds to a degree of freedom. So a 7.5 mm sample 

discretized with a resolution of 16.7 μm (e.g. in Figs. 3.1 and 3.4) will lead to a 

system of 4503 degrees of freedom. It should be noted that assuming that the 

aggregate particles are not contributing to transport, the voxels representing them 

will be removed from the degrees of freedom. So the systems shown in Figs. 3.1 and 

3.4 which have 30% aggregate volume fraction will lead to 70%*4503 degrees of 

freedom. 
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Fig. 3.4 Concentration distribution for sample containing 30% volume 
spherical aggregate particles, 0.4 w/c ratio and 80% degree of hydration, at 
steady-state condition. 

 

3.4 Representative elementary volume 

3.4.1  Size and statistical effects 

The developed numerical model is inevitably subjected to effects of digital resolution, 

finite sample size and statistical fluctuation. Size effects arise because the physical 

volume of the numerical sample has been limited to speed up computation, while 

statistical effects occur because of the random nature of the model. For example, the 

placement of aggregate particles is determined from randomly generated numbers, 

therefore the created mesostructure would be different at each realisation. Thus, it is 

important to determine the requirements in terms of resolution, sample size and 

number of realisations to obtain representative results.   

In order to evaluate the size and statistical effects, the author predicted the diffusivity 

ratio D/Dcp of a sample at 0.5 w/c ratio, 80% degree of hydration and containing 40% 

vol. aggregate particles (0.15 to 1 mm) at numerical sample sizes of 2.5, 5.0 and 7.5 

mm. Thus, the ratio of sample size to the size of largest aggregate particle ranges 

from 2.5 to 7.5. Note that Dcp is the diffusivity of a neat cement paste at equivalent 

w/c ratio and degree of hydration. At least four realisations were conducted for each 

sample size.  
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The results are plotted in Fig. 3.5. As expected, each realisation produces a slightly 

different result and the precision improves with increase in sample size. 

Incorporating an ITZ in the model increases scatter slightly due to additional 

heterogeneity, but the overall variability is insignificant (to the third decimal point) 

even for the smallest sample size. By averaging over several realisations (shown as 

dotted lines in Fig. 3.5), the D/Dcp ratios differ by no more than 0.5%. This shows that 

a representative result can be obtained by averaging several realisations on a 

sample size that is at least 2.5 times the largest aggregate size. In all the simulations 

hereinafter, this criterion will be satisfied. It should be recalled that the required 

computational time and memory grows with the cube of the sample size. So roughly 

speaking, 27 simulations of the 2.5 mm sample can be performed for each 

simulation of the 7.5 mm sample. Furthermore, and more importantly, one has to use 

the smallest sample size when memory is limited. 

 

(a) No ITZ (b) ITZ = 50 μm wide 

Fig. 3.5 Effect of sample size and statistical fluctuations on the diffusivity ratio 
D/Dcp for a mesostructure at 0.5 w/c ratio and 80% degree of hydration, 
containing 40% vol. aggregate particles (0.15 to 1 mm, Fuller-Thompson). 
Simulations were carried out at 25 μm resolution, with and without ITZ. 
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3.4.2  Required resolution to capture the effect of aggregate particles and ITZ 

The presence of impermeable aggregate particles in the mesostructure exerts two 

opposite effects on mass transport. It reduces transport by decreasing the volume of 

cement paste (dilution) and increasing the length of the flow paths (tortuosity), but 

the formation of porous ITZ and its potential percolation may drastically increase 

transport. The ability of the developed model to capture these effects accurately, like 

any other model that uses a digitized microstructure as an input, should increase 

with resolution. However, the available computational resource imposes a practical 

limit on the resolution to be used.  

Table 3.2 shows the effect of resolution on the diffusivity ratio D/Dcp for a 

mesostructure containing 50% sand volume fraction for two different aggregate 

shapes. The simulations were carried out at voxel sizes between 12.5μm and 50μm. 

As expected, the predicted transport property increases when smaller voxels are 

used because the aggregate shape and the connectivity between the ITZ voxels are 

better represented. The findings suggest that using a voxel size of 16.7μm seems to 

be a good compromise for achieving good accuracy in a reasonable computational 

time. Therefore, resolution of at most 16.67μm is chosen in the following simulations. 

On a single 64-bit PC (Processor: 3.4 GHZ, RAM memory: 8 GB), the simulation 

takes a few hours to converge depending on the aggregate volume fraction. 

 

Table 3.2 Effect of resolution on the diffusivity ratio D/Dcp for samples 
containing spherical and tri-axial ellipsoidal aggregate particles (2: 1: 0.5) at 
different w/c ratios. The samples contain 50% sand volume fraction Va (0.15 – 2 
mm, Fuller). Simulations were carried out at 80% degree of hydration and 
assuming a 50μm ITZ width. 

Aggregate shape w/c Resolution (μm) 
50 25 16.67 12.5 

Spherical          
(1: 1: 1) 

0.4 0.382 0.452 0.469 0.486 
0.5 0.400 0.528 0.563 0.586 
0.6 0.318 0.380 0.396 0.410 

Tri-axial ellipsoidal  
(2: 1: 0.5) 

0.4 0.324 0.396 0.424 0.438 
0.5 0.354 0.483 0.531 0.553 
0.6 0.268 0.334 0.361 0.373 
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3.5  Results 

3.5.1  Comparison with experimental results 

The predicted diffusivities were compared with two sets of experimental results. The 

first set of data from Delagrave et al. (1997) consists of mortars made with ASTM 

Type I cement at 0.45 w/c ratio and 0.15–0.6 mm crushed siliceous sand at 0%, 30% 

and 50% vol. fractions. 15 mm thick samples were cured in saturated lime solution 

for 3 months and then vacuum saturated in deionised water and tested using a 

migration cell technique similar to the one described by Buenfeld and El-Belbol 

(1991). The upstream compartment of the migration cell was filled with 0.5 M NaCl in 

0.3 M NaOH solution, and a 10 V potential was applied across the cell. The chloride 

concentration in the downstream compartment was monitored for 3 weeks and the 

migration coefficient was obtained at steady-state according to the Nernst–Plank 

equation. 

The second set of experimental data is from Wong et al. (2009) who tested mortars 

made of CEM I at 0.30 w/c ratio and Thames valley sand (< 5 mm) complying with 

BS 882 medium grading. The sand volume fraction ranged from 0 to 65%. The 

samples were sealed cured for 3 days and then preconditioned by drying at 

gradually increasing temperature up to 50 C to constant weight over a period of 90 

days. Oxygen diffusivity was determined by exposing the opposite faces of the 

sample to a stream of pure oxygen and nitrogen at equal pressure.The gases 

counter diffuse through the sample and the oxygen concentration at the outlet face 

was monitored using a zirconia analyser until steady-state condition. The intrinsic 

diffusivity (average of three replicates) was then determined using Fick’s first law of 

diffusion. 

The degree of hydration is required in order to simulate these data. For the mortars 

tested by Delagrave et al. (1997), a degree of hydration of 0.84 will be assumed 

based on the curing regime and age of the samples at the time of testing. This value 

is consistent with that used by Bentz et al. (2000a) and Kamali-Bernard et al. (2009). 

These authors have attempted to simulate the data of Delagrave et al (1997) by 

creating an initial microstructure using the mineralogical composition of the cement 

and then simulating the hydration of the initial microstructure for 1000 cycles. For the 

mortars tested by Wong et al. (2009), the degree of hydration was estimated to be 
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0.56 based on the non-evaporable water content measured by loss-on-ignition on 

companion cement pastes.  

Fig. 3.6 compares numerical simulations with the experimental results, which are 

plotted against aggregate volume fraction. Note that the actual aggregate size 

distribution from the original reference was an input to the developed model and 

aggregate particles are assumed spherical. The simulations were carried out at ITZ 

widths of 0μm, 25μm and 50μm. As expected, the diffusivity ratio D/Dcp decreases 

with an increase in aggregate volume fraction. The simulations also show that D/Dcp 

increases with an increase in ITZ width. A good agreement between experimental 

data and simulations is observed when the ITZ is between 25 and 50μm.  

(a) Delagrave et al. (1997) (b) Wong et al. (2009) 

Fig. 3.6 Comparison between the numerical simulations and experimental 
results of Delagrave et al. (1997) and Wong et al. (2009). 

 

3.5.2  Sensitivity analysis 

Sensitivity analyses were performed using the proposed model to examine the 

relative influence of w/c ratio, degree of hydration, aggregate volume fraction and 

maximum aggregate size on diffusivity.  

Fig. 3.7a shows the effect of w/c ratio on the diffusivity ratio (D/Do) of samples at a 

constant degree of hydration of 0.8. Fig. 3.7b shows the effect of degree of hydration 

on the diffusivity ratio (D/Do) of samples at a constant w/c ratio of 0.5. Both 
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simulations were carried out for 0-50% volume fraction of spherical aggregate 

particles and assuming a 50μm ITZ width. As expected, diffusivity reduces 

substantially with a decrease in w/c ratio. At equal w/c ratio and aggregate content, 

diffusivity decreases with an increase in degree of hydration (increase in curing age). 

Diffusivity also reduces significantly with an increase in aggregate content. However, 

it was not computationally and practically feasible to pack more than 55% volume 

fraction of aggregate at the particle size distribution used in this study. 

Fig. 3.8 shows the effect of maximum aggregate size on the diffusivity ratio D/Dcp at 

w/c ratios of 0.4, 0.5 and 0.6, for aggregate size distributions of 0.15-0.5 mm, 0.15-

1.0 mm, 0.15-2.0 mm and 0.15-4.0 mm. The simulations were carried out for 0-50% 

aggregate volume fraction, 80% degree of hydration and assuming an ITZ width of 

50 μm. The results show that decreasing the size of aggregate particles has a slight 

tendency to increase diffusivity. This can be attributed to the fact that more ITZ is 

produced when smaller aggregate particles are used. However, the magnitude of this 

effect depends on the contrast in diffusivity between the ITZ and bulk cement paste 

(DITZ/Dbulk), which in turn is related to their respective porosities. 

For example, the diffusivity contrast DITZ/Dbulk for samples containing 0.15-4.0 mm 

aggregate particles predicted in Fig. 3.8 range from 2.3 to 2.7 for w/c 0.4, from 4.2 to 

4.8 for w/c 0.5, and from 2.2 to 2.4 for w/c 0.6. Since the DITZ/Dbulk for w/c 0.5 is 

significantly higher, the effect of changing aggregate size on diffusivity is also more 

pronounced compared to w/c 0.4 or 0.6, as shown in Fig. 3.8. This also explains the 

observation that D/Dcp is highest for w/c 0.5, followed by w/c 0.4 and 0.6. 

This seemingly peculiar behaviour can be understood by examining the nature of Eq. 

3.6 that relates D/Do to porosity and how this in turn influences the diffusivity contrast 

DITZ/Dbulk. This equation is plotted in Fig. 3.9. Following the approach of NIST 

researchers (Garboczi and Bentz, 1998; Bentz et al., 1998), these diffusivity values 

are averaged in two subsets, those lying within the ITZ and those in the bulk paste to 

give two values DITZ (shown in solid arrows) and Dbulk (dotted arrows). The resulting 

DITZ/Dbulk values for different w/c ratios are shown. This comparison shows that the 

w/c 0.5 sample has porosity values that lie in the range that gives the highest 

contrast in DITZ/Dbulk. Because of the interactive feature of the developed model in 

this study, DITZ/Dbulk will also change depending on the degree of hydration and the 

assumed ITZ width. Nevertheless, the range of DITZ/Dbulk values reported here are 
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consistent with those from other studies (Oh and Jang, 2004; Kamali-Bernard et al., 

2009; Zheng et al., 2009). 

It can be concluded that the aggregate volume fraction, water to cement ratio and 

degree of hydration are the most significant parameters affecting diffusivity. This 

finding agrees well with the reported results in the literature (Zheng et al., 2009; 

Bentz et al., 1998). 

 

 

(a)  (b) 

Fig. 3.7 Sensitivity analyses on the effect of a) w/c ratio and b) degree of 
hydration on D/Do, assuming an ITZ width of 50μm and aggregate gradation of 
0.15-2 mm (Fuller).   
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Fig. 3.8 Effect of maximum aggregate size on the D/Dcp at w/c ratios of 0.4, 0.5 
and 0.6, assuming an ITZ width of 50μm and 80% degree of hydration.  

 

 

Fig. 3.9 Determination of DITZ/Dbulk from the plot of D/Do against capillary 
porosity (Eq. 3.6). Values shown are for samples containing 50% vol. 
aggregate assuming an ITZ width of 50μm and 80% degree of hydration.  
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3.5.3  Effect of aggregate shape 

Fig. 3.10 shows the effect of aggregate shape on the diffusivity ratio D/Dcp. Seven 

particle shapes were examined (Table 3.1). The aspect ratios of these were chosen 

to maintain a constant particle volume so that for a sample containing a certain 

volume fraction of aggregate particles, the total number of aggregate particles will 

not be influenced by a change in aggregate shape. Simulations were carried for w/c 

ratios of 0.4 and 0.5, at 80% degree of hydration and assuming a 50 μm ITZ width. 

Simulations were also carried out for the case of no ITZ. This allows us to isolate the 

effect of ITZ from the effect of reduction in the paste fraction (dilution) and the effect 

of tortuosity caused by the aggregate particles.  

The simulations show that for all cases, diffusivity decreased when spherical 

aggregate particles are replaced with ellipsoidal ones. However, the effect is more 

pronounced for oblate spheroidal and tri-axial ellipsoidal compared to prolate 

spheroidal aggregate particles. The reduction in diffusivity is also more significant at 

higher aggregate fractions and at higher aspect ratio of the aggregate particles but 

the aspect ratio of a prolate spheroid has smaller effect compared to the tri-axial and 

oblate ones. 

Several competing factors that influence transport properties occur when spherical 

aggregate particles are replaced with ellipsoidal ones. Because of the larger surface 

area of ellipsoidal aggregate particles, the amount of ITZ increases. This should 

enhance the percolation of ITZ (Bentz et al., 1995) and therefore increase diffusivity. 

However, this is counter-balanced by a denser bulk cement paste (lower w/c ratio) 

as a result of water conservation in the microstructure. In addition, the effective 

transport path length, that is the tortuosity effect, is increased with ellipsoidal 

aggregate particles. From the simulations, it is evident that the tortuosity effect is 

more significant compared to that of the ITZ.  
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a) Tri-axial ellipsoidal (a > b > c) 

 
b) Prolate spheroidal (a = b < c) 

 
c) Oblate spheroidal (a = b > c) 

Fig. 3.10 Effect of aggregate shape on D/Dcp for w/c ratios of 0.4 and 0.5, 
assuming an ITZ width of 50μm, 80% degree of hydration and 0.15-2 mm 
aggregate size. Simulations were also carried out for the case of no ITZ.  

 

3.5.4 Specific surface area and tortuosity  

To further explore the effect of aggregate shape on diffusivity, the author examined 
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surface area of aggregate divided by the aggregate volume in the sample, while the 

paste tortuosity ( ) can be defined as: 

 (3.10) 

Where Va is the aggregate volume fraction and D/Dcp is the ratio of diffusivity of the 

composite (with no ITZ) to the diffusivity of an equivalent neat cement paste. It 

should be noted that this tortuosity is the result of the presence of aggregate 

particles (that acts as dense inclusions blocking the transport path) and does not 

take into account the inherent tortuosity of the pore structure. The tortuosity of the 

paste matrix for the case of spherical aggregate particles can also be calculated from 

the classical Maxwell’s approximation (Eq. 3.11) and Bruggemann-Hanai equation 

(Eq. 3.12): 

 (3.11) 

 (3.12) 

These equations are derived by considering the effective conductivity (diffusivity) of a 

composite containing spherical non-conductive particles embedded in a 

homogeneous matrix. The conductivity of the matrix is assumed to be constant as 

non-conductive particles are added, therefore capturing the effects of dilution and 

tortuosity (Bruggeman, 1935; McLachlan et al., 1990). It can be shown that the 

tortuosity calculated using the results with Eq. 3.10 is in excellent agreement with 

Maxwell’s equation (for the dilute region of Va < 30%) and Bruggemann-Hanai’s 

equation. Errors were no more than 1.1%, thus lending support to the use of Eq. 

3.10 for estimating tortuosity of composites containing ellipsoidal aggregate particles. 

Samples containing spherical aggregate particles have the lowest specific surface 

area (~13.7 mm-1). This is followed by samples with prolate spheroidal (14.6-16.0 

mm-1), tri-axial ellipsoidal (17.4-23.3 mm-1) and oblate spheroidal aggregate particles 

(18.3-29.0 mm-1). It should be noted that the specific surface areas were calculated 

from the continuum representation of the aggregate particles and not from the 

digitized mesostructure since the surface area obtained by counting voxel faces 

incurs significant error (Garboczi et al., 1999). Interestingly, the results show that 
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there is a very strong linear correlation between specific surface area and paste 

tortuosity (Fig. 3.11a) and between specific surface and diffusivity (Fig. 3.11b). The 

correlation coefficient (R2) is better than 0.9 in all cases. This could be used as a 

means to estimate the effect of other aggregate types on diffusivity based on their 

specific surface area at a constant particle size distribution. The results show that 

replacing spherical with ellipsoidal aggregate particles increases the paste tortuosity, 

which results in a decrease in diffusivity. This is most significant for oblate 

spheroidal, followed by tri-axial ellipsoidal and prolate spheroidal aggregate particles.  

 
(a)  

 
(b) 

Fig. 3.11 Correlation between the specific surface area of aggregate particles, 
tortuosity of the cement paste and diffusivity ratio D/Dcp for samples (no ITZ) 
containing 10%, 30% and 50% vol. aggregate simulated in Fig. 3.10.  

 

3.5.5 Effect of aggregate orientation 

Since aggregate particles are placed randomly in the computational cube, the 

mesostructures tested in this study exhibit isotropic behaviour. The transport 

property measured along the three principal axes should be identical and can be 

represented as a single scalar value. To demonstrate this, the author predicted the 

diffusivity of a 0.4 w/c ratio sample containing 30% volume fraction of randomly 

placed tri-axial ellipsoidal aggregate particles with aspect ratio 2:1:0.5. The values of 

D/Dcp calculated along the x, y and z axes (Fig. 3.12) are almost identical and equal 
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to 0.695, 0.687 and 0.687 respectively. It should be noted that in practice, diffusivity 

could be influenced by the orientation of the aggregate particles. For example, Fig. 

3.13 shows the mesostructure of the same sample, but with the aggregate particles 

placed in a way such that the largest radius is in the x-direction and the smallest 

radius in the y-direction. Simulations of the transport property show that the 

diffusivity in the y-direction is now significantly smaller than the diffusivity in the x- or 

z-direction.  

 

 

 

 

 

 

 

 

 

Fig. 3.12 Concentration distribution for sample containing 30% volume tri-axial 
ellipsoidal aggregate particles with aspect ratio (2:1:0.5), 0.4 w/c ratio and 80% 
degree of hydration, at steady-state condition. 

 

 

Fig. 3.13 Mesostructure containing 30% volume tri-axial ellipsoidal aggregate 
particles with aspect ratio (2:1:0.5) and aligned with the largest radius in the x-
direction. The diffusivity shows significant anisotropy. For the sake of clarity, 
only aggregate particles larger than 1mm are shown. 
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3.5.6 Feasibility of 3D images as input 

Structures in service are often micro-cracked due to loading and drying shrinkage, 

but modelling microcracks and its effect on transport properties is challenging. The 

model described in this chapter can be extended to simulate the effect of 

microcracks by introducing a separate phase to represent them. However, as 

previously mentioned, it is difficult to experimentally characterise the internal 

structure of materials. 

Tomographic approaches have received great attention in materials research 

(Prodanovic et al., 2006; Ikeda et al., 2000; Elaqra et al., 2007; De Graef et al., 2005; 

Van Geet et al., 2000; Sheppard et al., 2004; Naik et al., 2006; Salvo et al., 2003). 

Van Geet et al. (2000) used microfocus computerized tomography (mCT) to visualise 

internal features within sedimentary rocks at a resolution of 10 μm. Ikeda et al. 

(2000) applied X-ray computerized tomography (CT) to investigate interconnections 

and the shape of crystals in a graphic granite specimen. Salvo et al. (2003) used 

tomography techniques to study metallic materials, materials in the semi-solid state 

and metallic foams. De Graef et al. (2005) adopted computerised X-ray 

microtomography to monitor biological weathering of natural building stones and 

concrete. Naik et al. (2006) used X-ray microtomography to monitor the physical and 

chemical changes in Portland cement paste samples subjected to severe sodium 

sulfate attack. Elaqra et al. (2007) adopted X-ray tomography to study the damage 

mechanism and fracture process of concrete specimens under compression. 

More recently, a number of researchers (Promentilla et al., 2008; Promentilla et al., 

2009; Promentilla and Sugiyama, 2010; Sugiyama et al., 2010) used X-ray 

microtomography to investigate the three-dimensional structure of cement paste and 

mortars exposed to freezing-thawing action. X-ray microtomography creates images 

that map the variation of the X-ray attenuation coefficient within a specimen. It works 

by irradiating the specimen with an X-ray beam and recording the transmitted signal 

using a suitable detector. The output image is a projection of a volume in a two-

dimensional plane. In other words, X-ray microtomography provides virtual cross-

sectional images of a specimen without the need for laborious and time-consuming 

sectioning typically required in two-dimensional microscopy techniques. It should be 

recalled that there is always a compromise between achieving a large field-of-view 
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(image size) and high spatial resolution. Fig 3.14 shows several example cross-

sectional images obtained using this approach from the work of (Promentilla and 

Sugiyama, 2010), who studied an ordinary Portland cement mortar with water to 

cement ratio of 0.5 that was subjected to 78 freeze-thaw cycles. 1000 cross-

sectional images were collected from a 10mm sample at a resolution of 10μm, which 

were then used to create a three-dimensional mesostructure (Figs. 3.15 – 3.17). 

Note that the images have been processed to show segmented cracks only. The 

total crack volume fraction was 4% and the widths of the observed cracks ranged 

from 10 to 150μm.   

 

 

Fig. 3.14 Example horizontal cross-sections (10mm×10mm) showing the 
segmented cracks in a mortar obtained from X-ray microtomography at 10μm 
resolution and at 10μm intervals. The images were obtained from the work of 
Promentilla and Sugiyama (2010)  
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Fig. 3.15 Generation of a three-dimensional mesostructure from 1000 
horizontal cross-sections showing the segmented cracks in a mortar obtained 
from the work of Promentilla and Sugiyama (2010). 

 

 

X 

Z 
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Fig. 3.16 Different views of surface cracks of the three-dimensional 
mesostructure shown in Fig. 3.15. 

