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Abstract 

Concrete inevitably contains microcracks, but their significance on transport properties and long-term 
durability is not well established. This is because of difficulties in isolating and evaluating the effect of 
microcracks whether by laboratory experiments or computer simulations, owing to their complex 
heterogeneous nature. In this paper, a three-dimensional numerical approach to simulate mass transport 
properties of concrete containing microcracks is presented. The approach is based on finite-element method 
and adopts aligned meshing to improve computational efficiency. The mesostructure of concrete is 
represented by aggregate particles that are surface meshed by triangulation and porous cement paste matrix 
that are discretised with tetrahedral elements. Microcracks are incorporated as interface elements at the 
aggregate-paste interface or at the cement paste matrix spanning neighbouring aggregate particles. The main 
advantage of this approach is that the smallest microcracks can be simulated independent of the discretisation 
size. The model was first validated by comparing the simulations to available analytical solutions. Then, the 
diffusivity and permeability of a range of concretes containing different amounts of microcracking with 
increasing complexities were simulated. The results are analysed and discussed in terms of the effect of 
microcrack type (bond, matrix), volume fraction, width, specific surface area and degree of percolation on 
transport properties. 

 Keywords: Concrete; Mortar; Cement-based materials; Diffusivity; Permeability; Microcrack.  

 

1.  Introduction 

 The long-term durability of concrete structures is largely dependent on the resistance of the concrete to 
penetration of aggressive species (e.g. chloride, CO2, sulphates, water) when exposed to its service 
environment. This is because most degradation mechanisms affecting concrete are rate-controlled by the 
transport of aggressive species through its inevitably porous microstructure. For example, the service-life of 
concrete structures in a marine environment is often determined by the time it takes for chloride ions to 
penetrate the concrete cover in sufficient quantities to induce corrosion of embedded steel reinforcement. 
The main transport mechanisms occurring in concrete and generally in any porous medium are diffusion, 
permeation and absorption. The understanding of transport processes in concrete, and how various phases in 
its microstructure influence transport, is absolutely critical for the development of more durable and 
sustainable concretes. 

 In practice, concrete structures are subjected to various types of actions that induce tensile stresses 
exceeding the tensile strength of concrete, causing cracks to form [Concrete Society, 2010]. These include 
structural loading, thermal gradients, wet/dry cycles and freeze/thaw cycles. As such, concrete structures in 
service are almost always cracked. Cracks much wider than 0.1 mm cause leakage and affect the 
watertightness of concrete structures. Cracks also act as pathways for aggressive agents, thereby accelerating 
deterioration [Concrete Society, 1995]. When the cracks percolate, their influence on transport far outweighs 
that of capillary pores because of their larger size and shorter flow lengths. Therefore, cracks not only affect 
watertightness, but also long-term durability of concrete structures.  

 Cracks larger than 0.1 mm can be controlled and eliminated by proper design and placement of 
embedded steel reinforcements. However, cracks smaller than 0.1 mm, i.e. “microcracks”, are much harder 
to control and eliminate via structural design alone. It has long been suspected that microcracks, regardless 
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of their origins, act as preferential paths for transport and so they may accelerate degradation processes. 
However, the significance of their influence on bulk transport and durability of concrete is not well 
understood. This is mainly because of the fact the microstructure of concrete is physically and chemically 
complex, multi-phase and multi-scale. The microcracks themselves are heterogeneous and spatially variable. 
Several phases in concrete contribute to transport and the overall property is influenced by many interacting 
effects, some of which are very difficult to isolate and quantify from laboratory experimentation. For 
example, one can produce and test concretes with varying amounts of microcracking by subjecting samples 
to controlled drying. However, this inevitably changes the concrete moisture content and degree of 
saturation, which also have huge influences on the measured transport properties. In this respect, numerical 
modelling could provide a more effective and systematic means to study these effects. 

 Many previous studies have examined the influence of cracks on mass transport properties of concrete 
such as the work of