 

 

Table 3.3 Ratio of diffusivity of the cracked sample shown in Fig. 3.15 and Fig. 
3.16 to the diffusivity of the uncracked sample at 80% degree of hydration. 

 w/c Direction 
X Y Z 

 0.4 10.11 7.70 17.33 
0.5 3.65 2.98 5.70 
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The mesostructure shown in Fig. 3.15 and 3.16 was used as input to the model 

developed in this chapter to study the effect of the cracks on diffusivity. Simulations 

were carried for w/c ratios of 0.4 and 0.5, at 80% degree of hydration. By assigning 

free diffusivity to the cracks, the ratio of diffusivity of the cracked material to that of 

the uncracked material can be investigated. The results (Table 3.3.) show that the 

cracks were well-connected, but anisotropic. The effect of the cracks on diffusivity 

was consistently highest in the Z-direction and lowest in the Y-direction. The ratio of 

crack diffusivity to that of the uncracked material was found to be 580 and 166 for 

water-to-cement ratios of 0.4 and 0.5 respectively. As expected, the effect of 

microcracks was more significant for the denser sample. It should be noted that the 

choice of water-to-cement ratio and degree of hydration was arbitrary and was used 

to study the effect of microcracks and material density on diffusivity. It should also be 

noted that the microcracks were placed in an otherwise homogeneous material. In 

other words, the effects of other heterogeneities (e.g. ITZ, aggregate) were not 

considered. 

 

 

3.6  Discussion 

As mentioned previously, the presence of impermeable aggregate particles in 

concrete has different and opposite effects on diffusivity. Adding aggregate particles 

produces ITZ, but this is accompanied by a decrease in total porosity because 

cement paste is replaced by non-porous aggregate particles (dilution) and also an 

increase in the tortuosity of the cement paste. The dilution and tortuosity effects tend 

to decrease diffusivity. Considering that the D/Do for all cases is higher than the line 

representing dilution and tortuosity, one can conclude that the creation of ITZ has a 

positive effect on diffusivity. However, the magnitude of this is dependent on the 

diffusivity contrast between the ITZ and bulk cement paste, DITZ/Dbulk, and this in turn 

is dependent on their respective porosities. At constant aggregate content, 

increasing the ITZ width or using a finer aggregate size creates more ITZ, but this is 

accompanied by densification of bulk cement paste as a result of water conservation 

in the microstructure. The conducted simulations in this study show that when the 

contrast DITZ/Dbulk is < 2.5, these effects tend to cancel each other so that the net 

contribution of the ITZ on the overall diffusivity is insignificant.  
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In the simulations performed in this work, the w/c 0.5 sample consistently has the 

highest DITZ/Dbulk but this will change depending on the degree of hydration and 

assumed ITZ width. Some researchers have reported that the percolation of ITZ can 

significantly increase the transport properties of mortar and concrete (Winslow et al., 

1994; Halamickova et al., 1995). In the present study, a burning algorithm (Bentz and 

Garboczi, 1991a) based on the same rules for connectivity shown in Fig. 3.3 was 

used to determine the required aggregate content at which ITZ percolation occurs. It 

was found that the ITZ would form a percolated path in all of the examined samples 

when the aggregate volume fraction exceeds 30%. However, this did not seem to 

produce a change in the trend of the predicted diffusivity, even for the w/c 0.5 sample 

which had the highest DITZ/Dbulk contrast. The sensitivity analyses show that the most 

significant parameters influencing diffusivity were w/c ratio, degree of hydration and 

aggregate content, while the ITZ width, aggregate size and gradation have less 

influence on diffusivity. These findings agree well with Bentz et al. (1998) and Zheng 

et al. (2009). 

In practice, concrete has larger aggregate volume fraction and particle size range 

compared to the samples simulated in this study. The modelling approach developed 

in this work is applicable to concrete as long as the simulation is carried out on an 

appropriate numerical sample size and resolution. The main obstacle to achieving 

this is the huge computational resource required. Nevertheless, the findings 

presented in this chapter can be related to concrete considering that the DITZ/Dbulk 

contrast in concrete will not be significantly different from those examined in this 

study. The author has shown that increasing aggregate size from 0.5 to 4 mm has 

little influence on the results. Furthermore, ITZ percolation has already occurred at 

30% aggregate volume fraction. Thus, it can be reasonably expected that the 

findings from simulations carried out at larger aggregate size and volume fraction 

should not significantly deviate from those presented here.  

The modelling approach described in this chapter is particularly useful for evaluating 

the influence of various parameters on transport properties. Some of these effects 

are impossible to isolate and quantify by laboratory experimentation alone. 

Nevertheless, it should be kept in mind that the model uses several approximations 

in its development and is only strictly valid within these assumptions. The model 

contains simplification of the microstructure of concrete and empirical relationships 
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that require calibration. In modelling transport in this chapter, it was assumed that all 

pores are accessible and contributing to transport. The author also considered 

diffusion under steady-state conditions and ignored the effects of any chemical 

interactions.  

It should also be noted that the proposed model is not limited to mathematically or 

computationally manageable shapes. Arbitrary shapes can be incorporated into the 

models, for example by applying 3D shape statistics based on a collection of real 

particles (Garboczi, 2002). Other phases such as air voids can also be included in 

the mesostructure model. The transport characteristics of air voids can be assigned 

depending on whether the air voids act as conductors or insulators (Wong et al., 

2011).  

In the present study, a digitized approach has been applied for the homogenization 

of samples with up to 109 degrees of freedom, 10mm sample with the resolution of 

10μm, on a PC embedding 12 GB of RAM. Considering the fact the required memory 

grow with the cube of the ratio of sample size to voxel size, this approach will 

become too computationally demanding for smaller voxel sizes or larger samples. So 

considering the memory limitation of current computers, this approach is not very 

appropriate for the homogenisation of mortar and concrete containing 

heterogeneities smaller than several micrometres. 

 

3.7  Conclusions 

This chapter presented an investigation into the diffusivity of cement-based materials 

using a three-dimensional interactive composite model. Input mesostructures were 

obtained from experimental approaches and computer simulations. Input variables to 

the model are the aggregate particle shape, size distribution and volume fraction, w/c 

ratio, degree of hydration and ITZ porosity gradient. The required numerical sample 

size and voxel resolution to capture the effects of dilution, tortuosity and ITZ were 

examined. It was found that representative results can be obtained by averaging 

several realisations on a sample size that is 2.5 times the largest aggregate particle, 

at 16.7μm voxel resolution. The validity of the model was verified by comparing with 

two sets of experimental results. The model was then applied to examine the 

influence of several parameters on diffusivity. The most significant parameters 
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influencing diffusivity were w/c ratio, degree of hydration and aggregate content, 

while the ITZ width and aggregate size have less influence. The percolation of ITZ 

when aggregate volume fraction exceeds 30% did not result in an increase in 

diffusivity. The simulations also showed that aggregate shape and orientation can 

have a significant effect on diffusivity. In all cases, diffusivity decreased when 

spherical aggregate particles were replaced with ellipsoidal aggregate particles due 

to an increase in the tortuosity of the cement paste. The effect is more pronounced 

for oblate spheroidal and tri-axial ellipsoidal compared to prolate spheroidal 

aggregate particles, and is also more significant at higher aggregate fractions and 

aspect ratios. There is a strong linear correlation between specific surface area of 

aggregate particles, paste tortuosity and the diffusivity at a constant particle size 

distribution for the range of aggregate particles investigated in this study. From the 

simulations, it is evident that the tortuosity and dilution effect is more significant 

compared to that of the ITZ. The effect of microcracking induced by cyclic freeze-

thaw on the diffusivity of a mortar sample was also examined. It was found that the 

diffusivity of the investigated sample was anisotropic and that the diffusivity 

increased significantly as a result of the microcracks. The modelling approach 

described in this chapter is particularly useful for evaluating the influence of various 

parameters on transport properties, where laboratory experimentation alone would 

be difficult or impossible to isolate and quantify. 

It should be noted that the main disadvantage of the presented approach is that the 

ratio of the size of the numerical sample to the voxel size which one could simulate is 

constrained by the available computational resources. E.g. this digitized approach 

can be applied for homogenization of samples with up to 109 degrees of freedom, 10 

mm sample with the resolution of 10 μm, on a PC embedding 12 GB of RAM. So it 

would be impractical to have voxels small enough to represent the whole range of 

microcracks in a representative volume of concrete. A new approach overcoming 

these computational issues will be presented in the following chapter. 
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Chapter 4 Modelling the effect of microcracks on the 
diffusivity of concrete using aligned meshing approach 
 

This chapter presents an investigation into the effect of microcracks on the diffusivity 

of concrete using a three-dimensional composite model. Concrete is idealised as a 

heterogeneous material consisting of aggregate particles (1-10 mm, 60% vol.), 

cement paste and microcracks with widths ranging from 1-50 μm. Using the aligned 

meshing approach, aggregate particles are explicitly meshed using tetrahedral 

elements and microcracks are incorporated as interface elements, The microcracks 

are explicitly considered as either bond microcracks at the aggregate-paste interface 

or matrix microcracks that span the nearest neighbouring aggregate particles. A 

finite element approach is applied to simulate Fickian diffusion through the cracks 

and porous matrix. The validity of the model is verified by comparing with analytical 

results for ideal cases. The model is then applied to examine the influence of 

microcrack properties such as width, density, diffusivity and percolation on overall 

diffusivity of concrete. It is found that the effect of microcracks is more pronounced 

for denser materials. Furthermore, it is found that the effect of microcracks for dilute 

systems (non-percolated crack networks) always increases up to a finite limit, the 

value of which depends on the crack characteristics and the diffusivity of cement 

paste and aggregate particles.  

 

4.1  Introduction 

The durability of concrete structures is often greatly affected by the transport of fluids 

and ionic species through its porous system, e.g. the service-life of reinforced 

concrete structures in marine environments is often determined by the corrosion of 

steel reinforcement induced by chloride ions. In saturated concrete, diffusion can be 

regarded as the major transport mechanism transferring species such as chloride 

ions into concrete. Therefore, the ability to determine the role of different parameters 

influencing diffusion properties of concrete is appealing, as it would assist the 

development of service life prediction models and durability-based design codes. 
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In practice, concrete structures are subjected to various types of loading such as 

mechanical loads and thermal gradients. These solicitations often lead to the high 

tensile stresses exceeding the tensile strength of concrete and subsequently 

generate cracking in the structure. These cracks may act as preferential paths for 

flow and influence the bulk transport property of the concrete .   

The effect of cracking on the diffusion properties of cement-based materials has 

been the subject of numerous experimental investigations. Jacobsen et al. (1996) 

investigated the effect of cracking induced by cyclic freeze/thaw exposure on 

chloride transport of concrete with w/c ratio of 0.4. It was observed that cracking 

increased chloride migration by 2.5 - 8 times. They also observed that the crack 

density increased from 0.09 mm-1 for reference sample to 0.77 mm-1 for the samples 

exposed to 95 cycles of freeze and thaw. Wong et al. (2009) studied the effect of 

microcracks induced by oven-drying on the transport properties of the cement-based 

materials. They found that the diffusivity increased by a factor of 2 at most, when 

comparing the samples dried at 50°C and 105°C. 

A number of researchers have examined the diffusivity of cracked concrete 

containing traversing cracks, which are cracks that go through the entire thickness of 

the sample. A media containing such cracks can be studied relatively easily because 

its equivalent diffusivity can be related to the crack area and free diffusivity by using 

a parallel model: 

 

 (4.1) 

  

where Deq is the equivalent diffusivity of the cracked media, Acr is the crack area, Dcr 

is the diffusion coefficient through the crack, Am is the area of un-cracked media and 

Dm is the diffusion coefficient of the un-cracked media. 

Djerbi et al. (2008) investigated the effects of traversing cracks of three different 

concretes, one ordinary concrete and two high performance concretes (with and 

without silica fume), on chloride diffusion. Using splitting tensile test, cracks with 

average widths ranging from 30 to 250μm were induced. They found that the 

diffusion coefficient of cracked concrete increased with increasing crack width 
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regardless of the type of concrete. They reported that the analytical model (Eq. 4.1) 

overestimated the diffusivity of cracked concrete for samples containing cracks width 

less than 80μm. This is probably because the influence of crack surface roughness 

and tortuosity becomes increasingly important for small cracks, but this was not 

considered in their model.  

Jang et al. (2011) also observed that the predictions from the analytical model (Eq. 

4.1) are greater than the experimental measurements. They reported that the 

diffusivity of cracked concrete did not increase until the crack width was greater than 

a so-called threshold crack width of around 55–80μm. In order to match experimental 

results, they introduced a crack geometry factor that accounts for tortuosity effects. 

Akhavan and Rajabipour (2013) have also made similar observations and they 

introduced a crack connectivity parameter (inverse of tortuosity) in the range of 0.37-

0.69 to fit experimental results. They concluded that the tortuosity of the crack 

reduced diffusivity by a factor of between 0.69-1=1.45 and 0.37-1=2.70. 

Gerard et al. (2000; 1997) attempted to relate the diffusivity of cracked concrete to 

crack characteristics by studying two different cases: i) isotropic (two-dimensional) 

crack network and ii) anisotropic (one-dimensional) crack network. The traversing 

cracks were assumed to be evenly distributed and of uniform size. This is not 

representative of what is usually observed in practice, but it can be regarded as a 

worst-case scenario and the predicted results should lead to upper-bound values for 

the diffusivity of cracked concrete. According to their model, the diffusivity of cracked 

concrete depends only on two parameters. These are the ratio of diffusivity through 

the crack to the diffusivity of un-cracked concrete, and the crack spacing factor, 

which is the ratio of the distance between cracks to the crack width. They assumed 

that the diffusivity through crack is equal to the free diffusivity. It is very important to 

note that according to this model, crack width does not directly affect the diffusivity of 

cracked concrete. For example, a cubic array of 10μm cracks spaced every 1mm 

gives the same equivalent diffusivity as a cubic array of 5μm cracks spaced every 

0.5mm since both cases lead to a crack spacing factor of 100. In other words, it is 

the crack area fraction perpendicular to flow that influences results and not the 

density or number of cracks. This is expected because the analytical model is based 

on Eq. 4.1, which considers the total crack area, Ac, as the influencing parameter. 

Akhavan and Rajabipour (2013) have experimentally observed this phenomenon. 
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They characterized the diffusion coefficient of fiber-reinforced cement paste disks 

that contained one or two through-thickness cracks. They concluded that the 

diffusion coefficient of the cracked sample is linearly correlated to the crack volume 

fraction; but not directly dependent on crack width.  

In contrast to the numerous modelling studies available on the effect of parallel 

traversing cracks, the influence of discontinuous crack networks which are more 

representative of cracks in real concrete structures, on transport properties has 

received much less attention. Gerard et al. (1997) studied the effect of crack width, 

density and uncracked diffusivity on equivalent diffusivity using a two-dimensional 

model containing planar array of periodically spaced crack segments. The cracks 

were assumed to be evenly distributed and regularly spaced with equal lengths. 

Kamali-Bernard and Bernard (2009) used finite element method coupled with a 

digitized mesostructure of mortar to investigate the effect of tensile cracking on the 

diffusivity. They imaged a cube of mortar (6.25 mm per side) at a voxel size of 

125μm. It was found that the cracks increased diffusivity by a factor of 8.4 for a 

concrete with a water to cement ratio equal to 0.4. The main disadvantage of these 

approaches is that the ratio of the size of the numerical sample to the voxel size 

which one could simulate is constrained by the available computational resources. 

This imposes a limitation on the smallest feature that can be realistically modelled. 

For example, it would be too computationally demanding to have voxels small 

enough to represent the whole range of microcracks in a representative volume of 

concrete. So these approaches are not appropriate to study the effect of microcracks 

at the concrete scale. 

Perhaps, a more efficient approach that overcomes this limitation is aligned meshing. 

In this approach, aggregate particles are explicitly meshed using appropriate 

elements such as tetrahedral elements to capture particle surfaces more accurately 

and more efficiently. This is in contrast to regular (digitized) meshing approach that 

was applied in Chapter 3, in which the media is discretized with regular elements 

and consequently, curved surfaces are replaced with perpendicular planar surfaces 

(Fig. 3.3). With aligned meshing, microcracks can be incorporated as interface 

elements and explicitly considered as either bond or matrix microcracks. Hence, the 

smallest microcracks can be represented independent to the size of the 

discretisation. The microcracks can be assigned to have different widths, lengths, 
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orientations and degree of connectivity. In this chapter, the diffusivity of cracked 

cementitious materials will be studied by applying the aligned meshing approach in 

combination with finite-element method. The main objective is to quantify the effects 

of crack parameters such as crack width, density, percolation and crack diffusivity on 

the equivalent diffusivity. 

 

4.2  Methodology (Approach) 

As previously mentioned, to model transport process in any material, an input 

structure combined with a transport algorithm is required. E.g. in chapter 3, a 

digitized mesostructure was coupled with a finite difference algorithm. It should be 

recalled that the main disadvantage of the presented approach is that the ratio of the 

size of the numerical sample to the voxel size which one could simulate is limited by 

the available computational resources. So it would be impractical to have voxels 

small enough to represent the whole range of microcracks in a representative 

volume of concrete. A new approach overcoming these computational issues is 

presented in this chapter. 

The author first describes the input structure and then the appropriate transport 

algorithms to capture the features of the input structure. The main equations are 

described. 

 

4.2.1  Input structure containing cracks 

The input structure will contain aggregate particles and porous cement paste matrix.  

It will explicitly account for cracks that propagate around aggregate particles and 

cracks that propagate through the cement paste matrix. A crack will be approximated 

as a two-dimensional space since its width is much smaller than the extensions 

along the two other axes. Each crack is then triangulated during the meshing 

process. Each phase within the input structure will be assigned a diffusivity value. 

The cracks will be assigned with individual characteristics such as width and length. 

In subsequent sections, the author will describe the algorithm which can explicitly 

capture the bond and matrix cracks and then apply a finite element method to predict 

the diffusivity of the media. 
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4.2.2  Governing equations 

In the model, diffusion through a cracked media will be characterized by two 

diffusivity coefficients, one for the porous matrix (cement paste) and the other for the 

cracks. Aggregate particles will be assigned zero diffusivity. Assuming that the 

porous matrix has a diffusivity Dm that can vary with position, the local flux  in the 

matrix is provided by Fick’s first law 

 (4.2) 

where C is concentration of species. The conservation equation for the local flux in 

the porous matrix at steady-state can be written as 

 (4.3) 

Assuming that the crack has a diffusivity Dcr, the diffusion flux in the crack can be 

obtained by the following equation 

 (4.4) 

where wcr is the crack width and the crack diffusivity is assumed to be equal to the 

free diffusivity 

 (4.5) 

These set of differential equations are then solved using finite element method. The 

solutions are then averaged on a larger scale by integrating the local fluxes over the 

porous matrix and crack surfaces divided by the total volume of the media to obtain 

the overall flux . 

 (4.6) 

where τ0 is the total volume, τm is the matrix volume and Scr is the surface of all the 

cracks. The overall flux is related to the concentration gradient by Fick’s law 

 (4.7) 
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In the general case of anisotropic medium, Deff is a tensor. However, in this chapter, 

the concentration gradient is imposed in one direction, e.g. x direction, and other 

surfaces are assumed to be impermeable, so Eq. 4.6 and Eq. 4.7 can be simplified 

as: 

 (4.8) 

It should be noted that these set of differential equations are solved using 

commercial finite element package ABAQUS. It should also be noted that in the 

current implementation of the model, the cracks are superimposed on the matrix and 

not substituted. This means that if one considers an uncracked sample of 25 mm 

cube (volume = 15625 mm3), the cracks are incorporated by superimposing the 

interface elements, but the volume of adjacent tetrahedral elements are not 

decreased. Consequently, the volume of the cracked sample will be increased by a 

volume equal to the volume of the superimposed cracks. This is a normal procedure 

in FE modelling to reduce computational problems. The influence of this artefact is 

negligible if the diffusivity of the added element is dominant. For the range of 

diffusivity ratios investigated in this study, this effect is negligible. 

 

4.3  Generation of the model 

The approach described in 3.3.1 was used to generate the mesostructure of a mortar 

or concrete. Due to limitations of the mesh generator, the smallest aggregate size 

considered was 1 mm. However, fracture mechanics predict that aggregate particles 

below a critical size will not cause crack propagation (Goltermann, 1995; 

Goltermann, 1994). Here, it is assumed that the critical size is 1 mm. Four 

mesostructures containing spherical aggregates at volume fractions of 10%, 30%, 

50% and 60% are shown in Fig. 4.1. A representative sample size at 2.5 times the 

largest aggregate size is simulated. However, periodic boundary condition is not 

applied to avoid potential meshing problems during the aligned meshing process. 

Four different realisations with aggregate volume fractions of 60% are shown in Fig. 

4.2. For a cube of 25 mm containing 60% volume of aggregate particles ranging from 

1 to 10 mm, around one thousand aggregate particles were required. A suitable 



87 
 

sample size and resolution to obtain representative results will be determined later in 

this chapter.  

The required algorithms for the generation of the mesostructures are all implemented 

by the author using FORTRAN programming language. The inputs to these set of 

programs are aggregate gradation, aggregate volume fraction, minimum and 

maximum aggregate size and size of numerical sample. Hereinafter, all the input 

values required to produce the mesostructure are listed in figure captions, e.g. Figs 

4.1 and 4.2. 

 

Fig. 4.1 Randomly generated mesostructure containing, top left: 10%, top 
right: 30%, bottom left: 50%, bottom right: 60%, volume of aggregate particles 
ranging from 1 to 10 mm (Fuller-Thompson gradation) in a 25×25×25 mm 
computational cube. 
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Fig. 4.2 Four different realisations for the mesostructure containing 60% 
volume of aggregate particles ranging from 1 to 10 mm (Fuller-Thompson 
gradation) in a 25×25×25 mm computational cube. 

 

Once the mesostructure is created, the media is meshed using aligned meshing 

approach implemented in the commercial finite element package ABAQUS. The 

surfaces of the spherical aggregates are first triangulated, Fig. 4.3(a), and then the 

aggregate particles and cement paste are filled with tetrahedral elements as shown 

in Fig. 4.3(b). For the sake of demonstration, a very coarse mesh is shown in Fig. 

4.3. The global element size, i.e. the preliminary spacing between nodes, in Fig. 4.3 

is equal to 1mm. The frequency distribution of the volumes of the tetrahedral 

elements for the fine mesh mesostructure containing 60% volume of aggregate 
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particles (Fig. 4.1) with global element size equal to 0.25 mm, is shown in Fig. 4.4. 

The observed narrow distribution of the volumes of the tetrahedral elements is an 

important feature of the model and shows that the generated mesh is of a high 

quality. The narrow distribution is important because it leads to more reliable results 

at a lower computational expense. In order to further study the quality of the 

generated mesh at 0.25 mm element size, the distribution of the normalized shape 

factor of the tetrahedral elements is shown in Fig. 4.5. For tetrahedral elements, the 

normalized shape factor is defined as  

(4.9) 

Where the optimal element volume is the volume of an equilateral tetrahedron with 

the same circumradius as the element. The circumradius is the radius of the sphere 

that passes through the four vertices of the tetrahedron. The normalized shape factor 

ranges from 0 to 1, with 1 indicating the optimal element shape and 0 indicating a 

degenerate element. The distribution of shape factor also lends support that the 

mesh is of high quality. 

  

 

            (a)         (b) 

Fig. 4.3 Mesostructure containing 60% vol. aggregate (1-10mm) with (a) 
triangulation on the surface of the aggregate particles and (b) tetrahedral 
elements in the rest of media.  
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Fig. 4.4 Frequency distribution histogram of the volumes of the tetrahedral 
elements for a mesh containing about 6,500,000 tetrahedral elements with 
about 1,100,000 nodes (degrees of freedom) for the mesostructure containing 
60% volume of aggregate particles shown in Fig. 4.3. 

 

 

 

 

 

 

 

 

 

 

Fig. 4.5 Frequency distribution histogram of the shape factor of the tetrahedral 
elements for a mesh containing about 6,500,000 tetrahedral elements with 
about 1,100,000 nodes for the mesostructure containing 60% volume of 
aggregate particles shown in Fig. 4.3. 
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Once the mesh is generated, the concentration and flux distribution in the sample is 

calculated using the approach described in Section 4.2.3. As previously mentioned, 

these are performed using commercial finite element package ABAQUS. The 

required parameters to reproduce the simulations are provided in the captions and 

descriptions of the figures and tables. It should be noted that concentration gradient 

and diffusivity values assigned to different phases do not affect the results as they 

are reported in terms of diffusivity ratios e.g. ratio of diffusivity of cracked media to 

uncracked media. This is due to the fact that the governing differential equations are 

linear and consequently the results are independent of these input values. 

Figs. 4.6 to 4.10 show the concentration distribution, diffusion flux magnitude, 

diffusion flux in x, y and z direction for an uncracked concrete sample containing 

60% volume aggregate particles. It should be noted that the fluxes at inlet and outlet 

are smaller than the internal fluxes because of reduction in the area available for flow 

due to the presence of aggregate particles. As expected, the flux is primarily in one 

direction. It can also be considered as a qualitative validation of the analysis. Figs. 

4.11 and 4.12 show the concentration distribution and diffusion flux magnitude, for 

an uncracked concrete sample containing 10% volume aggregate particles. Figs. 

4.13 and 4.14 show the concentration distribution and diffusion flux magnitude, for 

an uncracked concrete sample containing 30% volume aggregate particles. As 

expected, the difference between the flux in the internal sections and the ones in 

inlet and outlet sections decrease by the decrease of aggregate volume fractions. 

The results show how the uniformity of the concentration distribution and the flux is 

changed by increasing aggregate volume fraction. It should be remembered that 

diffusion equation is linear and consequently the results are independent of the 

adopted units.  

 

 

 

 

 



92 
 

 

 

 

Fig. 4.6 Concentration distribution in sample containing 60% volume 
aggregate particles at steady-state condition. Concentrations equal to 100 and 
10 are applied to the inlet and outlet, respectively. The diffusivity of cement 
paste and aggregate particles are set to 1 and 0, respectively. 
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Fig. 4.7 Diffusion flux magnitude in sample containing 60% volume aggregate 
particles at steady-state condition. Concentrations equal to 100 and 10 are 
applied to the inlet and outlet, respectively. The diffusivity of cement paste and 
aggregate particles are set to 1 and 0, respectively. 
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Fig. 4.8 Diffusion flux along the x direction in sample containing 60% volume 
aggregate particles at steady-state condition. Concentrations equal to 100 and 
10 are applied to the inlet and outlet, respectively. The diffusivity of cement 
paste and aggregate particles are set to 1 and 0, respectively. 
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Fig. 4.9 Diffusion flux along the y direction in sample containing 60% volume 
aggregate particles at steady-state condition. Concentrations equal to 100 and 
10 are applied to the inlet and outlet, respectively. The diffusivity of cement 
paste and aggregate particles are set to 1 and 0, respectively. 
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Fig. 4.10 Diffusion flux along the z direction in sample containing 60% volume 
aggregate particles at steady-state condition. Concentrations equal to 100 and 
10 are applied to the inlet and outlet, respectively. The diffusivity of cement 
paste and aggregate particles are set to 1 and 0, respectively. 
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Fig. 4.11 Concentration distribution in sample containing 10% volume 
aggregate particles at steady-state condition. Concentrations equal to 100 and 
10 are applied to the inlet and outlet, respectively. The diffusivity of cement 
paste and aggregate particles are set to 1 and 0, respectively. 
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Fig. 4.12 Diffusion flux magnitude in sample containing 10% volume aggregate 
particles at steady-state condition. Concentrations equal to 100 and 10 are 
applied to the inlet and outlet, respectively. The diffusivity of cement paste and 
aggregate particles are set to 1 and 0, respectively. 
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Fig. 4.13 Concentration distribution in sample containing 30% volume 
aggregate particles at steady-state condition. Concentrations equal to 100 and 
10 are applied to the inlet and outlet, respectively. The diffusivity of cement 
paste and aggregate particles are set to 1 and 0, respectively. 
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Fig. 4.14 Diffusion flux magnitude in sample containing 30% volume aggregate 
particles at steady-state condition. Concentrations equal to 100 and 10 are 
applied to the inlet and outlet, respectively. The diffusivity of cement paste and 
aggregate particles are set to 1 and 0, respectively. 
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In order to check the accuracy of the numerical homogenisation process, the 

simulated diffusivity of the uncracked concrete was compared with the analytical 

solution proposed by Maxwell (1954a; 1954b): 

 (4.10) 

where D is the equivalent diffusivity of the concrete, Dcp is the diffusivity of cement 

paste, Da is the diffusivity of aggregate and Va is the volume fraction of aggregate 

particles. As depicted in Fig. 4.15, a very good agreement is observed between the 

simulation and analytical solution proposed by Maxwell across a range of aggregate 

volume fraction and for several Da/Dcp ratios. The simulations were conducted for the 

samples shown in Fig. 4.1 for the fine mesh with global element size of 0.25mm. 

 

 

Fig. 4.15 Comparison between numerical simulations and analytical results. 
The numbers on the curves are the ratio of Da/Dcp. 

 

Since most aggregate particles used in concrete are dense compared to the cement 

paste, it will be assumed that they have zero diffusivity in this study. Thus, mass 

transport occurs only through the interconnected cement paste matrix. Therefore, it 

would be computationally beneficial to remove the tetrahedral elements representing 

the aggregate particles. In doing so, the number of tetrahedral elements decreases 

from about 6,500,000 to less than 3,500,000 for a typical sample containing 60% 
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volume of aggregate particles as shown in Fig. 4.3. As expected the number of 

nodes (degrees of freedom) which directly relates to the computational cost of the 

simulations reduces from about 1,100,000 to about 690,000. It should be stressed 

that the number of nodes is equal to the degrees of freedom of the system as the 

concentration value should be calculated at each node (one scalar value at each 

node). Figs. 4.16 and 4.17 show the distribution of element volume and shape factor 

of the mesh after removal of the elements embedded within the aggregate particles. 

The results show that the quality of the mesh in terms of element volume distribution 

and shape factor distribution is maintained for different realisations regardless of the 

volume fraction of aggregate particles (see Fig. 4.18 – Fig. 4.21). 

 

Fig. 4.16 Frequency distribution histogram of the volumes of the tetrahedral 
elements for the mesh containing about 3,500,000 tetrahedral elements with 
about 690,000 nodes (degrees of freedom) for the mesostructure containing 
60% volume of aggregate particles shown in Fig. 4.3. The elements embedded 
within aggregate particles were removed. 
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Fig. 4.17 Frequency distribution histogram of the shape factor of the 
tetrahedral elements for the mesh containing about 3,500,000 tetrahedral 
elements with about 690,000 nodes (degrees of freedom)  for the 
mesostructure containing 60% volume of aggregate particles shown in Fig. 
4.3. The elements embedded within aggregate particles were removed. 
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Fig. 4.18 Frequency distribution histogram of the volumes of the tetrahedral 
elements for samples shown in Fig. 4.1, top left: 10%, top right: 30%, bottom 
left: 50%, bottom right: 60% volume aggregate. The elements embedded within 
the aggregate particles were removed. 
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Fig. 4.19 Frequency distribution histogram of the volumes of the tetrahedral 
elements for different realisations of a mesostructure containing 60% volume 
of aggregate shown in Fig. 4.2. The elements embedded within the aggregate 
particles were removed. 
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Fig. 4.20 Frequency distribution histogram of the shape factor of the 
tetrahedral elements for the samples shown in Fig. 4.1, top left: 10%, top right: 
30%, bottom left: 50%, bottom right: 60% volume of aggregate. The elements 
embedded within the aggregate particles were removed. 
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Fig. 4.21 Frequency distribution histogram of the shape factor of the 
tetrahedral elements for different realisations of a mesostructure containing 
60% volume of aggregate shown in Fig. 4.2. The elements embedded within the 
aggregate particles were removed. 

 

Fig. 4.22 shows the good agreement between the simulation results and the 

analytical results (Maxwell) when the aggregate particles are assumed non-diffusive. 

This shows that removing the elements representing aggregate particles to improve 

the speed of the computation did not affect the accuracy of the simulations. It should 

be noted that the simulations were carried out on a mesh with global element size 

equal to 0.25 mm. Table 4.1 shows that this resolution is fine enough to give reliable 

results. The average element volume is equal to 0.009, 0.002 and 0.001 mm3 for 
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global element size of 0.5 mm, 0.25 mm and 0.125 mm respectively. Table 4.2 

shows that statistical fluctuation produces only a very small difference to the result 

when simulations are conducted on different realisation of the same sample at 0.25 

mm element size. Because aggregate particles are placed randomly in the 

computational cube, the mesostructures tested in this study are expected to exhibit 

isotropic behaviour. So the diffusivity measured along the three principal axes should 

be identical and can be represented as a single scalar value. The results presented 

in Tables 4.1 and 4.2 show that this is indeed the case. It should also be noted that 

no difference was observed when the size of the sample was increased from 

25 25 25 mm3 to 30 30 30 mm3. 

 

Fig. 4.22 Comparison between the numerical simulations and analytical results 
for the case of non-diffusive aggregate particles. 

 

Table 4.1 Effect of resolution on the diffusivity ratio D/Dcp along the three 
principal axes for samples containing 60% aggregate volume fraction Va (1 – 
10 mm, Fuller).  

Diffusivity 
ratio  

Resolution – Global 
element size (mm) 

0.5 0.25 0.125 
Dx/Dcp 0.321 0.306 0.301 
Dy/Dcp 0.320 0.305 0.300 
Dz/Dcp 0.320 0.305 0.300 
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Table 4.2 Effect of statistical fluctuation on the diffusivity ratio D/Dcp along the 
three principal axes for samples containing 60% aggregate volume fraction Va 
(1 – 10 mm, Fuller) at global element size equal to 0.25 mm.  

Diffusivity 
ratio  

Realisation 
1 2 3 4 

Dx/Dcp 0.306 0.306 0.304 0.304 
Dy/Dcp 0.305 0.305 0.306 0.306 
Dz/Dcp 0.305 0.304 0.305 0.306 

 

4.4  Results 

In order to study the effect of cracks on diffusion, several crack patterns were 

implemented. First, the author assumed a crack pattern that can be solved 

analytically to validate the numerical results. Then, more realistic crack patterns were 

implemented. 

As previously mentioned, cracks that are distributed in a parallel manner (Fig. 4.23) 

is the worst-case scenario that would yield an upper-bound diffusivity for the cracked 

media. The diffusivity of a media containing such a crack network is given by Eq. 4.1. 

Fig. 4.24 shows a very good agreement between the simulation and the analytical 

solution. It should be recalled that for the case of parallel cracks, the crack volume 

fraction is the only influencing parameter while sample size and resolution do not 

have any effect (see Eq. 4.1). In this scenario, the crack network always forms a 

percolated pathway so the fluid can reach the other side of the sample without 

needing to penetrate the matrix. Therefore, the presence of aggregate will not have 

any effect on the simulation.  Thus, the diffusivity of the cracked media increases 

and tends to infinity, with the increase in the ratio of crack diffusivity to the diffusivity 

of the uncracked media (Fig. 4.24). It should be noted that the ratio of crack 

diffusivity to the diffusivity of the uncracked media will vary with aggregate volume 

fraction and properties of the cement paste. Therefore, the simulations were 

conducted for three different ratios of 100, 1000 and 10000 which cover the range 

observed for most cement-based materials (Gerard et al. 2000; 1997). 
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Fig. 4.23 Schematic of orthogonal parallel cracks. 

 

 

Fig. 4.24 Effect of parallel cracks on diffusivity. The values on the curves are 
the ratio of crack diffusivity (i.e. free diffusivity) to the diffusivity of uncracked 
media. 
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It should be noted that although a number of researchers have studied the effect of 

cracks on an otherwise homogeneous media (Gérard et al., 1997; Breysse and 

Gérard, 1997), the effect of aggregate particles have explicitly been taken into 

account in the developed models in this chapter. Fig. 4.25 shows the diffusion flux 

vectors in a section of concrete sample containing 60% volume aggregate particles. 

Cracks are placed at the aggregate-cement paste interface. As expected, there is no 

flux through the aggregate particles, low flux through bulk paste and higher flux 

through cracks around aggregate particles. The trend is in agreement with the 

diffusivity values assigned to these heterogeneities. It can be shown that placing 

cracks in an otherwise homogeneous media will lead to a wrong estimation of the 

effect of cracks in mortars or concretes. In other words, if one homogenises the 

effect of aggregate particles dispersed in a bulk cement paste and then homogenise 

the effect of cracks, the result would be different from the case in which aggregate 

particles and cracks are first dispersed in a bulk cement paste and then 

homogenised. So although Fig. 4.26(b) is equivalent of Fig. 4.26(a), the equivalent 

transport property of Fig. 4.26(d) is different from Fig. 4.26(c). Obviously, Fig. 4.26(c) 

represents the internal structure of concrete more realistically. Fig. 4.27 shows the 

effect of these assumptions on the cracked diffusivity. In this simulation, the crack 

volume fraction was increased by increasing the width of the bond cracks in a 

mesostructure containing 60% vol. aggregate (1-10mm) shown in Fig. 4.3. Bond 

cracks with width 1, 5, 10, 25 and 50 μm were assumed to be present around all 

aggregate particles. It should be recalled that ITZ is not taken into account in these 

simulations. However, the results are not expected to be affected by this 

approximation since the effect of the added cracks would be far greater than that of 

the ITZ.  
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Fig. 4.25 Diffusion flux in a 2mm×2.5mm section of sample containing 60% 
volume aggregate particles at steady-state condition. Concentrations of 100 
and 10 are applied at the inlet and outlet, respectively. The diffusivity of 
cement paste and aggregate particles are set to 1 and 0, respectively. The ratio 
of crack diffusivity (i.e. free diffusivity) to the diffusivity of uncracked sample 
is 10,000. 
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Fig. 4.26 Schematic of homogenisation process: (a) aggregate particles 
dispersed in bulk cement paste; (b) homogenised form of (a); (c) bond cracks 
dispersed in a media containing aggregate particles and bulk cement paste (d) 
bond cracks dispersed in an otherwise homogeneous media.  

 

(b) (a) 

(c) (d) 
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Fig. 4.27 Effect of bond cracks on diffusivity. Solid line: cracks placed in a 
heterogeneous media incorporating aggregate particle and cement paste. 
Dashed line: assuming cracks in an otherwise homogeneous media. The 
values on the curves are the ratio of crack diffusivity (i.e. free diffusivity) to the 
diffusivity of uncracked media.  

 

In practice, cracks are expected to initiate in the weak zones around aggregate 

particles and then span the nearest neighbouring aggregate particles. In this section, 

the effect of such crack networks on diffusivity will be studied. Six mesostructures 

containing 60% volume of aggregate particles (1-10 mm) with increasing degree of 

microcracking were generated and tested. Fig. 4.28 shows how the microcrack 

networks are generated. The mesostructures were generated by placing bond cracks 

around randomly selected aggregates, and placing matrix cracks to span the nearest 

neighbouring aggregate particles (smallest distances first). Table 4.3. shows the 

number of bond cracks, number of matrix cracks and specific surface area of the six 

mesostructures considered. The tested mesostructures have crack density (specific 

surface area) ranging from 0.15 to 0.9 mm2/mm3, which are  in the range reported in 

literature (Wong et al, 2009). The number of cracks is uniformly increased in order to 

achieve the required specific surface area. The degree of percolation is 0 (i.e. not 

percolated) for the first four crack patterns (a, b, c and d) while the last two crack 
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patterns (d and e) are percolated. Percolation was determined using a burning 

algorithm (Stauffer 1985). In doing so, the property of the investigated phase is 

increased to infinity and if the equivalent property of the media tends to infinity, then 

the investigated phase is deduced to be percolated. Using this approach, one can 

only determine if the phase is percolated or not. In order to obtain the degree of 

percolation, a more sophisticated approach is required. For each mesostructure, the 

cracks were assumed to have equal widths of 1, 5, 10, 25 or 50 μm. Therefore, the 

crack volume fraction in the simulated mesostructures ranges from 0.75% to 4.5%. 

This is calculated by multiplying the specific surface area with the crack width for 

each mesostructure.  The crack volume fractions of the investigated mesostructures 

are in the range reported in literature (Wong et al, 2009). 

 

Table 4.3 Characteristics of the generated crack pattern  

Property 
Crack pattern 

     a             b            c            d        e f 
Number of bond cracks  154 298 452 606 750 904 
Number of matrix cracks  191 382 573 765 956 1147 

Specific surface area 
(mm2/mm3)  0.15 0.29 0.43 0.58 0.74 0.90 

 

Fig. 4.29 shows the effect of these microcracks on diffusivity for three different 

contrast ratios, i.e. ratio of diffusivity of the crack to the diffusivity of uncracked media 

(Dcr/Duncracked), of 100, 1000 and 10000. As expected, the effect of cracks is more 

pronounced for materials with a denser matrix, for example, concretes with low water 

to cement ratio or high degree of hydration. These materials would have higher 

contrast ratios. Moreover, it was found that effect of cracks for non-percolated crack 

networks (crack patterns a, b, c and d) always increases up to a finite limit with the 

increase in crack width and contrast ratio. The value of the finite limit depends on the 

characteristics of the crack network and material properties. For example, it 

increases with increase in crack specific surface area. This behaviour is in contrast 

to the case of parallel cracks and percolated networks as the cracked diffusivity does 

not tend to infinity by the increase of crack width and contrast ratio.  
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Figs. 4.30 show the effect of microcracks on diffusivity as a function of specific 

surface area and contrast ratio for the five different crack widths considered in this 

study. As expected, increasing the crack specific surface area for both unpercolated 

(a to d) and percolated networks (e, f) increases the equivalent diffusivity. This is 

because at higher specific surface area, there are more cracks present and the 

distance that the diffusing species has to travel across the matrix is decreased. It is 

interesting to note that the increase in diffusivity due to percolation (from d to e) is 

quite modest and cannot really be distinguished. This is in contrast with permeation 

which will be discussed in the next chapter. The results also show that the effect of 

contrast ratio is more pronounced for the crack networks with higher specific surface 

area. This behaviour is consistent for both percolated and unpercolated networks. 
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Fig. 4.28 Schematic of the six crack patterns (a, b, c, d, e and f) applied in this 
study. The mesostructure contains 60% volume of aggregate particles ranging 
from 1 to 10 mm (Fuller-Thompson gradation) in a 25×25×25 mm 
computational cube. 

(a) (b) 

(c) (d) 

(e) (f) 
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Fig. 4.29  Effect of crack width on diffusivity for the six crack patterns shown 
in Fig. 4.28. Simulations were carried out for different contrast ratios (i.e. ratio 
of diffusivity of crack to the diffusivity of uncracked media) of 100, 1000 and 
10000. 

(a) (b) 

(c) (d) 

(e) (f) 
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Fig. 4.30 Effect of specific surface area of microcracks on diffusivity for the six 
crack patterns shown in Fig. 4.28. Simulations were carried out for different 
contrast ratios (100, 1000 and 10000) and crack widths (1, 5, 10, 25 and 50 μm).   

 

Crack width = 1 μm Crack width = 5 μm 

Crack width = 10 μm Crack width = 25 μm 

Crack width 
= 50 μm 

a b 

c d 

e f
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4.5  Discussion 

The microstructure of real concrete is more complicated than what is captured at 

present by the model presented in this chapter. In practice, concrete has slightly 

larger aggregate volume fraction and particle size range compared to the samples 

simulated in this study. In the present investigation, aggregate particles smaller than 

1 mm are not considered due to the limitation of computational resources. However, 

it is known that cracks predominantly form at the interfaces between larger 

aggregates and bulk media (Slate and Olsefski, 1963; Goltermann, 1995; 

Goltermann, 1994). It is also well-known that the presence of aggregate particles 

disturbs the microstructure of the cement paste, but this was not captured in the 

model presented in this chapter. However, this is not expected to have a significant 

influence on the findings of this study since the effect of ITZ on diffusivity is very 

small (as shown in Chapter 3) relative to the effect of microcracks.   

In order to evaluate the model, the simulation results should be compared with 

experimental data. However, the availability of suitable experimental data is scarce. 

As previously stated, a number of researchers have attempted to study the effect of 

cracks on the diffusion of concrete from an experimental point of view. They have 

reported the transport property of cracked media but the information about crack 

characteristics is missing.  

One of the main parameters influencing the effect of microcracks on the diffusivity of 

concrete is the percolation behaviour of the crack network. For a non-percolating 

crack network, the diffusing species has to cross through the matrix and so the 

diffusivity of cracked concrete remains relatively constant with the increase in crack 

width and the ratio of crack diffusivity to uncracked diffusivity.  

The degree of percolation depends on the crack characteristics such as specific 

surface area of cracks and distribution of cracks. In the crack patterns investigated in 

this study, the cracked concrete with specific surface area of crack network of 0.74 

mm2/mm3 (crack pattern ‘e’) forms a percolated crack path. The increase in specific 

surface area of the crack network decreases the separation distances between 

cracks and increases the probability of the cracks to form a percolated cluster. So if 

the crack network is not percolated, it may become percolated and if it is initially 

percolated, the size of percolated cluster will increase. It is also interesting to note 

that even if the increase in specific surface area of crack network does not create a 
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percolated crack path, it will increase the diffusivity because the higher specific 

surface area of cracks will decrease the distance that the diffusing species should 

cross through the matrix. 

 

4.6  Conclusions 

In this chapter, a finite element technique was applied to study the effect of 

microcracks on the diffusivity of concrete. Concrete was treated as a heterogeneous 

material consisting of aggregate particles (1-10 mm, 60% vol.), cement paste and 

microcracks with widths ranging from 1-50 μm.  In order to improve the 

computational efficiency, an aligned meshing approach was applied where 

discretisation was carried out using tetrahedral elements and triangulation to 

explicitly capture the aggregate surfaces. Microcracks were then incorporated as 

interface elements enabling the smallest microcracks to be represented independent 

to the size of the discretisation. The microcracks were either bond cracks at the 

aggregate-paste interface, or matrix cracks that span the nearest neighbouring 

aggregate particles. Six microcrack patterns were examined. Once the internal 

structure of concrete was constructed, a finite element technique was applied to 

simulate the diffusion through the porous matrix and cracks. The model was 

validated against an analytical relationship for the ideal case of parallel cracks and 

then applied to perform a sensitivity analysis to evaluate the effects of crack width, 

density, diffusivity contrast ratio (Dcr/Duncracked) and percolation on the effective 

diffusivity of concrete. It was found that the effect of microcracks is more pronounced 

for denser materials (higher contrast ratio). Moreover, it was found that the effect of 

microcracks on samples containing non-percolated crack network always increases 

up to a finite limit with increase in crack width and contrast ratio. The value of this 

finite limit depends on the characteristics of the crack network as well as diffusivity of 

cement paste and aggregate particles.  
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Chapter 5 Modelling the effect of microcracks on the 
permeability of concrete using aligned meshing approach 
 

This chapter will apply the finite element technique established in Chapter 4 to study 

the effect of microcracks on the permeability of concrete. The model is applied to 

perform a sensitivity analysis to examine the influence of microcrack properties such 

as width, density and percolation on overall permeability of concrete. It is found that 

the effect of microcracks is more pronounced for the denser materials. Moreover, it is 

found that effect of microcracks for dilute systems (non-percolated crack networks) 

always increases up to a finite limit, the value of which depends on the crack 

characteristics and the permeability of cement paste and aggregate particles. 

Permeability then remains relatively constant with increase in microcracks until 

percolation occurs. The simulations also show that the presence of microcracks has 

a greater effect on permeation compared to diffusion. This difference between the 

effect of microcracks on permeation and diffusion becomes more pronounced for 

percolated crack configurations.  

 

5.1  Introduction 

Many researchers have attempted to quantify the effect of cracking on the 

permeability of cement-based materials by using experimental approaches. Samaha 

and Hover (1992) found that microcracking caused by compressive loading can 

influence transport properties only for load levels higher than 75% of the maximum 

capacity of the concrete. They observed that cracked concrete became 15 to 20% 

less resistant to fluid and ion movement. A number of researchers (Breysse and 

Gérard, 1997; Gérard et al., 1997) reported that the cracking has a large influence 

on the permeability of concrete structures. Wang et al. (1997) studied the 

relationship between crack characteristics induced by feed-back controlled splitting 

tests and concrete permeability. They found that the change in the permeability 

largely depends on the crack opening displacement. When it is smaller than 50μm, a 

small change was observed but an increase was observed for the samples with 

wider cracks. Using a similar approach, Aldea et al. (1999a; 1999b) also found that 

the water permeability of cracked concrete increased significantly with increasing 

crack width.  
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More recently, Wong et al. (2009) examined the relative influences of microcracking 

caused by drying shrinkage on the permeability of cementitious materials. They 

observed that sample preconditioning by oven-drying induces microcracks with 

widths of 0.5–10μm that are interconnected and randomly orientated. They found 

that the permeability increased by up to a factor of 30, when comparing the same 

sample dried at 50° C and 105° C. Zhou et al. (2012a) investigated the effect of 

mechanical cracking on transport properties of concrete. They observed that an 

ultrasonic damage factor is correlated strongly with altered gas permeability, and 

proposed a relationship between the two parameters. In another study, Zhou et al. 

(2012b) examined the impact of the cracks due to cyclic axial loading on the 

transport properties of concrete. They found that gas permeability has strong 

dependence on crack density.  

A number of researchers have examined the permeability of cracked concrete 

containing traversing cracks. These are cracks that go through the entire thickness 

of the sample. The equivalent permeability of the cracked media containing 

traversing cracks can easily be related to crack characteristics such as width and 

permeability by using a parallel model (See Eq. 5.1). 

 (5.1) 

where Keq is the equivalent permeability of cracked concrete, Acr is the crack area, 

Kcr is the permeability of the crack, which is a function of crack width, Am is the area 

of un-cracked media and Km is the permeability of the un-cracked media. Using this 

approach, they were able to relate the permeability of cracked mortar and concrete 

to crack characteristics such as width and tortuosity.  

Picandet et al. (2009) found that permeability of cracked concrete increases 

proportionally to the cube of the crack opening displacement and consequently crack 

width, as expected from the theory of viscous flow in rough fractures. In order to 

match the experimental results, they introduced a reduction factor, ranging from 0.01 

to 0.1, to account for the effect of tortuosity or roughness of cracks. Akhavan et al. 

(2012) tried to quantify the water permeability of localized cracks as a function of 

crack width, tortuosity and roughness. They found that permeability is a function of 

the square of crack width. They also found that crack tortuosity and roughness 
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decrease the permeability by a factor of 4 to 6 compared to prediction by the theory 

for smooth parallel plate cracks.  

However, the effect of cracking on the permeability of cement-based materials has 

rarely been studied using numerical approaches. This is in contrast to other porous 

media such as rock, where extensive investigations using various numerical 

schemes exist (Adler and Thovert, 1999; Dietrich, 2005; Sahimi, 2011; Adler et al., 

2012). Koudina et al. (1998) determined the permeability of a three-dimensional 

network of polygonal fractures by triangulating the network and solving the two-

dimensional Darcy equation in each fracture. They assumed that the solid matrix 

containing fractures is impervious and therefore not contributing to the flow. This 

work has also been extended to evaluate the effect of the other parameters such as 

configuration of the fractures, isotropy or anisotropy, on permeability (Khamforoush 

et al., 2008; Mourzenko et al., 2011). Bogdanov et al. (2003) studied the permeability 

of fractured porous media. The permeability of solid matrix has been taken into 

account in this study. 

In the present work, the permeability of cracked cement-based materials is studied 

using finite-element method. The cracks are assumed to have different lengths, 

widths, orientations and are placed in the media in a way to mimic real microcracked 

concrete. The aim of this study is to investigate the effects of crack parameters such 

as crack volume fraction, density, length, width and percolation on the equivalent 

permeability. 

 

5.2  Methodology (Approach) 

In order to model transport phenomena in any material, an input structure coupled 

with a transport algorithm is required. The input structure as previously described in 

Chapter 4 will be used. Hereinafter, the basic equations are described. 

 

5.2.1  Governing equations 

It is assumed that the flow though a cracked media can be characterised by applying 

Darcy’s law to the flow in the porous matrix and the cracks (Adler et al., 2012; 

Bogdanov et al., 2003). Assuming that the porous matrix has a bulk permeability Km 

that can vary with position, the local fluid velocity  in the matrix is  
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 (5.2) 

where μ is fluid viscosity and p is pressure. The conservation equation for the local 

fluid velocity in the porous matrix can be written as 

 (5.3) 

The flow inside each crack is described by a two-dimensional Darcy equation. 

Assuming that the crack has a permeability Kcr  the flow rate in the crack is given by a 

two-dimensional Darcy’s law 

 (5.4) 

where permeability of the crack can be obtained by the following equation: 

 (5.5) 

where wcr is the crack width. This equation assumes that the crack is of a constant 

width and has no surface roughness.  

These set of differential equations are then solved using finite element method. It 

should be noted that the pressure gradient is imposed in one direction and other 

surfaces are assumed to be impermeable. Subsequently, the solutions are averaged 

on a larger scale by integrating the flow rates over the porous matrix and crack 

surfaces divided by the total volume of the media to obtain the overall fluid velocity  

 (5.6) 

where τ0 is the total volume, τm is the matrix volume and Scr is the surface of all the 

cracks. The overall fluid velocity is related to the pressure gradient by Darcy’s law 

 (5.7) 
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In the general case of anisotropic medium, Keff is a tensor. However, because 

pressure gradient is imposed in one direction, e.g. x direction, and other surfaces are 

assumed to be impermeable, so Eq. 5.7 and Eq. 5.8 can be simplified as: 

 (5.8) 

It should be noted that these set of differential equations are solved using 
commercial finite element package ABAQUS. 
 

5.3  Results 

The effect of microcracks on the equivalent permeability of cracked concrete is 

investigated by simulating the flow through mesostructures with increasing degree of 

microcracking. The six crack patterns from Chapter 4 are used as input to the 

transport model. The generation of these mesostructures and the meshing process 

are as described in Sections 4.3 and 4.4. The mesostructures and the properties of 

the generated crack pattern are shown in Fig. 4.28 and Table 4.3 respectively. For 

each mesostructure, the crack widths are assumed to be equal to 1, 5, 10, 25 or 50 

μm.  

Figs. 5.1, 5.2 and 5.3 show the effect of these microcracks on the equivalent cracked 

permeability. The simulations were carried out by assigning the permeability of 

uncracked concrete as either 1E-19, 1E-18 or 1E-17 m2.(Wong et al., 2009).It should 

be noted that 1E-19 m2 is rarely expected for concrete materials. It should be noted 

that the approach here is slightly different to that used in Chapter 4 where 

simulations for diffusion were carried out by treating the ratio of diffusivity of crack to 

uncracked matrix as a variable. Here, simulations for permeation were carried out by 

treating the permeability of uncracked matrix as a variable. The reason for this is that 

crack permeability depends on the crack width (see Eq. 5.5) while crack diffusivity 

does not.   

Figs. 5.1 and 5.2 show that the effect of cracks is more significant for concretes with 

a denser matrix, i.e. concretes with lower permeability in the uncracked state. 

Moreover, it can be seen that for concretes with non-percolated crack networks 

(crack patterns a, b, c and d), cracked permeability always increases up to a finite 
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limit with the increase in crack width. This behaviour is not observed for the 

percolated systems.  

Fig. 5.3 shows the effect of microcracks on the cracked permeability as a function of 

specific surface area and permeability of uncracked concrete for five different crack 

widths considered in this study. Similar to the behaviour observed for diffusion, the 

increase in specific surface area of the crack network for both percolated and 

unpercolated systems increases the equivalent permeability. This is because at 

higher specific surface area, the number of cracks is increased while the distance 

that the fluid has to travel across the matrix is decreased. However, unlike the case 

for diffusion, the effect of percolation can be observed from the sudden increase in 

permeability between the fourth and fifth value in Fig. 5.3 that corresponds to crack 

pattern ‘d’ and ‘e’ respectively. This jump becomes more severe with increase in 

crack width and contrast ratio. It should be recalled that this behaviour was not 

observed for the case of diffusion. This again shows that cracks have a more 

pronounced effect on permeation compared to diffusion. 
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Fig. 5.1 Effect of crack width on permeability for the six crack patterns shown 
in Fig. 4.28. Simulations were carried out assuming the permeability of 
uncracked media is 1E-19, 1E-18 or 1E-17 m2. 

(a) (b) 

(c) (d) 

(e) (f) 
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Fig. 5.2 (Logarithmic scale) Effect of crack width on permeability for the six 
crack patterns shown in Fig. 4.28. Simulations were carried out assuming the 
permeability of uncracked media is 1E-19, 1E-18 or 1E-17 m2. 

 

(a) (b) 

(c) (d) 

(e) (f) 
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Fig. 5.3 Effect of specific surface area of microcracks on permeability for the 
six crack patterns shown in Fig. 4.28. Simulations were carried out for different 
crack widths (1, 5, 10, 25 and 50 μm) and assuming the permeability of 
uncracked media is 1E-19, 1E-18 or 1E-17 m2. 

Crack width = 1 μm 

Crack width 
= 5 μm 

Crack width 
= 10 μm 

Crack width 
= 25 μm 

Crack width 
= 50 μm 

a 

b 

c 

d 

e 
f
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5.4  Discussion 

One of the main parameters influencing the effect of microcracks on the permeability 

of concrete is the percolation behaviour of the crack network. For a non-percolating 

crack network, the fluid has to cross through the matrix and so the permeability of 

cracked concrete remains relatively constant by the increase in crack width. This 

behaviour was also observed for diffusion. However, the finite limit for the transport 

property of non-percolated crack network is reached much earlier (at smaller crack 

widths) for permeation compared to diffusion (See Figs. 5.2 and 4.29).  

The degree of percolation depends on crack characteristics such as specific surface 

area of cracks and crack distribution. In this study, the crack pattern with specific 

surface area (crack density) of 0.74 mm2/mm3 forms a percolated crack path. The 

increase in specific surface area of the crack network increases the effect of 

microcracks since it increases the probability of percolation. This was also observed 

for diffusion, however it is more pronounced for permeation (See Figs. 5.3 and 4.30). 

It is also interesting to note that even if the increase in specific surface area of crack 

network does not create a percolated crack path, it will increase the permeability 

because the higher specific surface area of cracks will decrease the distance that the 

fluid should cross through the matrix. 

In order to compare the effect of microcracks on diffusion and permeation, one can 

compare Figs. 4-29 and 4-30 with Figs. 5-2 and 5-3, respectively. For the non-

percolated crack patterns (a) and (b), the “finite limit” for diffusion and permeation 

are almost of the same in magnitude, but it is reached much earlier for permeation. 

This means that for a low crack volume fraction in a non-percolated network, the 

effect of microcracks is more pronounced for permeation. At higher crack volume 

fractions, the effect of microcracks on diffusion and permeation is almost the same. 

For the crack patterns (c) and (d), the finite limit for permeation is higher and 

happens earlier compared to that for diffusion. For the percolated crack patterns (e) 

and (f), it is very clear from the figures that the effect of microcracks on permeation is 

much higher compared to diffusion. So in general it can be concluded that the effect 

of microcrack is more pronounced in permeation compared to diffusion, but the 

extent of difference depends on many variables. 
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5.5  Conclusions 

This chapter presented an investigation into the effect of microcracks on the 

permeability of concrete using a three-dimensional composite model. Input concrete 

mesostructures were obtained by assuming concrete as a heterogeneous material 

consisting of aggregate particles (1-10 mm, 60% vol.), cement paste and 

microcracks with widths ranging from 1-50 μm. Using aligned meshing approach, the 

aggregate particles were explicitly meshed using tetrahedral elements. Microcracks 

were incorporated as interface elements and explicitly considered as either bond 

microcracks at the aggregate-paste interface or matrix microcracks that span the 

nearest neighbouring aggregate particles. Hence, the smallest microcracks can be 

represented independent to the size of the discretisation. A finite element approach 

was applied to simulate the fluid flow through the porous matrix and cracks. The 

validity of the model was verified by comparing with analytical solutions for ideal 

cases. The model was then applied to examine the influence of microcrack 

properties such as width, density and percolation on the bulk permeability of 

concrete. It was found that the effect of microcracks is more pronounced for denser 

materials (higher contrast ratio of permeability of crack to uncracked permeability). 

Furthermore, it was found that effect of microcracks for dilute systems (non-

percolated crack networks) always increases up to a finite limit, the value of which 

depends on the pattern and connectivity of the crack network as well as the 

permeability of cement paste and aggregate particles.  

The simulations also showed that the presence of microcracks has a greater effect 

on permeation compared to diffusion. The difference between the effect of 

microcracks on permeation and diffusion becomes more pronounced for percolated 

crack networks. This is due to the fact that the contrast ratio of crack transport 

property to the transport property of the uncracked material is higher for permeation 

compared to diffusion. The modelling approach described in this chapter is 

particularly useful for evaluating the influence of various parameters such as 

microcracks on permeability, where laboratory experimentation alone would be 

difficult or impossible to isolate and quantify. 
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Chapter 6 Modelling capillary absorption using a three-
dimensional approach 
 

In many exposure environments, capillary absorption of water controls the rate of 

deterioration of concrete. This chapter presents a three-dimensional numerical 

investigation of capillary absorption by treating concrete as a heterogeneous 

composite discretised into a cubic lattice. The lattice elements are considered as 

conductive "pipes" with transport properties assigned based on the phase they 

represent. The capillary absorption process is described by a non-linear diffusion 

equation, with the hydraulic diffusivity a non-linear function of the degree of 

saturation of the composite. A non-linear finite element method is used to solve the 

governing differential equations. The numerical results are validated against 

analytical approximations, as well as experimental data from the literature. A 

sensitivity analysis is then performed to evaluate the effect of heterogeneities 

produced by aggregate particles and microcracks on the absorbed water profile and 

the sorptivity coefficient. It is found that water penetrates concrete in an uneven 

profile influenced by the amount, spatial distribution and shape of the aggregate 

particles. Sorptivity decreases when spherical aggregate particles are replaced with 

ellipsoidal particles due to the consequent increase in tortuosity of the cement paste. 

This effect increases with increase in aspect ratio and volume fraction of aggregate. 

However, the size of aggregate particle appears to have an insignificant influence. It 

is also found that microcrack can act as a quick pathway and new source of water. 

The results show that increasing crack width and decreasing sorptivity of uncracked 

concrete increase the ratio of sorptivity of cracked concrete to uncracked one. So the 

effect of microcracks is more pronounced for wider cracks and denser material, as 

observed for the case of diffusion and permeation. 

 

6.1 Introduction 

Many concrete structures in service experience wetting and drying cycles and so are 

rarely fully saturated. For example, basements and foundations experience 

fluctuating groundwater, and parts of marine and coastal structures are subjected to 

the tidal zone or salt spray. In these environments, the ingress and accumulation of 

aggressive species are driven by the non-linear, capillary absorption process rather 
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than a Fickian diffusion or pressure-induced flow. This nonlinearity comes from the 

dependence of moisture diffusivity on water content (Hall, 1989). Obviously, a good 

understanding of moisture transport is important in order to assess performance, 

predict degradation and develop service life models and durability-based design 

codes. The performance of certain structures is dependent on the ability of concrete 

to remain watertight or provide a physical barrier to contaminants. Thus, it is highly 

desirable to be able to predict the depth of moisture penetration and solute 

concentration profile over time for a given concrete, condition and exposure 

environment.  

Previous studies have been made to enhance the understanding concerning 

capillary absorption in cement-based materials. The approaches used can be 

categorised into experimental, analytical and numerical. Lab based transport testing 

has been performed for many years to gain a better understanding of different 

variables affecting capillary transport in cement-based materials (Wong et al., 2009; 

Martys and Ferraris, 1997; Gardner et al., 2012; Buenfeld and Okundi, 1998; 

Carmeliet et al., 2004; McCarter et al., 1992; Hall, 1989). Some researchers have 

proposed analytical approaches to model capillary absorption of water in porous 

materials. Hall et al. (1993) analysed the absorption of water into porous material 

containing non-sorptive inclusions in terms of unsaturated flow theory and showed 

that sorptivity is reduced by a factor 1 - 1.25ϑ + 0.26 ϑ2, where ϑ is the volume 

fraction of inclusions. Although this equation was developed for the dilute case, it 

was found to be in good agreement with experimental data for gypsum plaster 

containing 2 to 49% sand volume fraction. In another study, Lockington et al. (1999) 

proposed an analytical solution to predict water penetration profiles for unidirectional 

absorption in a homogeneous media. In this approach, hydraulic diffusivity is 

modelled by a nonlinear function of the degree of saturation. The predicted water 

penetration profiles were shown to be accurate by comparison against two sets of 

published experimental data for mortars.  

The tremendous increase in computational capabilities has strongly favoured the 

development of numerical simulations based on a more precise description of 

microstructure. Numerical simulations should be able to give a more accurate 

prediction of effective properties of multiphase materials with complex internal 

microstructures compared to analytical predictions (Wang and Pan, 2008b; 
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Shahbeyk et al., 2011; Ai et al., 2013). However, despite the numerous numerical 

modelling studies focusing on diffusion in cement-based materials, capillary 

absorption has received little attention (Garboczi and Bentz, 1998; Wang and Ueda, 

2011b; Xi and Bazant, 1999; Ababneh et al., 2003; Samson and Marchand, 2007; 

Kamali-Bernard et al., 2009; Bernard and Kamali-Bernard, 2012). Sadouki and van 

Mier (1997) presented a flow model for simulating heat and mass transfer in 

heterogeneous materials. The material was discretised as a two-dimensional regular 

triangular lattice where the lattice elements are considered as conductive pipes. The 

model was then used to study the influence of the interfacial transition zone and non-

saturated porous aggregate on moisture flow in concrete. More recently, Wang and 

Ueda (2011a) proposed a two-dimensional lattice network model to predict water 

penetration into concrete. Concrete was idealised at the mesoscale as a three-phase 

composite consisting of coarse aggregate, mortar and ITZ. The distribution of 

absorbed water content was calculated from the sorptivity and porosity of the mortar 

and ITZ phases.  

There are significant advantages (and challenges) in simulating the capillary 

absorption process in three-dimensions, but to the best of our knowledge, this has 

not been reported before. Therefore, the aim of this work is to develop a framework 

to calculate the distribution of absorbed water content at any elapsed time given 

initial boundary conditions. The model will focus at the mesoscale, whereby concrete 

is idealised as a porous media containing aggregate particles of a range of size, 

shape and volume fraction, discretised into a lattice network. Water uptake by 

capillary absorption is described by a non-linear diffusion equation based on 

unsaturated flow theory, which is solved using a finite element method. A parametric 

study is then performed to evaluate the effect of heterogeneities produced by 

aggregate particles on the absorbed water profile and the sorptivity coefficient. A 

similar methodology is also applied to evaluate the effect of aligned microcracks on 

the sorptivity. 

 

6.2 Unsaturated flow 

This section provides a brief summary of the governing equations in the theory of 

unsaturated flow. For a more comprehensive treatment of the topic, readers are 

referred to previous reviews, for example by Hall (1989; 1994). Single–phase flow 
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via capillary absorption in an unsaturated porous media is described by the extended 

Darcy equation: 

 (6.1) 

where q is the vector flow velocity, Kh is the hydraulic conductivity [L/T] and Ψ is the 

capillary potential [L].  θ is the reduced water content defined as:  

 (6.2) 

where Θ is the volumetric water content (i.e. ratio of volume of water to bulk volume 

of sample). Θi and Θs are the initial and saturated volumetric water contents, 

respectively. Thus, θ equals zero initially and one at saturation.  

It is often more convenient to express capillary absorption (Eq. 6.1) in the form of a 

non-linear diffusion equation. This is obtained by combining Eq. 6.1 with the 

continuity equation and then rewriting the resultant equation in terms of θ by using 

the substitution , giving the equation: 

 (6.3) 

The hydraulic diffusivity D [L2/T] is a moisture and temperature dependent 

parameter, and is considered as the fundamental material property that describes 

the process of capillary absorption. Applying the Boltzmann transformation to Eq. 6.3 

and integrating the resulting equation gives the following expression for D(θ):  

 (6.4) 

Here,   is the Boltzmann variable (= x/t½) where x is the depth of water penetration 

and t is the elapsed time. D(θ) can be estimated by measuring water content versus 

distance profiles after various elapsed times using non-destructive test methods 

such as NMR or γ-ray attenuation. However, obtaining accurate water penetration 

profiles in cement-based materials is difficult and this is not commonly carried out. A 

simpler approach to determine D(θ) is through an approximation using an 

exponential function of θ: 
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 (6.5) 

in which D0 is the limiting magnitude term and n is the shape term (Leech et al., 

2003). This exponential law has been shown to be valid for a range of construction 

materials including soils, brick, stone, gypsum and concrete. It has also been found 

that n varies little between materials, typically ranging from 6 to 8 (Hall, 1989; Leech 

et al., 2003; Gummerson et al., 1979; Daian, 1988; Carpenter et al., 1993). 

Lockington et al. (1999) showed that D0 can be obtained from the conventional 

sorptivity test using the following equation  

 (6.6) 

In the sorptivity test, a cylindrical sample is initially dried to a uniform moisture state 

and then a flat surface is exposed to free water (Fig. 6.1). The curved side surface is 

typically sealed with a waterproof coating (tape or epoxy) so that the uptake of water 

is approximately unidirectional in this arrangement.  Gravitational effects are 

insignificant since water absorption in cement-based materials is dominated by 

capillary forces, at least for the short penetration distances during which sorptivity is 

measured. When these conditions are met, the cumulative mass of water absorbed 

per cross-section area I scales to t ½ and the sorptivity S can be determined from the 

slope of the best-fit line of: 

 (6.7) 

where A is a small constant arising from minor surface effects in the experiment. 

  
 
 
 
 
 
 
                                  
 
 
 
 
 

Fig. 6.1 Schematic of the sorptivity test.  
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sealed 

Water 
reservoir 

Θi 

Sample 

Θs 
x 



138 
 

 
 

6.3 Methodology and description of the model 

As previously mentioned, in order to model transport phenomena in any material, 

one needs a porous structure as an input coupled with a transport algorithm. The 

generation of mesostructure was fully described in Sections 3.2 and 3.3. 

Fig. 6.2 shows examples of randomly generated mesostructure containing spherical 

and non-spherical aggregate particles. Here, concrete is treated as a composite 

consisting of coarse aggregate particles and mortar. A computational cube of 50  

50  50 mm3 at 0.5 mm resolution (voxel size) is used in all simulations. The 

aggregates simulated in this study will have sizes ranging from 5 to 20 mm. Thus, 

the computational cube is at least 2.5 to 10 times the size of the aggregate particle 

and the aggregate particle is at least 10 to 40 times the size of the voxel. Each 

simulated mesostructure contains up to four hundred aggregate particles. It should 

be noted that because the mesostructure is randomly generated, each realisation of 

the same concrete differs in the placement of the aggregate particles. To obtain the 

sorptivity of a particular concrete, the simulation of water absorption is repeated for 

six random mesostructures and the results averaged to reduce the influence of size 

effects and statistical fluctuations.  The previous simulations on diffusivity in Chapter 

3 suggest that the sample size, resolution and averaging (number of random 

mesostructures) used is sufficient to obtain representative results. 
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Fig. 6.2 Randomly generated mesostructure containing 30% volume of 
spherical and non-spherical aggregate particles ranging from 5 to 10 mm 
(Fuller-Thompson gradation) in a 50×50×50 mm computational cube (voxel size 
= 0.5 mm). 

The second step is to apply an appropriate transport algorithm to the mesostructure. 

In the present paper, a lattice-type network model is established to simulate water 

absorption in concrete. The lattice-type network model is similar to that of Sadouki 

and van Mier (1997), but ours will be implemented on a three-dimensional 

mesostructure. The lattice elements are considered as conductive "pipes" 

b) Tri-axial ellipsoidal aggregate (a:b:c = 2:1:0.5) 

c) Prolate spheroidal aggregate (a:b:c = 0.71:0.71:2) d) Oblate spheroidal aggregate (a:b:c = 2:2: 0.25) 

a) Spherical aggregate (a:b:c = 1:1:1) 
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connecting the centres of adjacent voxels, thus producing a cubic lattice network. 

The transport properties of lattice elements are assigned based on the phase they 

represent. As previously mentioned, the aggregates are assumed to be non-sorptive 

and consequently do not contribute to transport. Fig. 6.3 shows a two-dimensional 

schematic diagram illustrating how the lattice network is generated from the digitized 

mesostructure. Black voxels represent aggregate particles and white voxels 

represent the porous matrix. The pipe elements connect the centres of the white 

voxels. The material property of the porous matrix is assigned to these pipe 

elements. As the aggregate particles are assumed to be non-sorptive, there are no 

pipe elements connecting the matrix voxels to aggregate voxels or within the 

aggregate voxels. 

A semi-discrete form of the capillary absorption process (Eq. 6.3) can be obtained 

using the Galerkin method as follows: 

 (6.9) 

in which A is the cross-section area of the lattice element, D(θ) is the moisture 

dependent hydraulic diffusivity, L is the length of the lattice element, θi and θj are the 

moisture potential at nodes i and j, respectively. μ is set to 1.0, 2.0 or 3.0 for 1-d, 2-d, 

and 3-d networks, respectively (Bolander Jr and Berton, 2004).  
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Fig. 6.3 Two dimensional schematic diagram of the digitized mesostructure to 
lattice network mapping. Dashed lines show the border of voxels. Black voxels 
represent aggregate particles. Solid lines connecting the centres of white 
voxels are the pipe elements of the lattice model. 

 

To mimic capillary absorption into the mesostructure, the relative water content of all 

nodes in contact with free water is assigned to one. Thus, the Dirichlet boundary 

condition is imposed to solve the set of differential equations. Then, the Crank–

Nicolson scheme is used for the solution of Eq. 6.9. It should be noted that the same 

algorithm has previously been applied to solve this problem in two-dimension (Wang 

and Ueda, 2011a). Given the initial water content of all the nodes in the 

mesostructure, a system of equations is set up at each time step, and then solved to 

determine the new nodal water contents. It should be noted that within the Crank–

Nicolson scheme, iterations are performed to capture the nonlinear dependence of 

hydraulic diffusivity D on θ. This enables us to calculate the water content distribution 

in the mesostructure as a function of space and time, given knowledge of the 

hydraulic diffusivity.   

Discretization of the differential equations using the Crank–Nicolson scheme will lead 

to a set of algebraic simultaneous equations. Subsequently, iterative algorithms are 
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used to solve these equations and these algorithms are implemented by the author 

using FORTRAN programming language. It should be recalled that the advantage of 

an iterative algorithm over a direct solver is that the stiffness matrix is not stored and 

consequently the required memory will be much lower. All these input data used in 

the simulations are provided in the captions and descriptions of the figures and 

tables. The degree of freedom of each system can be calculated similar to the 

approach presented in Section 3.3.4. 

 

6.4 Validation 

In order to validate the model, numerical solutions are compared with experimental 

data obtained by Hall (1989) on a mortar bar made of 1:3:12 OPC/lime/sand by 

volume. In the experiment, water content distribution in the mortar bar (35  35  

235 mm) was measured using NMR imaging at a series of elapsed times after one 

end of the bar was exposed to a water reservoir. The mortar was initially dried (Θi = 

0). The sorptivity and saturated water content of the mortar were 2.57 mm/min0.5 and 

0.27 respectively.  

In addition, numerically predicted water penetration profiles obtained using the model 

developed in this chapter are compared with an approximate analytical solution by 

Lockington et al. (1999) for the case of unidirectional water absorption in a 

homogeneous media. In the analytical solution, hydraulic diffusivity D(θ) is modelled 

by the exponential relationship shown in Eq. 6.5 where Do is calculated from 

sorptivity (Eq. 6.6) and the exponential n is taken to vary between 6 to 8. Once D(θ) 

is known, water penetration profiles are predicted using the following equation: 

 (6.10) 

where Ei (x) is the exponential integral ( ), s is the scaled 

sorptivity (  and A is given by:  

 (6.11) 

It should be noted that Eq. 6.10 is an approximate solution to the nonlinear diffusion 

equation that governs capillary absorption (Eq. 6.3) and that it has been shown to 
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give reasonably accurate agreement to measured water penetration profiles for 

mortars when n is taken as 6 (Lockington et al., 1999). 

 
a) n = 6 

 
b) n = 8 

 

c) Water content versus Bolzmann variable (  = x/t½) 

Fig. 6.4 Comparison of water penetration profiles measured by Hall (1989) 
against the numerical solution obtained using the model presented in this 
chapter for a mortar with sorptivity of 2.57 mm/min1/2 and saturated porosity of 
0.27. 
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The measured and simulated water penetration profiles are compared in Fig. 6.4 and 

Fig. 6.5. For ease of comparison with the analytical solution of Lockington et al. 

(1999), The author has simulated the penetration profile for a mortar that has the 

same sorptivity and porosity as the one tested by Hall (1989). It can be seen that the 

simulated profile shows a characteristic steep gradient near the wetting front 

consistent with experimental data. As expected, the water front advances along the 

sample with square-root of elapsed time while maintaining a steep fronted profile. 

Plotting in the form of the Boltzmann variable converges the profiles into a single 

‘master’ curve (Fig. 6.4c) consistent with measurements and theory. The area under 

the curve is the scaled sorptivity of the sample. 

The results show very good agreement between the analytical and numerical 

simulations, thus validating the numerical code developed in this work. The 

simulations also produced reasonable agreement with experimental data. It can be 

seen that changing the exponential n between 6 and 8 produces only a small 

difference in the profile, however n = 6 appears to give a better fit, particularly at 

longer absorption times. For n = 6, the Do for this particular mortar is calculated to be 

0.736 mm2/min. This compares well with the best-fit results from Hall’s data (Hall, 

1989), where the parameters n and Do were found to be 6.55 and 0.49 mm2/min 

respectively.   

it should be noted that the analytical solution of Lockington et al. (1999) was derived 

for a homogeneous media. The advantage of the numerical model developed here 

compared to this approach is that more than one phase is possible, allowing the 

simulation of non-homogeneous media. In the next section, the results of numerical 

simulations applied to a three-dimensional concrete mesostructure are presented. It 

is aimed to examine the effect of heterogeneities (produced by aggregate particles 

and microcracks) on the simulated water absorption profiles. 
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Fig. 6.5 Comparison of water penetration profile estimated from the analytical 
solution of Lockington et al. (1999) against the numerical solution obtained in 
this study for a mortar with sorptivity of 2.57 mm/min1/2 and saturated porosity 
of 0.27 (left: n = 6, right: n = 8). 

 

6.5 Results 

6.5.1 Size and statistical effects 

As described in Section 3.4.1, the developed numerical model in this chapter is 

inevitably subject to effects of digital resolution, finite sample size and statistical 

fluctuation.. In order to decrease the effect of statistical fluctuations and the size 

effect, simulations are repeated and averaged. The reported sorptivity results are the 

average of six different realisations. Overall, it was found that the sorptivity values 

have a coefficient of variation (standard deviation/average) of less than 4%. 

Furthermore, the isotropy of the samples was examined by computing the sorptivity 

in each of the three directions. The standard deviation is again less than 4%.  

The resolution in the digitized mesostructure may also affect the accuracy of the 

simulations. In general, the accuracy of the simulations should increase with higher 

resolution. However, the available computational resource imposes a practical limit 

on the resolution to be used. It was found that the sorptivity values differ by less than 

2% when the resolution (voxel size) was increased from 0.5 mm to 0.25 mm. On a 

single 64-bit PC (3.4 GHz, 8GB RAM), the simulations take a few hours to converge 

depending on the aggregate volume fraction. The simulation time increased by more 
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than 8 times when resolution (voxel size) was increased from 0.5 mm to 0.25 mm. 

Thus, it was concluded that a 0.5 mm resolution gives reasonably accurate results at 

an acceptable computational cost. 

In the following sections, simulations are performed using the proposed model to 

examine the relative influence of aggregate volume fraction, size, particle shape and 

microcracks on the water penetration profile and sorptivity of concrete. In all cases, 

the numerical sample is a cube of 50 mm divided to 100 regular voxel elements in 

each direction (Fig. 6.2). The author considers the case of water absorption into 

concrete which is initially dried and then subject to a free water boundary condition.  

 

6.5.2 Effect of aggregate volume fraction 

Fig. 6.6 shows the simulated water penetration profiles of concrete containing 10%, 

30% and 50% volume fraction of spherical coarse aggregate. The results are 

compared against the profile for mortar (0% coarse aggregate) which is essentially 

the same as that shown in Fig. 6.4c for n = 6. It can be seen that the Boltzmann plots 

for concrete retains a characteristic steep-fronted profile. As expected, the absorbed 

water content decreases with increase in aggregate fraction since the aggregate 

particles are non-porous compared to the cement paste. Thus, the addition of 

aggregate particles dilutes the volume of the porous media through which absorption 

can occur. It is interesting to note that the difference in the absorbed water in 

concrete relative to mortar is initially proportional to the coarse aggregate fraction, 

but the difference gradually increases with penetration depth. The absorbed water 

profiles show a significant shift to the left as the aggregate concrete increases. 

The shift in the penetration profile is due to redirection of the flow around aggregate 

particles and the resultant increase in tortuosity of the transport path. Thus, the 

required time for absorbed water to penetrate a certain depth increases with 

increase in aggregate volume fraction. This effect can be seen by comparing Fig. 

6.7a and Fig. 6.7b, which show the distribution of water content in a three-

dimensional mesostructure of mortar and concrete respectively subjected to capillary 

absorption from the left face. Water does not penetrate into concrete as a sharp front 

parallel to the exposed surface, but advances in an uneven profile across the 
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sample. The wetting front in concrete lags behind that of the mortar at every time 

step.    

It should be noted that two-dimensional models are able to capture the dilution effect 

accurately, but not the tortuosity effect. This error increases with increase in 

aggregate fraction and aspect ratio. Obviously, a three-dimensional model 

represents the internal structure of concrete more realistically. 

 

 
Fig. 6.6 Effect of aggregate volume fraction on water penetration profiles of 
concrete with 5-15 mm spherical coarse aggregate particles (Fuller-
Thompson). 
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Fig. 6.7 Water penetration profiles at t = 8 min (left) and t = 16 min (right) for a 
503 mm3 sample at 0.5 mm voxel size containing no coarse aggregate (a) and 
30% volume fraction of 5-15 mm spherical aggregate (b), 5-10 mm spherical 
aggregate (c) and 5-10 mm oblate spheroidal aggregate with aspect ratio 
2:2:0.25 (d).  

t = 8 min 

 

a)  

b)  

c)  

d)  

t = 16 min 
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Another interesting observation from Fig. 6.6 is the fluctuation in the simulated 

penetration profiles for concrete in comparison to the mortar. It should be noted that 

the water contents at each depth are averaged over the whole section perpendicular 

to the direction of the flow. Thus, a source of the fluctuation is due to variation in the 

aggregate content at each depth. This has been observed in NMR measured water 

penetration profiles for concrete (Leech et al., 2003). Part of the fluctuation can also 

be attributed to bending of the flow path around aggregate particles as can be seen 

in Fig. 6.7b. In the simulations carried out in this chapter, the amount of fluctuation 

increases with aggregate content, but this will probably smooth out if the 

computational cube size is increased.   

The area under the water penetration profiles in Fig. 6.6 reflects the sorptivity of the 

sample. Fig. 6.8 shows the sorptivity of concrete normalised to the sorptivity of 

mortar and plotted against aggregate volume fraction. The results show that 

increasing aggregate fraction decreases the sorptivity of concrete. However, the 

normalised sorptivity is always less than (1-Va), where Va is the aggregate volume 

fraction, and this discrepancy increases with aggregate content due to the tortuosity 

effect. The simulated sorptivity values are also in good agreement with the analytical 

equation from Hall et al. (1993) who showed that the effect of non-sorptive inclusions 

can be expressed using an extended version of the classical Maxwell effective 

medium approximation: 

 (6.12) 

This equation assumes that the inclusions are spherical, well-dispersed and 

uniformly distributed in a porous matrix. The inclusions can have any size distribution 

as long as the particles are large in comparison to the pores in the homogeneous 

matrix. It is also assumed that the presence of the inclusions does not modify the 

pore structure of the matrix. However, the expression is exact for dilute systems 

only, and this explains a small discrepancy with the simulated sorptivity at high 

aggregate fractions.  
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Fig. 6.8 Effect of coarse aggregate volume fraction on the normalised 
sorptivity S/Sm of concrete containing 5 –15 mm spherical aggregate particles. 

 

6.5.3 Effect of aggregate size 

Fig. 6.9 shows the effect of aggregate size distribution on the water penetration 

profile and the normalised sorptivity for concrete containing spherical aggregate 

particles. The results show that the fluctuation in the profiles increased slightly with 

aggregate size. Because the simulations were carried out whilst maintaining the 

computational cube constant at 503 mm3, the variation in aggregate content at each 

depth is expected to increase with aggregate size. Interestingly, no significant 

horizontal shift was observed at the wetting front suggesting that changing particle 

size distribution makes little difference to the tortuosity of the flow path. 

It should be noted that the simulation shown in Fig. 6.9a is carried out at a constant 

aggregate fraction. Increasing aggregate size distribution necessitates a reduction in 

the number of aggregate particles to maintain constant volume fraction in the 

sample. This shows that the effect of the additional bending of flow around larger 

aggregate particles is counter balanced by the reduction in the number of aggregate 

particles. Fig. 6.9b shows that the size distribution of aggregate particles has a 

negligible influence on the sorptivity of concrete.  

These features can also be seen by comparing Fig. 6.7b and Fig. 6.7c, which shows 

the distribution of water content in a three-dimensional mesostructure containing 5-
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15 mm and 5-10 mm spherical particles respectively. The mesostructure containing 

larger aggregate size shows a highly irregular water content distribution, but no 

significant lag in the depth of the wetting front.  

 
(a) 

 
(b) 

Fig. 6.9 Effect of aggregate size distribution on water penetration profiles in 
concrete containing 30% vol. spherical coarse aggregate particles (a) and 
normalised sorptivity S/Sm of concrete containing a range of coarse aggregate 
fraction (b). 

 

6.5.4 Effect of aggregate shape 

Seven particle shapes were examined. The aspect ratios of these were chosen to 

maintain a constant particle volume so that for a sample containing a certain volume 

fraction of aggregate particles, the total number of aggregate particles will not be 

influenced by a change in aggregate shape. The results plotted in Fig. 6.10 and Fig. 

6.11 show that aggregate particle shape has a significant influence on the water 

penetration profiles and the sorptivity of concrete. Simulations carried out on 

samples containing ellipsoidal aggregates show a significant shift in the water 

penetration profile and a drop in sorptivity when compared to spherical aggregates. 

This can also be observed by comparing Fig. 6.7c and Fig. 6.7d, which shows that 

the sample containing ellipsoidal particles consistently achieves lower penetration 

depths compared to the sample containing spherical aggregate particles.  
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In all cases, the simulated sorptivity decreased when spherical aggregate are 

replaced by ellipsoidal ones (Fig. 6.11). The effect is most significant for oblate 

spheroidal, followed by tri-axial ellipsoidal and prolate spheroidal aggregate particles. 

Furthermore, the effect becomes more severe with the increase in aspect ratio. The 

decrease in sorptivity is also more significant at higher aggregate fractions. At 40% 

coarse aggregate fraction, the sorptivity for concrete with ellipsoidal aggregate is up 

to 16% lower than that for spherical aggregate. These findings are in good 

agreement with the findings presented in Chapter 3 on the effect of aggregate shape 

on the diffusion of mortar and concrete. 
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a) Tri-axial ellipsoidal (a > b > c) b) Prolate spheroidal (a = b < c) 

 
c) Oblate spheroidal (a = b > c) 

Fig. 6.10 Effect of aggregate shape on water penetration profiles in concrete 
containing 30% vol. coarse aggregate particles (aggregate gradation = 5-10 
mm, Fuller-Thompson). 
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a) Tri-axial ellipsoidal (a > b > c) 

 
b) Prolate spheroidal (a = b < c) 

 
c) Oblate spheroidal (a = b > c) 

Fig. 6.11 Effect of aggregate shape on the normalised sorptivity S/Sm of 
concrete containing a range of aggregate volume fraction (aggregate gradation 
= 5 –10 mm, Fuller-Thompson). 
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caused by the internal friction, i.e. the Hagen-Poiseuille law (Gardner et al., 2012; 

Martys and Ferraris, 1997; Zhmud et al., 2000; Hamraoui and Nylander, 2002). 

Gravity forces can be assumed to be negligible for microcracks, so the equation can 

be written as:  

 (6.13) 

in which z = capillary rise height (m),   = capillary rise height derivative (m/s), γ = 

surface tension (N/m), ζ = liquid/solid contact angle (°), r = radius of the capillary (m), 

μ = dynamic viscosity (Ns/m2). It should be noted that the first term is the driving 

capillary force and the second term is the retarding viscous force. By combining Eq. 

6.13 and Eq. 6.10, the equivalent value for the hydraulic diffusivity of cracks can be 

obtained which will be later assigned to the voxels representing cracks. In order to 

obtain the equivalent hydraulic diffusivity of cracks, the capillary rise height within the 

crack calculated using Eq. 6.13 will be used as an input into Eq. 6.10. Eq. 6.10 will 

then be solved for the only unknown D0. It should be noted that this is a preliminary 

and simplified approach to evaluate the effect of microcracks on sorptivity. 

Considering the fact that the crack width is smaller than the element size, this 

approach is expected to underestimate the effect of cracks on capillary absorption. 

Fig. 6.12 and Fig. 6.13 show the water penetration profiles for two different 

homogeneous samples with D0=0.1 mm2/min and D0=1 mm2/min, respectively. The 

sorptivity values are reported in Table 6.1. The results show that water penetrates 

through the microcrack quicker than the porous medium. The microcrack will then 

act as a new source of water for the porous medium. These effects are more 

pronounced for the denser porous medium (lower hydraulic diffusivity). 
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                                                t= 4min                                    t= 8min 

     

     

     

     

Fig. 6.12 Water penetration profiles at t =4 min (left) and t =8 min (right) for a 
503 mm3 sample with D0=0.1 mm2/min containing no microcrack (a) and 1 μm 
width transverse microcrack (b), and 5 μm width transverse microcrack (c) and 
10 μm width transverse microcrack (d).  

(a) 

(b) 

(c) 

(d) 
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                                               t= 4min                                 t= 8min 

     

     

     

     

Fig. 6.13 Water penetration profiles at t =4 min (left) and t =8 min (right) for a 
503 mm3 sample with D0=1 mm2/min containing no microcrack (a) and 1 μm 
width transverse microcrack (b), and 5 μm width transverse microcrack (c) and 
10 μm width transverse microcrack (d).  

(a) 

(b) 

(c) 

(d) 
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Table 6.1 Effect of transverse microcrack on the cracked sorptivity ratio (ratio 
of sorptivity of cracked concrete to uncracked concrete) 

D0 
Crack width (μm)  

0.5 1 5 10 25 
0.1 1.0042 1.0084 1.0353 1.0602 1.0901 
1 1.0004 1.0008 1.0044 1.0088 1.0222 

 

6.6 Discussion 

As mentioned earlier, the validity of Eq. 6.3 to predict water penetration profiles in 

bricks, stones and mortars has been tested in numerous studies based on 

comparison against measured wetting profiles, e.g. refs (Hall, 1989; Lockington et 

al., 1999; Leech et al., 2003; Gummerson et al., 1979; Daian, 1988; Carpenter et al., 

1993). Therefore, it is encouraging to see that the conducted simulation for mortar 

(Fig. 6.4) matches experimental results very well. The approximate exponential 

function for hydraulic diffusivity (Eq. 6.5) in which Do is obtained from sorptivity and n 

is taken as 6 also seems to work well for mortars. The main advantage of this 

approach is that hydraulic diffusivity can be calculated from sorptivity, which is 

relatively easy to measure in the lab. However, there exists very little experimental 

data of water penetration profiles for concrete that the simulations performed in this 

study can compare against. Clearly more work is needed to confirm the validity of 

these equations and the assumptions therein for concrete.  

It is also interesting to note the agreement between the simulated sorptivity of 

concrete (Fig. 6.8) with that of Hall’s equation (Hall et al., 1993). This lends support 

to the use of Hall’s equation as a quick means to estimate the sorptivity of concrete 

based on knowledge of the aggregate content and sorptivity of the matrix. It should 

be mentioned that although this equation was derived for homogeneous media 

containing a dilute amount of spherical inclusions, its validity seems to extend 

beyond the dilute regime provided properties are averaged over a representative 

volume, as it has been shown for gypsum plaster containing up to 49% vol. sand 

particles (Hall et al., 1993). However, this is not the case for non-spherical 

inclusions. Indeed, the simulations conducted in this work (Fig. 6.11) show that the 

deviation from Hall’s equation increases as the aggregate particles become 

increasingly non-spherical at aggregate fractions typical of concrete.  



159 
 

The model described here is useful for evaluating the effects of various parameters 

on capillary absorption that are difficult to isolate and quantify by laboratory 

measurements alone. However, the microstructure of real concrete is more 

complicated than what is captured at present by the model presented in this chapter. 

The samples tested in this study are isotropic since aggregate particles were placed 

randomly in the computational cube. In real structures, various factors could lead to 

anisotropy such as segregation that occurs during transport, placement or 

compaction of concrete. These will further augment the influence of aggregate 

particles on the water absorption process. Moreover, the cracked model does not 

capture complex morphology of the cracks.    

It is also well-known that the presence of aggregate particles disturbs the 

microstructure of the cement paste, but this was not captured in the model 

developed in this chapter. The paste region surrounding each aggregate particle, i.e. 

the interfacial transition zone (ITZ), contains on average higher porosity compared to 

paste region farther away and so it is reasonable to assume that water absorption 

will be accelerated, at least locally within the ITZ. However, the porosity and width of 

the ITZ is highly variable (Scrivener et al., 2004; Wong and Buenfeld, 2006a) and the 

presence of porous ITZ is accompanied by a denser bulk cement paste because of 

water conservation in the microstructure. Thus, compared to other factors such as 

w/c ratio, degree of hydration and aggregate fraction, the net influence of ITZ on 

transport properties is not significant, as shown in several experimental (Wong et al., 

2009; Buenfeld and Okundi, 1998; Delagrave et al., 1998; Shane et al., 2000) and 

theoretical studies ( Wang and Ueda, 2011a; Bentz et al., 1998; Zheng et al., 2009). 

For example, the recent study by Wang and Ueda (2011a) found only a small 

increase in absorbed water content even when the hydraulic diffusivity of the ITZ 

was assumed to be ten times greater than the bulk paste, and the size of the ITZ 

was tripled from 20 to 60μm. Therefore, the approximations assumed in this work are 

not likely to have a huge impact on the estimated sorptivity. 

Concretes also contain air voids that are either inadvertently entrapped because of 

incomplete compaction, or deliberately entrained. It is often assumed that these 

contribute little to transport since they appear as isolated voids, but they are in fact 

interconnected by capillary/gel pores. It has been shown that 10% air content can 

increase diffusivity and permeability by up to a factor of 2-3 (Wong et al., 2011). 
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However, air voids exert a much smaller capillary suction compared to capillary 

pores and rapidly become encircled/trapped by the advancing wetting front. 

Therefore, a reduction in sorptivity with increase in air content is usually observed for 

example in foamed/aerated concrete (Nambiar and Ramamurthy, 2007). Here, the 

effect of air voids is to dilute the paste content and increase the tortuosity of the 

transport path, consistent with the effect of aggregate particles as modelled in this 

study.  

To improve the model’s predictive capability, capillary absorption needs to be 

simulated at the pore scale to generate data that could then be used as input at the 

mesoscale. However, there is a lack of work in this area compared to, for example, 

pore-scale modelling of permeability (Zalzale and McDonald, 2012; Zhang et al., 

2013; Wong et al., 2012). More work is needed to characterise the connectivity of the 

pore structure and crack network in three-dimensions (Holzer et al., 2006; Head et 

al., 2006; Gallucci et al., 2007) to advance this area. However, none of the existing 

three-dimensional imaging techniques are able to image a representative volume of 

concrete at sufficiently high resolution to capture the pores and cracks important to 

transport. Furthermore, in order to model any deterioration of concrete, one needs to 

couple transport phenomena to chemical reactions and mechanical damage. The 

microstructural changes that occur for example due to dissolution and precipitation of 

products, need to be considered.   

 

6.7 Conclusions 

Capillary absorption in concrete was investigated numerically using a three-

dimensional mesoscale model. Concrete was idealised as a heterogeneous 

composite of aggregate particles randomly placed in a porous matrix and discretised 

into a network of lattice elements. A non-linear finite element method was used to 

solve the governing diffusion equation that describes capillary absorption according 

to unsaturated flow theory. The distribution of absorbed water content in the 

mesostructure was calculated as a function of space and time, based on hydraulic 

diffusivity determined from the initial and saturated moisture content, and sorptivity of 

the porous matrix. The model was validated by comparing the simulated water 

penetration profile in mortar with available experimental data and analytical 
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approximations. The model was then used to investigate the effect of heterogeneities 

produced by coarse aggregate particles and microcracks on capillary absorption in 

concrete. The results showed that water does not penetrate into concrete as a sharp 

front parallel to the exposed surface, but advances in an uneven manner that is 

influenced by the amount, spatial distribution and shape of the aggregate particles. 

The wetting front in concrete lagged behind that of the mortar at each time step due 

to bending of flow around coarse aggregate particles and the increased tortuosity of 

the flow path. Thus, the required time for absorbed water to penetrate a certain 

depth increased. The shape of aggregate particles may have a significant effect on 

the water penetration profile and sorptivity. Replacing spherical aggregates with 

ellipsoidal aggregates produced a shift in the wetting front and a decrease in 

sorptivity. This is most significant for oblate spheroidal, followed by tri-axial 

ellipsoidal and prolate spheroidal aggregate particles. Furthermore, the effect 

increased with aspect ratio and aggregate volume fraction. However, aggregate size 

distribution had little influence on the water penetration profile and sorptivity because 

the increased tortuosity due flow around larger aggregate particles is balanced by 

the reduction in the number of aggregate particles. It was also found that in 

microcracked samples, water penetrates through the microcrack quicker than the 

porous medium. The microcrack will then act as a new source of water for the 

porous medium. These effects are more pronounced for the denser porous medium 

(lower hydraulic diffusivity). The modelling approach described in this chapter is 

particularly useful for isolating and studying the influence of various parameters on 

capillary absorption that would otherwise be difficult to achieve through laboratory-

based testing.  

 

 

 

 

 

 

 



162 
 

Chapter 7 Conclusions and recommendations for further 
research 
 

7.1 Conclusions  

The main objective of this thesis was to develop models to predict transport 

properties of concrete from its internal structure. The models relate the macro 

transport property to microstructure of concrete so a better understanding of the 

influence of concrete heterogeneities, and especially microcracks, on the transport 

properties is obtained. Due to high heterogeneity of internal structure of concrete, the 

modelling approach used should be able to capture these heterogeneities. However, 

analytical and empirical techniques are not efficient as they may not be able to reach 

this level of detail. This study applied numerical homogenization schemes such as 

finite element, finite difference and finite volume, and attempted to use realistic 

structures as input to the models. Although, the emphasis was on developing 

appropriate models to investigate the effect of microcracks, the models were also 

applied to study the influence of other heterogeneities such as aggregate size and 

shape, and ITZ on the transport properties.  

A three-dimensional interactive composite model was used to investigate the 

diffusivity of mortar and concrete. Input mesostructures were obtained from 

experimental approaches and computer simulations. It was found that this digitized 

approach can be applied for homogenization of samples with up to 109 degrees of 

freedom, 10 mm sample with the resolution of 10 μm, on a PC embedding 12 GB of 

RAM. The model was applied to examine the influence of several parameters on 

diffusivity. It was found that the most significant parameters influencing diffusivity 

were w/c ratio, degree of hydration and aggregate content, while the ITZ width and 

aggregate size have less influence. The percolation of ITZ when aggregate volume 

fraction exceeds 30% did not result in an increase in diffusivity. The simulations also 

showed that aggregate shape and orientation can have a significant effect on 

diffusivity. Diffusivity decreased when spherical aggregate particles were replaced 

with ellipsoidal aggregate particles owing to an increase in the tortuosity of the 

cement paste. From the simulations, it is evident that the tortuosity and dilution effect 

is more significant compared to that of the ITZ. The effect of microcracks induced by 

cyclic freeze-thaw on the diffusivity of a mortar sample was also examined. It was 
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found that the diffusivity of the investigated sample was anisotropic and that the 

diffusivity increased significantly as a result of the microcracks.  

A finite element technique was applied to study the effect of microcracks on the 

diffusivity of concrete. Concrete was treated as a heterogeneous material consisting 

of aggregate particles (1-10 mm, 60% vol.), cement paste and microcracks with 

widths ranging from 1-50 μm.  An aligned meshing approach was applied to improve 

the computational efficiency of the digitized model. In this approach, discretisation 

was carried out using tetrahedral elements and triangulation to explicitly capture the 

aggregate surfaces. Due to limitations of the mesh generator, the smallest aggregate 

size considered was 1 mm. Further experimental and numerical investigation is 

required to check the accuracy of this assumption. Microcracks were incorporated as 

interface elements enabling the smallest microcracks to be represented independent 

to the size of the discretisation. The microcracks were either bond cracks at the 

aggregate-paste interface, or matrix cracks that span the nearest neighbouring 

aggregate particles. Once the internal structure of concrete is constructed, a finite 

element technique was applied to simulate the diffusion through the porous matrix 

and cracks. The model was validated against analytical relationships for ideal cases 

and then applied to perform a sensitivity analysis to evaluate the effects of 

microcrack width, density, diffusivity contrast ratio (Dcr/Duncracked) and percolation on 

overall diffusivity of concrete.  

It was found that the effect of microcracks is more pronounced for the denser 

materials. Moreover, it was found that effect of microcracks for dilute systems (non-

percolated crack networks) always increases up to a finite limit with the increase of 

crack width and contrast ratio. The value of this finite limit depends on the 

characteristics of the crack network as well as transport property of cement paste 

and aggregate particles. This is due to the fact that for a non-percolated crack 

network, the flux has to go through the uncracked matrix to reach the other side of 

the sample. This behaviour was not observed for a percolated crack network.  

A similar algorithm was employed to study the effect of microcracks on the 

permeability of concrete. A finite element approach was applied to simulate fluid flow 

through the porous matrix and cracks. The model was applied to examine the 

influence of microcrack properties such as width, density and percolation on the bulk 

permeability of concrete. It was found that the effect of microcracks is more 
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pronounced for denser materials. Furthermore, it was found that effect of 

microcracks for dilute systems (non-percolated crack networks) always increases up 

to a finite limit, the value of which depends on the crack characteristics and material 

properties. This behaviour was not observed for a percolated crack network. The 

simulations also showed that the presence of microcracks has a greater effect on 

permeation compared to diffusion. The difference between the effect of microcracks 

on permeation and diffusion becomes more pronounced for percolated crack 

networks. This is due to the fact that the contrast ratio of crack transport property to 

the transport property of the uncracked material is higher for permeation compared 

to diffusion.  

Capillary absorption in concrete was investigated numerically using a three-

dimensional mesoscale model. Concrete was treated as a heterogeneous composite 

of aggregate particles randomly placed in a porous matrix and discretised into a 

network of lattice elements. A non-linear finite element method was used to solve the 

governing equation that describes capillary absorption according to unsaturated flow 

theory. The model was validated by comparing the simulated water penetration 

profile in mortar with available experimental data and analytical approximations. The 

model was then used to investigate the effect of heterogeneities produced by coarse 

aggregate particles and microcracks on capillary absorption in concrete. The wetting 

front in concrete lagged behind that of the mortar at each time step due to bending of 

flow around coarse aggregate particles and the increased tortuosity of the flow path. 

The shape of aggregate particles may have a significant effect on the water 

penetration profile and sorptivity. This is most significant for oblate spheroidal, 

followed by tri-axial ellipsoidal and prolate spheroidal aggregate particles. However, 

aggregate size distribution had little influence on the water penetration profile and 

sorptivity. It was also found that in microcracked samples, water penetrates through 

the microcrack quicker than the porous matrix. The microcrack increases the area of 

the wetted front and acts as an additional source of water entering the porous matrix. 

 

7.2 Recommendations for further research  

This study highlighted the need for detailed information about the crack 

characteristics such as three-dimensional geometry, size distribution and 
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propagation. Once this information is available, the crack network can be used as an 

input to the transport models developed in this study. 

Alternatively, one can simulate crack initiation and propagation due to different 

effects such as loading and drying shrinkage to predict the exact crack patterns. This 

can be then be coupled with a transport model. A worthwhile research topic would be 

to develop a mechanical model to provide crack networks that can be incorporated 

as interface elements as input to the transport models presented in Chapters 4 & 5.     

It should be noted that the effective diffusion or permeation properties calculated in 

the thesis are determined at steady-state (equilibrium) conditions. Furthermore, the 

simulations have not allowed for chemical reactions or phase changes to occur, for 

example those associated with hydration, leaching and crack healing. Steady-state 

assumption is reasonable because the unsteady terms have no contribution to the 

effective properties (Wang and Pan, 2008b),  In addition, deterioration of concrete 

structures is usually a transient process involving chemical interactions between the 

deleterious species and constituents, such as chloride binding to hydration products 

(Yuan et al., 2009; Arya et al., 1990). Many studies have shown that the service life 

of the concrete structures will be underestimated if the binding of chloride ions by the 

cement paste is not accounted for (Shi et al., 2012; Buenfeld and Hassanein, 1998). 

To apply the models at the macroscale for prediction of service life, the modelling 

techniques should be further developed to capture the effect of chemical 

interactions. It should be remembered that although the existing concrete service life 

models account for a variety of concrete materials and environmental factors, the 

effect of cracking is generally beyond their scope (Bentz et al., 2013). Hence, the 

extended models, applied at the macroscale, can provide some insights on the effect 

of cracks on the service life of concrete structures. It should be recalled that the 

effect of microcracks have already been taken into account in the calculation of 

effective properties at the mesoscale. 

As stated in Chapters 3-6, it is well-known that the presence of aggregate particles 

disturbs the microstructure of the cement paste. The paste region surrounding each 

aggregate particle, i.e. the interfacial transition zone (ITZ), contains on average 

higher porosity compared to paste region farther away and so it is reasonable to 

assume that transport properties will be higher, at least locally within the ITZ. In 

order to determine the effect of ITZ on the overall permeability and sorptivity, 
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permeation and capillary absorption needs to be simulated at the pore scale to 

generate data that could then be used as input at the mesoscale.  

It should be noted that there is a lack of data on the mechanical behaviour of the ITZ. 

It is very tedious to characterise mechanical behaviour of ITZ using experimental 

approaches, but this can be overcome by using numerical approaches. Once the 

three-dimensional microstructure of ITZ is provided using either experimental or 

numerical approaches, its mechanical behaviour can be simulated. Once the 

mechanical behaviour of ITZ is characterised, its effect on the overall composite 

behaviour can be evaluated using the aligned meshing approach in which the ITZ 

behaviour can be captured using the interface or other type of elements. It should be 

recalled that realistic representation of ITZ using digitized models will be 

computationally intractable. The incorporation of ITZ into the model would probably 

have more impact in the simulation of the drying-shrinkage microcracks as it has 

been observed that the ITZ between aggregate particles and mortar has a great 

effect on the initiation of microcracks. 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 



167 
 

References 
Ababneh, A., Benboudjema, F. & Xi, Y. P. 2003. Chloride penetration in 

nonsaturated concrete. Journal of Materials in Civil Engineering, 15, 183-191. 
Adler, P. M. & Thovert, J.-F. 1999. Fractures and fracture networks, Dordrecht ; 

London, Kluwer. 
Adler, P. M., Thovert, J.-F. O. & Mourzenko, V. V. 2012. Fractured porous media, 

Oxford, Oxford University Press. 
Ai, S., Tang, L., Mao, Y., Pei, Y., Liu, Y. & Fang, D. 2013. Effect of aggregate 

distribution and shape on failure behavior of polyurethane polymer concrete 
under tension. Computational Materials Science, 67, 133-139. 

Akhavan, A. & Rajabipour, F. 2013. Evaluating ion diffusivity of cracked cement 
paste using electrical impedance spectroscopy. Materials and Structures, 46, 
697-708. 

Akhavan, A., Shafaatian, S.-M.-H. & Rajabipour, F. 2012. Quantifying the effects of 
crack width, tortuosity, and roughness on water permeability of cracked 
mortars. Cement and Concrete Research, 42, 313-320. 

Aldea, C. M., Shah, S. P. & Karr, A. 1999a. Effect of cracking on water and chloride 
permeability of concrete. Journal of Materials in Civil Engineering, 11, 181-
187. 

Aldea, C. M., Shah, S. P. & Karr, A. 1999b. Permeability of cracked concrete. 
Materials and Structures, 32, 370-376. 

Aldred, J. M., Rangan, B. V. & Buenfeld, N. R. 2004. Effect of initial moisture content 
on wick action through concrete. Cement and Concrete Research, 34, 907-
912. 

Ammouche, A., Breysse, D., Hornain, H., Didry, O. & Marchand, J. 2000. A new 
image analysis technique for the quantitative assessment of microcracks in 
cement-based materials. Cement and Concrete Research, 30, 25-35. 

Ammouche, A., Riss, J., Breysse, D. & Marchand, J. 2001. Image analysis for the 
automated study of microcracks in concrete. Cement and Concrete 
Composites, 23, 267-278. 

Arya, C., Buenfeld, N. R. & Newman, J. B. 1990. Factors influencing chloride-binding 
in concrete. Cement and Concrete Research, 20, 291-300. 

Barenblast, G. I. & Zheltov, Y. P. 1960. Fundamental equations of filtration of 
homogeneous liquids in fissured rocks. Soviet Physics Doklady, 5, 545–548. 

Barenblatt, G. I., Zheltov, Y. P. & Kochina, I. N. 1960. Basic concepts in the theory of 
seepage of homogeneous liquids in fissured rocks. Sov. Appl. Math. Mech., 
24, 852–864. 

Belayneh, M., Masihi, M., Matthaei, S. K. & King, P. R. 2006. Prediction of vein 
connectivity using the percolation approach: model test with field data. Journal 
of Geophysics and Engineering, 3, 219-229. 

Bentz, D. P. 1997. Three-dimensional computer simulation of portland cement 
hydration and microstructure development. Journal of the American Ceramic 
Society, 80, 3-21. 

Bentz, D. P. 2000. Influence of silica fume on diffusivity in cement-based materials: 
II. Multi-scale modeling of concrete diffusivity. Cement and Concrete 
Research, 30, 1121-1129. 

Bentz, D. P. & Garboczi, E. J. 1991a. Percolation of phases in a three-dimensional 
cement paste microstructural model. Cement and Concrete Research, 21, 
325-344. 



168 
 

Bentz, D. P. & Garboczi, E. J. 1991b. Simulation studies of the effects of mineral 
admixtures on the cement paste-aggregate interfacial zone. ACI Materials 
Journal, 88, 518-529. 

Bentz, D. P., Garboczi, E. J., Haecker, C. J. & Jensen, O. M. 1999. Effects of cement 
particle size distribution on performance properties of Portland cement-based 
materials. Cement and Concrete Research, 29, 1663-1671. 

Bentz, D. P., Garboczi, E. J. & Lagergren, E. S. 1998. Multi-scale microstructural 
modeling of concrete diffusivity: Identification of significant variables. Cement 
Concrete and Aggregates, 20, 129-139. 

Bentz, D. P., Garboczi, E. J., Lu, Y., Martys, N., Sakulich, A. R. & Weiss, W. J. 2013. 
Modeling of the influence of transverse cracking on chloride penetration into 
concrete. Cement and Concrete Composites, 38, 65-74. 

Bentz, D. P., Hwang, J. T. G., Hagwood, C., Garboczi, E. J., Snyder, K. A., Buenfeld, 
N. & Scrivener, K. L. 1995. Interfacial zone percolation in concrete: Effects of 
interfacial zone thickness and aggregate shape. In: Diamond, S. M. S. G. F. 
P. R. L. W. S. J. P. W. & Ld (eds.) Microstructure of Cement-Based 
Systems/Bonding and Interfaces in Cementitious Materials. 

Bentz, D. P., Jensen, O. M., Coats, A. M. & Glasser, F. P. 2000a. Influence of silica 
fume on diffusivity in cement-based materials: I. Experimental and computer 
modeling studies on cement pastes. Cement and Concrete Research, 30, 
953-962. 

Bentz, D. P., Quenard, D. A., Kunzel, H. M., Baruchel, J., Peyrin, F., Martys, N. S. & 
Garboczi, E. J. 2000b. Microstructure and transport properties of porous 
building materials. II: Three-dimensional X-ray tomographic studies. Materials 
and Structures, 33, 147-153. 

Bentz, D. P., Stutzman, P. E. & Garboczi, E. J. 1992. Experimental and simulation 
studies of the interfacial zone in concrete. Cement and Concrete Research, 
22, 891-902. 

Bernard, F. & Kamali-Bernard, S. 2010. Performance simulation and quantitative 
analysis of cement-based materials subjected to leaching. Computational 
Materials Science, 50, 218-226. 

Bernard, F. & Kamali-Bernard, S. 2012. Predicting the evolution of mechanical and 
diffusivity properties of cement pastes and mortars for various hydration 
degrees – A numerical simulation investigation. Computational Materials 
Science, 61, 106-115. 

Bernard, F., Kamali-Bernard, S. & Prince, W. 2008. 3D multi-scale modelling of 
mechanical behaviour of sound and leached mortar. Cement and Concrete 
Research, 38, 449-458. 

Bishnoi, S. & Scrivener, K. L. 2009. μic: A new platform for modelling the hydration of 
cements. Cement and Concrete Research, 39, 266-274. 

Bisschop, J. & Van Mier, J. 2002. Effect of aggregates on drying shrinkage 
microcracking in cement-based composites. Materials and Structures, 35, 
453-461. 

Bogdanov, I. I., Mourzenko, V. V., Thovert, J. F. & Adler, P. M. 2003. Effective 
permeability of fractured porous media in steady state flow. Water Resources 
Research, 39. 

Bogdanov, I. I., Mourzenko, V. V., Thovert, J. F. & Adler, P. M. 2007. Effective 
permeability of fractured porous media with power-law distribution of fracture 
sizes. Physical Review E, 76. 



169 
 

Bolander Jr, J. E. & Berton, S. 2004. Simulation of shrinkage induced cracking in 
cement composite overlays. Cement and Concrete Composites, 26, 861-871. 

Breysse, D. & Gérard, B. 1997. Transport of fluids in cracked media. In: Reinhardt, 
H. W. (ed.) RILEM report no. 16: Penetration and Permeability of Concrete: 
Barriers to Organic and Contaminating Liquids. London. 

Brough, A. R. & Atkinson, A. 2000. Automated identification of the aggregate-paste 
interfacial transition zone in mortars of silica sand with Portland or alkali-
activated slag cement paste. Cement and Concrete Research, 30, 849-854. 

Bruggeman, D. a. G. 1935. Berechnung verschiedener physikalischer Konstanten 
von heterogenen Substanzen. I. Dielektrizitätskonstanten und Leitfähigkeiten 
der Mischkörper aus isotropen Substanzen. Annalen der Physik, 416, 636-
664. 

Buenfeld, N. R. 1997. Measuring and modelling transport phenomena in concrete for 
life prediction of structures, Prediction of Concrete Durability. In: Glanville, J. 
& Neville, A. (eds.). London: E & FN Spon. 

Buenfeld, N. R. & El-Belbol, S. 1991. Rapid estimation of chloride diffusion 
coefficient in concrete - comment. Magazine of Concrete Research, 43, 135-
139. 

Buenfeld, N. R. & Hassanein, N. M. 1998. Predicting the life of concrete structures 
using neural networks. Proceedings of the Institution of Civil Engineers-
Structures and Buildings, 128, 38-48. 

Buenfeld, N. R. & Newman, J. B. 1984. The permeability of concrete in a marine 
environment. Magazine of Concrete Research, 36, 67-80. 

Buenfeld, N. R., Newman, J. B. & Page, C. L. 1986. The resistivity of mortars 
immersed in sea-water. Cement and Concrete Research, 16, 511-524. 

Buenfeld, N. R. & Okundi, E. 1998. Effect of cement content on transport in concrete. 
Magazine of Concrete Research, 50, 339-351. 

Bullard, J. W. & Garboczi, E. J. 2006. A model investigation of the influence of 
particle shape on portland cement hydration. Cement and Concrete 
Research, 36, 1007-1015. 

Carmeliet, J., Delerue, J. F., Vandersteen, K. & Roels, S. 2004. Three-dimensional 
liquid transport in concrete cracks. International Journal for Numerical and 
Analytical Methods in Geomechanics, 28, 671-687. 

Carpenter, T. A., Davies, E. S., Hall, C., Hall, L. D., Hoff, W. D. & Wilson, M. A. 1993. 
Capillary water migration in rock: process and material properties examined 
by NMR imaging. Materials and Structures, 26, 286-292. 

Choinska, M., Khelidj, A., Chatzigeorgiou, G. & Pijaudier-Cabot, G. 2007. Effects and 
interactions of temperature and stress-level related damage on permeability of 
concrete. Cement and Concrete Research, 37, 79-88. 

Crumbie, A. K. 1994. Characterisation of the microstructure of concrete. PhD thesis, 
Imperial College London. 

Daian, J.-F. 1988. Condensation and isothermal water transfer in cement mortar Part 
I — Pore size distribution, equilibrium water condensation and imbibition. 
Transport in Porous Media, 3, 563-589. 

De Graef, B., Cnudde, V., Dick, J., De Belie, N., Jacobs, P. & Verstraete, W. 2005. A 
sensitivity study for the visualisation of bacterial weathering of concrete and 
stone with computerised X-ray microtomography. Science of The Total 
Environment, 341, 173-183. 



170 
 

Delagrave, A., Bigas, J. P., Ollivier, J. P., Marchand, J. & Pigeon, M. 1997. Influence 
of the interfacial zone on the chloride diffusivity of mortars. Advanced Cement 
Based Materials, 5, 86-92. 

Delagrave, A., Marchand, J. & Pigeon, M. 1998. Influence of microstructure on the 
tritiated water diffusivity of mortars. Advanced Cement Based Materials, 7, 60-
65. 

Diamond, S. 2003. Percolation due to overlapping ITZs in laboratory mortars? A 
microstructural evaluation. Cement and Concrete Research, 33, 949-955. 

Diamond, S. 2004. The microstructure of cement paste and concrete––a visual 
primer. Cement and Concrete Composites, 26, 919-933. 

Diamond, S. 2005. The patch microstructure in concrete: effect of mixing time. 
Cement and Concrete Research, 35, 1014-1016. 

Diamond, S. 2006. A discussion of paper "Patch microstructure in cement-based 
materials: Fact or artefact?" by H.S. Wong and N.R. Buenfeld. Cement and 
Concrete Research, 36, 998-1001. 

Diamond, S. & Huang, J. 2001. The ITZ in concrete – a different view based on 
image analysis and SEM observations. Cement and Concrete Composites, 
23, 179-188. 

Diamond, S. & Thaulow, N. 2006. The patch microstructure in concrete: Evidence 
that it exists. and is not a backscatter SEM artifact. Cement & Concrete 
Composites, 28, 606-612. 

Dietrich, P. 2005. Flow and transport in fractured porous media, New York, NY, 
Springer. 

Djerbi, A., Bonnet, S., Khelidj, A. & Baroghel-Bouny, V. 2008. Influence of traversing 
crack on chloride diffusion into concrete. Cement and Concrete Research, 38, 
877-883. 

Djerbi Tegguer, A., Bonnet, S., Khelidj, A. & Baroghel-Bouny, V. 2013. Effect of 
uniaxial compressive loading on gas permeability and chloride diffusion 
coefficient of concrete and their relationship. Cement and Concrete Research, 
52, 131-139. 

Dolado, J. S., Griebel, M., Hamaekers, J. & Heber, F. 2011. The nano-branched 
structure of cementitious calcium-silicate-hydrate gel. Journal of Materials 
Chemistry, 21, 4445-4449. 

Dolado, J. S. & Van Breugel, K. 2011. Recent advances in modeling for cementitious 
materials. Cement and Concrete Research, 41, 711-726. 

Dunant, C. F., Bary, B., Giorla, A. B., Péniguel, C., Sanahuja, J., Toulemonde, C., 
Tran, A.-B., Willot, F. & Yvonnet, J. 2013. A critical comparison of several 
numerical methods for computing effective properties of highly heterogeneous 
materials. Advances in Engineering Software, 58, 1-12. 

Elaqra, H., Godin, N., Peix, G., R'mili, M. & Fantozzi, G. 2007. Damage evolution 
analysis in mortar, during compressive loading using acoustic emission and 
X-ray tomography: Effects of the sand/cement ratio. Cement and Concrete 
Research, 37, 703-713. 

Elzafraney, M. & Soroushian, P. 2004. Assessment of microcrack development in 
concrete materials of different strengths. Materials and Structures, 37, 724-
731. 

Fuller, W. B. & Thompson, S. E. 1907. The laws of proportioning concrete. Trans. 
Am Soc Civ Eng, 59, 67-143. 

Gallucci, E., Scrivener, K., Groso, A., Stampanoni, M. & Margaritondo, G. 2007. 3D 
experimental investigation of the microstructure of cement pastes using 



171 
 

synchrotron X-ray microtomography (mu CT). Cement and Concrete 
Research, 37, 360-368. 

Gao, Y., De Schutter, G., Ye, G., Huang, H., Tan, Z. & Wu, K. 2013. Porosity 
characterization of ITZ in cementitious composites: Concentric expansion and 
overflow criterion. Construction and Building Materials, 38, 1051-1057. 

Garboczi, E. J. 2002. Three-dimensional mathematical analysis of particle shape 
using X-ray tomography and spherical harmonics: Application to aggregates 
used in concrete. Cement and Concrete Research, 32, 1621-1638. 

Garboczi, E. J. & Bentz, D. P. 1992. Computer simulation of the diffusivity of cement-
based materials. Journal of Materials Science, 27, 2083-2092. 

Garboczi, E. J. & Bentz, D. P. 1996. Modelling of the microstructure and transport 
properties of concrete. Construction and Building Materials, 10, 293-300. 

Garboczi, E. J. & Bentz, D. P. 1998. Multiscale analytical/numerical theory of the 
diffusivity of concrete. Advanced Cement Based Materials, 8, 77-88. 

Garboczi, E. J. & Bentz, D. P. 2001. The effect of statistical fluctuation, finite size 
error, and digital resolution on the phase percolation and transport properties 
of the NIST cement hydration model. Cement and Concrete Research, 31, 
1501-1514. 

Garboczi, E. J., Bentz, D. P. & Martys, N. S. 1999. Digital images and computer 
modeling. Methods in the Physics of Porous Media, 35, 1-41. 

Garboczi, E. J. & Berryman, J. G. 2000. New effective medium theory for the 
diffusivity or conductivity of a multi-scale concrete microstructure model. 
Concrete Science and Engineering, 2, 88-96. 

Garboczi, E. J., Schwartz, L. M. & Bentz, D. P. 1995. Modeling the influence of the 
interfacial zone on the DC electrical conductivity of mortar. Advanced Cement 
Based Materials, 2, 169-181. 

Gardner, D., Jefferson, A. & Hoffman, A. 2012. Investigation of capillary flow in 
discrete cracks in cementitious materials. Cement and Concrete Research, 
42, 972-981. 

Gérard, B. & Marchand, J. 2000. Influence of cracking on the diffusion properties of 
cement-based materials: Part I: Influence of continuous cracks on the steady-
state regime. Cement and Concrete Research, 30, 37-43. 

Gérard, B., Reinhardt, H. W. & Breysse, D. 1997. Measured transport in cracked 
concrete. In: Reinhardt, H. W. (ed.) RILEM report no. 16: Penetration and 
Permeability of Concrete: Barriers to Organic and Contaminating Liquids. 
London. 

Glass, G. K., Yang, R., Dickhaus, T. & Buenfeld, N. R. 2001. Backscattered electron 
imaging of the steel–concrete interface. Corrosion Science, 43, 605-610. 

Goltermann, P. 1994. Mechanical predictions on concrete deterioration. Part 1: 
eigenstresses in concrete. ACI Materials Journal, 91, 543-550. 

Goltermann, P. 1995. Mechanical predictions of concrete deterioration - Part 2: 
classification of crack patterns. ACI Materials Journal, 92, 58-63. 

Grassl, P. 2009. A lattice approach to model flow in cracked concrete. Cement & 
Concrete Composites, 31, 454-460. 

Grassl, P. & Davies, T. 2011. Lattice modelling of corrosion induced cracking and 
bond in reinforced concrete. Cement and Concrete Composites, 33, 918-924. 

Grassl, P., Wong, H. S. & Buenfeld, N. R. 2010. Influence of aggregate size and 
volume fraction on shrinkage induced micro-cracking of concrete and mortar. 
Cement and Concrete Research, 40, 85-93. 



172 
 

Gummerson, R. J., Hall, C., Hoff, W. D., Hawkes, R., Holland, G. N. & Moore, W. S. 
1979. Unsaturated water flow within porous materials observed by NMR 
imaging. Nature, 281, 56-57. 

Halamickova, P., Detwiler, R. J., Bentz, D. P. & Garboczi, E. J. 1995. Water 
permeability and chloride ion diffusion in portland cement mortars: 
Relationship to sand content and critical pore diameter. Cement and Concrete 
Research, 25, 790-802. 

Hall, C. 1989. Water sorptivity of mortars and concretes : a review. Magazine of 
Concrete Research, 41, 51-61. 

Hall, C. 1994. Barrier performance of concrete: A review of fluid transport theory. 
Materials and Structures, 27, 291-306. 

Hall, C., Hoff, W. D. & Wilson, M. A. 1993. Effect of nonsorptive inclusions on 
capillary absorption by a porous material. Journal of Physics D-Applied 
Physics, 26, 31-34. 

Hamraoui, A. & Nylander, T. 2002. Analytical approach for the Lucas-Washburn 
equation. Journal of Colloid and Interface Science, 250, 415-421. 

Hanaor, A. 1985. Microcracking and permeability of concrete to liquid nitrogen. 
Journal of the American Concrete Institute, 82, 147-153. 

Hasanbeigi, A., Price, L., Lin E. 2012 Emerging energy-efficiency and CO2 emission-
reduction technologies for cement and concrete production: A technical 
review, Renewable and Sustainable Energy Reviews, 16, 6220-6238 

Hashin, Z. 1962. The Elastic Moduli of Heterogeneous Materials. Journal of applied 
mechanics, 29, 143-150. 

Hashin, Z. 1983. ANALYSIS OF COMPOSITE-MATERIALS - A SURVEY. Journal of 
Applied Mechanics-Transactions of the Asme, 50, 481-505. 

Hashin, Z. & Shtrikman, S. 1962. A variational approach to the theory of the effective 
magnetic permeability of multiphase materials. Journal of Applied Physics, 33, 
3125-3131. 

Hashin, Z. & Shtrikman, S. 1963. A variational approach to the theory of the elastic 
behaviour of multiphase materials. Journal of the Mechanics and Physics of 
Solids, 11, 127-140. 

Head, M. K. & Buenfeld, N. R. 2006. Confocal imaging of porosity in hardened 
concrete. Cement and Concrete Research, 36, 896-911. 

Head, M. K., Wong, H. S. & Buenfeld, N. R. 2006. Characterisation of 'Hadley' grains 
by confocal microscopy. Cement and Concrete Research, 36, 1483-1489. 

Head, M. K., Wong, H. S. & Buenfeld, N. R. 2008. Characterising aggregate surface 
geometry in thin-sections of mortar and concrete. Cement and Concrete 
Research, 38, 1227-1231. 

Hill, R. 1952. The Elastic Behaviour of a Crystalline Aggregate. Proceedings of the 
Physical Society. Section A, 65, 349-354. 

Hillerborg, A., Modéer, M. & Petersson, P. E. 1976. Analysis of crack formation and 
crack growth in concrete by means of fracture mechanics and finite elements. 
Cement and Concrete Research, 6, 773-781. 

Holzer, L., Gasser, P. & Muench, B. 2006. Quantification of capillary pores and 
Hadley grains in cement paste using FIB-nanotomography. In: 
Konstagdoutos, M. S. (ed.) Measuring, Monitoring and Modeling Concrete 
Properties. 

Hsu, T. T. C. 1963. Mathematical analysis of shrinkage stresses in a model of 
hardened concrete. 



173 
 

Ikeda, S., Nakano, T. & Nakashima, Y. 2000. Three-dimensional study on the 
interconnection and shape of crystals in a graphic granite by X-ray CT and 
image analysis. Mineralogical Magazine, 64, 945-959. 

Jacobsen, S., Marchand, J. & Boisvert, L. 1996. Effect of cracking and healing on 
chloride transport in OPC concrete. Cement and Concrete Research, 26, 869-
881. 

Jang, S. Y., Kim, B. S. & Oh, B. H. 2011. Effect of crack width on chloride diffusion 
coefficients of concrete by steady-state migration tests. Cement and Concrete 
Research, 41, 9-19. 

Jia, X. & Williams, R. A. 2001. A packing algorithm for particles of arbitrary shapes. 
Powder Technology, 120, 175-186. 

Kamali-Bernard, S. & Bernard, F. 2009. Effect of tensile cracking on diffusivity of 
mortar: 3D numerical modelling. Computational Materials Science, 47, 178-
185. 

Kamali-Bernard, S., Bernard, F. & Prince, W. 2009. Computer modelling of tritiated 
water diffusion test for cement based materials. Computational Materials 
Science, 45, 528-535. 

Khamforoush, M., Shams, K., Thovert, J. F. & Adler, P. M. 2008. Permeability and 
percolation of anisotropic three-dimensional fracture networks. Physical 
Review E, 77. 

Kim, S.-M. & Abu Al-Rub, R. K. 2011. Meso-scale computational modeling of the 
plastic-damage response of cementitious composites. Cement and Concrete 
Research, 41, 339-358. 

Kjellsen, K. O. & Jennings, H. M. 1996. Observations of microcracking in cement 
paste upon drying and rewetting by environmental scanning electron 
microscopy. Advanced Cement Based Materials, 3, 14-19. 

Koudina, N., Garcia, R. G., Thovert, J. F. & Adler, P. M. 1998. Permeability of three-
dimensional fracture networks. Physical Review E, 57, 4466-4479. 

Koster, M., Hannawald, J., & Brameshuber, W. (2006). Simulation of water 
permeability and water vapor diffusion through hardened cement paste. 
Computational Mechanics, 37(2), 163-172.  

Koster, M. (2010). 3D multi-scale model of moisture transport in cement-based   
materials. In W. Brameshuber (Ed.), International Rilem Conference on 
Material Science (Vol. 76, pp. 165-176). 

Kurtis, K. E., El-Ashkar, N. H., Collins, C. L. & Naik, N. N. 2003. Examining cement-
based materials by laser scanning confocal microscopy. Cement and 
Concrete Composites, 25, 695-701. 

Kutay, M. E., Aydilek, A. H. & Masad, E. 2006. Laboratory validation of lattice 
Boltzmann method for modeling pore-scale flow in granular materials. 
Computers and Geotechnics, 33, 381-395. 

Leech, C., Lockington, D. & Dux, P. 2003. Unsaturated diffusivity functions for 
concrete derived from NMR images. Materials and Structures, 36, 413-418. 

Leung, C. T. O. & Zimmerman, R. W. 2012. Estimating the Hydraulic Conductivity of 
Two-Dimensional Fracture Networks Using Network Geometric Properties. 
Transport in Porous Media, 93, 777-797. 

Li, L.-Y., Xia, J. & Lin, S.-S. 2012a. A multi-phase model for predicting the effective 
diffusion coefficient of chlorides in concrete. Construction and Building 
Materials, 26, 295-301. 



174 
 

Li, W., Xiao, J., Sun, Z., Kawashima, S. & Shah, S. P. 2012b. Interfacial transition 
zones in recycled aggregate concrete with different mixing approaches. 
Construction and Building Materials, 35, 1045-1055. 

Litorowicz, A. 2006. Identification and quantification of cracks in concrete by optical 
fluorescent microscopy. Cement and Concrete Research, 36, 1508-1515. 

Liu, L., Sun, W., Ye, G., Chen, H. & Qian, Z. 2012. Estimation of the ionic diffusivity 
of virtual cement paste by random walk algorithm. Construction and Building 
Materials, 28, 405-413. 

Lock, P. A., Jing, X. D., Zimmerman, R. W. & Schlueter, E. M. 2002. Predicting the 
permeability of sandstone from image analysis of pore structure. Journal of 
Applied Physics, 92, 6311-6319. 

Lockington, D., Parlange, J. Y. & Dux, P. 1999. Sorptivity and the estimation of water 
penetration into unsaturated concrete. Materials and Structures, 32, 342-347. 

Long, J. C. S., Remer, J. S., Wilson, C. R. & Witherspoon, P. A. 1982. Porous media 
equivalents for networks of discontinuous fractures. Water Resources 
Research, 18, 645-658. 

Martys, N. S. & Ferraris, C. F. 1997. Capillary transport in mortars and concrete. 
Cement and Concrete Research, 27, 747-760. 

Martys, N. S. & Hagedorn, J. G. 2002. Multiscale modeling of fluid transport in 
heterogeneous materials using discrete Boltzmann methods. Materials and 
Structures, 35, 650-658. 

Maxwell, J. C. 1954a. A treatise on electricity and magnetism / Vol.1, New York, 
Dover. 

Maxwell, J. C. 1954b. A treatise on electricity and magnetism / Vol.2, New York, 
Dover. 

Mccarter, W. J., Ezirim, H. & Emerson, M. 1992. Absorption of water and chloride 
into concrete. Magazine of Concrete Research, 44, 31-37. 

Mcdonald, P. J., Rodin, V. & Valori, A. 2010. Characterisation of intra- and inter-C-S-
H gel pore water in white cement based on an analysis of NMR signal 
amplitudes as a function of water content. Cement and Concrete Research, 
40, 1656-1663. 

Mclachlan, D. S., Blaszkiewicz, M. & Newnham, R. E. 1990. Electrical resisivity of 
composites. Journal of the American Ceramic Society, 73, 2187-2203. 

Moench, A. F. 1984. Double-porosity models for a fissured groundwater reservoir 
with fracture skin. Water Resources Research, 20, 831-846. 

Moreno-Atanasio, R., Williams, R. A. & Jia, X. 2010. Combining X-ray 
microtomography with computer simulation for analysis of granular and 
porous materials. Particuology, 8, 81-99. 

Mourzenko, V. V., Thovert, J. F. & Adler, P. M. 2011. Permeability of isotropic and 
anisotropic fracture networks, from the percolation threshold to very large 
densities. Physical Review E, 84. 

Mouton, P. R. 2002. Principles and practices of unbiased stereology : an introduction 
for bioscientists, Baltimore, Johns Hopkins University Press. 

Muller, A. C. A., Scrivener, K. L., Gajewicz, A. M. & Mcdonald, P. J. 2013a. 
Densification of C-S-H Measured by (1)H NMR Relaxometry. Journal of 
Physical Chemistry C, 117, 403-412. 

Muller, A. C. A., Scrivener, K. L., Gajewicz, A. M. & Mcdonald, P. J. 2013b. Use of 
bench-top NMR to measure the density, composition and desorption isotherm 
of C–S–H in cement paste. Microporous and Mesoporous Materials, 178, 99-
103. 



175 
 

Nabovati, A., Llewellin, E. W. & Sousa, A. C. M. 2009. A general model for the 
permeability of fibrous porous media based on fluid flow simulations using the 
lattice Boltzmann method. Composites Part a-Applied Science and 
Manufacturing, 40, 860-869. 

Naik, N. N., Jupe, A. C., Stock, S. R., Wilkinson, A. P., Lee, P. L. & Kurtis, K. E. 
2006. Sulfate attack monitored by microCT and EDXRD: Influence of cement 
type, water-to-cement ratio, and aggregate. Cement and Concrete Research, 
36, 144-159. 

Nambiar, E. K. K. & Ramamurthy, K. 2007. Sorption characteristics of foam 
concrete. Cement and Concrete Research, 37, 1341-1347. 

Nemati, K. M., Monteiro, P. J. M. & Cook, N. G. W. 1998. A new method for studying 
stress-induced microcracks in concrete. Journal of Materials in Civil 
Engineering, 10, 128-134. 

Neville, A. M. 1995. Properties of concrete, Harlow, Longman. 
Oh, B. H. & Jang, S. Y. 2004. Prediction of diffusivity of concrete based on simple 

analytic equations. Cement and Concrete Research, 34, 463-480. 
Ollivier, J. P. 1985. A non destructive procedure to observe the microcracks of 

concrete by scanning electron microscopy. Cement and Concrete Research, 
15, 1055-1060. 

Picandet, V., Khelidj, A. & Bellegou, H. 2009. Crack effects on gas and water 
permeability of concretes. Cement and Concrete Research, 39, 537-547. 

Pope, A. W. & Jennings, H. M. 1992. The influence of mixing on the microstructure 
of the cement paste/aggregate interfacial zone and on the strength of mortar. 
Journal of Materials Science, 27, 6452-6462. 

Powers, T. C. & Brownyard, T. L. 1947. Studies of the physical properties of 
hardened cement paste. J. Am. Concr. Inst. , 43. 

Prodanovic, M., Lindquist, W. B. & Seright, R. S. 2006. Porous structure and fluid 
partitioning in polyethylene cores from 3D X-ray microtomographic imaging. 
Journal of Colloid and Interface Science, 298, 282-297. 

Promentilla, M. a. B. & Sugiyama, T. 2010. X-ray microtomography of mortars 
exposed to freezing-thawing action. Journal of Advanced Concrete 
Technology, 8, 97-111. 

Promentilla, M. a. B., Sugiyama, T., Hitomi, T. & Takeda, N. 2008. Characterizing the 
3D pore structure of hardened cement paste with synchrotron 
microtomography. Journal of Advanced Concrete Technology, 6, 273-286. 

Promentilla, M. a. B., Sugiyama, T., Hitomi, T. & Takeda, N. 2009. Quantification of 
tortuosity in hardened cement pastes using synchrotron-based X-ray 
computed microtomography. Cement and Concrete Research, 39, 548-557. 

Quenard, D., Xu, K., Künzel, H., Bentz, D. P. & Martys, N. 1998. Microstructure and 
transport properties of porous building materials. Materials and Structures, 31, 
317-324. 

Reuss, A. 1929. Berechnung der Fließgrenze von Mischkristallen auf Grund der 
Plastizitätsbedingung für Einkristalle. ZAMM - Journal of Applied Mathematics 
and Mechanics / Zeitschrift für Angewandte Mathematik und Mechanik, 9, 49-
58. 

Richardson, I. G. 1999. The nature of C-S-H in hardened cements. Cement and 
Concrete Research, 29, 1131-1147. 

Richardson, I. G. 2008. The calcium silicate hydrates. Cement and Concrete 
Research, 38, 137-158. 



176 
 

Richardson, I. G. & Groves, G. W. 1992. Models for the composition and structure of 
calcium silicate hydrate (C-S-H) gel in hardened tricalcium silicate pastes. 
Cement and Concrete Research, 22, 1001-1010. 

Rougelot, T., Burlion, N., Bernard, D. & Skoczylas, F. 2010. About microcracking due 
to leaching in cementitious composites: X-ray microtomography description 
and numerical approach. Cement and Concrete Research, 40, 271-283. 

Russ, J. C. & Dehoff, R. T. 2000. Practical stereology, New York ; London, Kluwer 
Academic/Plenum. 

Sadouki, H. & Van Mier, J. G. M. 1997. Meso-level analysis of moisture flow in 
cement composites using a lattice-type approach. Materials and Structures, 
30, 579-587. 

Sahimi, M. 2011. Flow and transport in porous media and fractured rock : from 
classical methods to modern approaches, Weinheim, Wiley-VCH. 

Salvo, L., Cloetens, P., Maire, E., Zabler, S., Blandin, J. J., Buffière, J. Y., Ludwig, 
W., Boller, E., Bellet, D. & Josserond, C. 2003. X-ray micro-tomography an 
attractive characterisation technique in materials science. Nuclear Instruments 
and Methods in Physics Research Section B: Beam Interactions with 
Materials and Atoms, 200, 273-286. 

Samaha, H. R. & Hover, K. C. 1992. Influence of microcracking on the mass 
transport properties of concrete. Aci Materials Journal, 89, 416-424. 

Samson, E. & Marchand, J. 2007. Modeling the transport of ions in unsaturated 
cement-based materials. Computers & Structures, 85, 1740-1756. 

Sanahuja, J. & Toulemonde, C. 2011. Numerical homogenization of concrete 
microstructures without explicit meshes. Cement and Concrete Research, 41, 
1320-1329. 

Schwartz, L. M., Garboczi, E. J. & Bentz, D. P. 1995. interfacial transport in porous 
media application to d.c. electrical conductivity of mortars. 

Scrivener, K. L., Crumbie, A. K. & Laugesen, P. 2004. The interfacial transition zone 
(ITZ) between cement paste and aggregate in concrete. Interface Science, 
12, 411-421. 

Scrivener, K. L., Crumbie, A. K. & Pratt, P. L. 1988. A study of the interfacial region 
between cement paste and aggregate in concrete. Materials Research 
Society Symposium Proceedings, 114, 87–88. 

Scrivener, K. L. & Nemati, K. M. 1996. The percolation of pore space in the cement 
paste aggregate interfacial zone of concrete. Cement and Concrete 
Research, 26, 35-40. 

Shah, S. P. & Chandra, S. 1968. Critical stress, volume change, and microcracking 
of concrete. ACI Journal Proceedings, 65, 770-780. 

Shah, S. P. & Slate, F. O. 1968. Internal microcracking, mortar-aggregate bond, and 
the stress-strain curve of concrete. 82-92. 

Shahbeyk, S., Hosseini, M. & Yaghoobi, M. 2011. Mesoscale finite element 
prediction of concrete failure. Computational Materials Science, 50, 1973-
1990. 

Shane, J. D., Mason, T. O., Jennings, H. M., Garboczi, E. J. & Bentz, D. P. 2000. 
Effect of the interfacial transition zone on the conductivity of portland cement 
mortars. Journal of the American Ceramic Society, 83, 1137-1144. 

Sheppard, A. P., Sok, R. M. & Averdunk, H. 2004. Techniques for image 
enhancement and segmentation of tomographic images of porous materials. 
Physica A: Statistical Mechanics and its Applications, 339, 145-151. 



177 
 

Shi, X., Xie, N., Fortune, K. & Gong, J. 2012. Durability of steel reinforced concrete 
in chloride environments: An overview. Construction and Building Materials, 
30, 125-138. 

Slate, F. O. & Olsefski, S. 1963. X-Rays for study of internal structure and 
microcracking of concrete. ACI Journal Proceedings, 60, 575-588. 

Snyder, K. A., Garboczi, E. J. & Day, A. R. 1992. THE ELASTIC-MODULI OF 
SIMPLE 2-DIMENSIONAL ISOTROPIC COMPOSITES - COMPUTER-
SIMULATION AND EFFECTIVE MEDIUM THEORY. Journal of Applied 
Physics, 72, 5948-5955. 

Soroushian, P. & Elzafraney, M. 2005. Morphological operations, planar 
mathematical formulations, and stereological interpretations for automated 
image analysis of concrete microstructure. Cement & Concrete Composites, 
27, 823-833. 

Soroushian, P., Elzafraney, M. & Nossoni, A. 2003. Specimen preparation and 
image processing and analysis techniques for automated quantification of 
concrete microcracks and voids. Cement and Concrete Research, 33, 1949-
1962. 

Stauffer, D., Introduction to Percolation Theory (Taylor & Francis, London, 1985) Ch. 
1. 

Sugiyama, T., Promentilla, M. a. B., Hitomi, T. & Takeda, N. 2010. Application of 
synchrotron microtomography for pore structure characterization of 
deteriorated cementitious materials due to leaching. Cement and Concrete 
Research, 40, 1265-1270. 

Sun, G. W., Sun, W., Zhang, Y. S. & Liu, Z. Y. 2012. Prediction of the Effective 
Diffusion Coefficient of Chloride Ions in Cement-Based Composite Materials. 
Journal of Materials in Civil Engineering, 24, 1245-1253. 

Tamayol, A. & Bahrami, M. 2009. Analytical determination of viscous permeability of 
fibrous porous media. International Journal of Heat and Mass Transfer, 52, 
2407-2414. 

Tamayol, A. & Bahrami, M. 2010. Parallel Flow Through Ordered Fibers: An 
Analytical Approach. ASME Journal of Fluids Engineering, 132, 114502.1-
114502.7. 

Tamayol, A. & Bahrami, M. 2011. Transverse permeability of fibrous porous media. 
Physical Review E, 83, 046314. 

Torquato, S. 2002. Random heterogeneous materials : microstructure and 
macroscopic properties, New York ; London, Springer. 

Torrijos, M. C., Giaccio, G. & Zerbino, R. 2010. Internal cracking and transport 
properties in damaged concretes. Materials and Structures, 43, 109-121. 

Underwood, E. E. 1970. Quantitative stereology, Reading, Mass. ; London, Addison-
Wesley. 

Valori, A., Mcdonald, P. J. & Scrivener, K. L. 2013. The morphology of C–S–H: 
Lessons from 1H nuclear magnetic resonance relaxometry. Cement and 
Concrete Research, 49, 65-81. 

Van Breugel, K. 1995. Numerical simulation of hydration and microstructural 
development in hardening cement-based materials (I) theory. Cement and 
Concrete Research, 25, 319-331. 

Van Geet, M., Swennen, R. & Wevers, M. 2000. Quantitative analysis of reservoir 
rocks by microfocus X-ray computerised tomography. Sedimentary Geology, 
132, 25-36. 



178 
 

Voigt, W. 1910. Lehrbuch der kristallphysik : (mit ausschluss der kristalloptik), 
Leipzig ; Berlin, B.G. Teubner. 

Wang, K. J., Jansen, D. C., Shah, S. P. & Karr, A. F. 1997. Permeability study of 
cracked concrete. Cement and Concrete Research, 27, 381-393. 

Wang, L. & Ueda, T. 2011a. Mesoscale modeling of water penetration into concrete 
by capillary absorption. Ocean Engineering, 38, 519-528. 

Wang, L. & Ueda, T. 2011b. Mesoscale simulation of chloride diffusion in concrete 
considering the binding capacity and concentration dependence. Computers 
and Concrete, 8, 125-142. 

Wang, M., He, J., Yu, J. & Pan, N. 2007a. Lattice Boltzmann modeling of the 
effective thermal conductivity for fibrous materials. International Journal of 
Thermal Sciences, 46, 848-855. 

Wang, M., Kang, Q. & Pan, N. 2009. Thermal conductivity enhancement of carbon 
fiber composites. Applied Thermal Engineering, 29, 418-421. 

Wang, M. & Pan, N. 2008a. Modeling and prediction of the effective thermal 
conductivity of random open-cell porous foams. International Journal of Heat 
and Mass Transfer, 51, 1325-1331. 

Wang, M. & Pan, N. 2008b. Predictions of effective physical properties of complex 
multiphase materials. Materials Science & Engineering R-Reports, 63, 1-30. 

Wang, M. & Pan, N. 2009. Elastic property of multiphase composites with random 
microstructures. Journal of Computational Physics, 228, 5978-5988. 

Wang, M., Pan, N., Wang, J. & Chen, S. 2007b. Mesoscopic simulations of phase 
distribution effects on the effective thermal conductivity of microgranular 
porous media. Journal of Colloid and Interface Science, 311, 562-570. 

Wang, M., Wang, J., Pan, N. & Chen, S. 2007c. Mesoscopic predictions of the 
effective thermal conductivity for microscale random porous media. Physical 
Review E, 75. 

Weibel, E. R. 1979. Stereological methods. Vol. 1, Practical methods for biological 
morphometry, London, Academic Press. 

Weibel, E. R. 1980. Stereological methods. Vol.2, Theoretical foundations, London, 
Academic Press. 

Wiener, O. 1912. Abhandlungen der Mathematisch—physischen klasse der 
koniglichen sachsischen gesellschaft der wissenschaften. 32, 509-604. 

Winslow, D. N., Cohen, M. D., Bentz, D. P., Snyder, K. A. & Garboczi, E. J. 1994. 
Percolation and pore structure in mortars and concrete. Cement and Concrete 
Research, 24, 25-37. 

Wong, C. P. & Bollampally, R. S. 1999. Thermal conductivity, elastic modulus, and 
coefficient of thermal expansion of polymer composites filled with ceramic 
particles for electronic packaging. Journal of Applied Polymer Science, 74, 
3396-3403. 

Wong, H. S. & Buenfeld, N. R. 2006a. Euclidean Distance Mapping for computing 
microstructural gradients at interfaces in composite materials. Cement and 
Concrete Research, 36, 1091-1097. 

Wong, H. S. & Buenfeld, N. R. 2006b. Patch microstructure in cement-based 
materials: Fact or artefact? Cement and Concrete Research, 36, 990-997. 

Wong, H. S. & Buenfeld, N. R. 2006c. Reply to the discussion by Sidney Diamond of 
the paper "Patch microstructure in cement-based materials: Fact or artefact?". 
Cement and Concrete Research, 36, 1002-1003. 

Wong, H. S. & Buenfeld, N. R. 2009. Determining the water-cement ratio, cement 
content, water content and degree of hydration of hardened cement paste: 



179 
 

Method development and validation on paste samples. Cement and Concrete 
Research, 39, 957-965. 

Wong, H. S., Buenfeld, N. R. & Matter, K. 2013. Estimating the original cement 
content and water-cement ratio of Portland cement concrete and mortar using 
backscattered electron microscopy. Magazine of Concrete Research, 65, 693-
706. 

Wong, H. S., Pappas, A. M., Zimmerman, R. W. & Buenfeld, N. R. 2011. Effect of 
entrained air voids on the microstructure and mass transport properties of 
concrete. Cement and Concrete Research, 41, 1067-1077. 

Wong, H. S., Zhao, Y. X., Karimi, A. R., Buenfeld, N. R. & Jin, W. L. 2010. On the 
penetration of corrosion products from reinforcing steel into concrete due to 
chloride-induced corrosion. Corrosion Science, 52, 2469-2480. 

Wong, H. S., Zimmerman, R. W. & Buenfeld, N. R. 2012. Estimating the permeability 
of cement pastes and mortars using image analysis and effective medium 
theory. Cement and Concrete Research, 42, 476-483. 

Wong, H. S., Zobel, M., Buenfeld, N. R. & Zimmerman, R. W. 2009. Influence of the 
interfacial transition zone and microcracking on the diffusivity, permeability 
and sorptivity of cement-based materials after drying. Magazine of Concrete 
Research, 61, 571-589. 

Xi, Y. P. & Bazant, Z. P. 1999. Modeling chloride penetration in saturated concrete. 
Journal of Materials in Civil Engineering, 11, 58-65. 

Xiao, J., Li, W., Sun, Z., Lange, D. A. & Shah, S. P. 2013. Properties of interfacial 
transition zones in recycled aggregate concrete tested by nanoindentation. 
Cement and Concrete Composites, 37, 276-292. 

Yang, C.-C. & Weng, S.-H. 2013. A three-phase model for predicting the effective 
chloride migration coefficient of ITZ in cement-based materials. Magazine of 
Concrete Research, 65, 193-201. 

Yang, C. C. 2003. Effect of the interfacial transition zone on the transport and the 
elastic properties of mortar. Magazine of Concrete Research, 55, 305-312. 

Yang, C. C. 2005. Effect of the percolated interfacial transition zone on the chloride 
migration coefficient of cement-based materials. Materials Chemistry and 
Physics, 91, 538-544. 

Yang, C. C. & Cho, S. W. 2005. Approximate migration coefficient of percolated 
interfacial transition zone by using the accelerated chloride migration test. 
Cement and Concrete Research, 35, 344-350. 

Yang, C. C. & Su, J. K. 2002. Approximate migration coefficient of interfacial 
transition zone and the effect of aggregate content on the migration coefficient 
of mortar. Cement and Concrete Research, 32, 1559-1565. 

Yanwei, Z. 2007. Modeling of chloride diffusion in hetero-structured concretes by 
finite element method. Cement and Concrete Composites, 29, 559-565. 

Ye, G., Hu, J., van Breugel, K., & Stroeven, P. (2002). Characterization of the 
development of microstructure and porosity of cement-based materials by 
numerical simulation and ESEM image analysis. Materials and Structures, 
35(254), 603-613. 

Ye, G., van Breugel, K., & Fraaij, A. L. A. (2003). Three-dimensional microstructure 
analysis of numerically simulated cementitious materials. Cement and 
Concrete Research, 33(2), 215-222. 

Ye, G., Lura, P., & van Breugel, K. (2006). Modelling of water permeability in 
cementitious materials. Materials and Structures, 39(9), 877-885. 



180 
 

You, T., Abu Al-Rub, R. K., Darabi, M. K., Masad, E. A. & Little, D. N. 2012. Three-
dimensional microstructural modeling of asphalt concrete using a unified 
viscoelastic-viscoplastic-viscodamage model. Construction and Building 
Materials, 28, 531-548. 

Young, J. F. & Hansen, W. 1987. Volume Relationships for C-S-H Formation Based 
on Hydration Stoichiometries. Materials Research Society Symposium 
Proceedings, 85, 313–322. 

Yuan, Q., Shi, C., De Schutter, G., Audenaert, K. & Deng, D. 2009. Chloride binding 
of cement-based materials subjected to external chloride environment – A 
review. Construction and Building Materials, 23, 1-13. 

Zalzale, M. & Mcdonald, P. J. 2012. Lattice Boltzmann simulations of the 
permeability and capillary adsorption of cement model microstructures. 
Cement and Concrete Research, 42, 1601-1610. 

Zhang, M., He, Y., Ye, G., Lange, D. A. & Van Breugel, K. 2012a. Computational 
investigation on mass diffusivity in Portland cement paste based on X-ray 
computed microtomography (mu CT) image. Construction and Building 
Materials, 27, 472-481. 

Zhang, M., Ye, G. & Breugel, K. V. 2013. Microstructure-based modeling of 
permeability of cementitious materials using multiple-relaxation-time lattice 
Boltzmann method. Computational Materials Science, 68, 142-151. 

Zhang, M., Ye, G. & Van Breugel, K. 2011. Microstructure-based modeling of water 
diffusivity in cement paste. Construction and Building Materials, 25, 2046-
2052. 

Zhang, M., Ye, G. & Van Breugel, K. 2012b. Modeling of ionic diffusivity in non-
saturated cement-based materials using lattice Boltzmann method. Cement 
and Concrete Research, 42, 1524-1533. 

Zhao, Y., Ding, H. & Zhong, Q. 2013. Synthesis and characterization of MOF-
aminated graphite oxide composites for CO2 capture. Applied Surface 
Science, 284, 138-144. 

Zhao, Y., Karimi, A. R., Wong, H. S., Hu, B., Buenfeld, N. R. & Jin, W. 2011. 
Comparison of uniform and non-uniform corrosion induced damage in 
reinforced concrete based on a Gaussian description of the corrosion layer. 
Corrosion Science, 53, 2803-2814. 

Zheng, J.-J., Wong, H. S. & Buenfeld, N. R. 2009. Assessing the influence of ITZ on 
the steady-state chloride diffusivity of concrete using a numerical model. 
Cement and Concrete Research, 39, 805-813. 

Zheng, J.-J. & Zhou, X.-Z. 2008a. Analytical method for prediction of water 
permeability of cement paste. Aci Materials Journal, 105, 200-206. 

Zheng, J.-J. & Zhou, X.-Z. 2013. Effective medium method for predicting the chloride 
diffusivity in concrete with ITZ percolation effect. Construction and Building 
Materials, 47, 1093-1098. 

Zheng, J.-J., Zhou, X.-Z., Wu, Y.-F. & Jin, X.-Y. 2012. A numerical method for the 
chloride diffusivity in concrete with aggregate shape effect. Construction and 
Building Materials, 31, 151-156. 

Zheng, J. 2013. Effective medium approach for evaluating the oxygen diffusivity of 
concrete. Journal of Materials in Civil Engineering, 25, 711-717. 

Zheng, J. & Zhou, X. 2008b. Analytical solution for the chloride diffusivity of 
hardened cement paste. Journal of Materials in Civil Engineering, 20, 384-
391. 



181 
 

Zheng, J. J. & Zhou, X. Z. 2007. Prediction of the chloride diffusion coefficient of 
concrete. Materials and Structures, 40, 693-701. 

Zheng, J. J. & Zhou, X. Z. 2008c. Three-phase composite sphere model for the 
prediction of chloride diffusivity of concrete. Journal of Materials in Civil 
Engineering, 20, 205-211. 

Zheng, J. J., Zhou, X. Z. & Wu, Z. M. 2010. A simple method for predicting the 
chloride diffusivity of cement paste. Materials and Structures, 43, 99-106. 

Zhmud, B. V., Tiberg, F. & Hallstensson, K. 2000. Dynamics of capillary rise. Journal 
of Colloid and Interface Science, 228, 263-269. 

Zhou, C., Li, K. & Han, J. 2012a. Characterizing the effect of compressive damage 
on transport properties of cracked concretes. Materials and Structures, 45, 
381-392. 

Zhou, C., Li, K. & Pang, X. 2011. Effect of crack density and connectivity on the 
permeability of microcracked solids. Mechanics of Materials, 43, 969-978. 

Zhou, C., Li, K. & Pang, X. 2012b. Geometry of crack network and its impact on 
transport properties of concrete. Cement and Concrete Research, 42, 1261-
1272. 

Zimmerman, R. W. 1992. Hashin-Shtrikman bounds on the poisson ratio of a 
composite material. Mechanics Research Communications, 19, 563-569. 

Zimmerman, R. W., Chen, G., Hadgu, T. & Bodvarsson, G. S. 1993. A numerical 
dual-porosity model with semianalytical treatment of fracture/matrix flow. 
Water Resources Research, 29, 2127-2137. 

 

 


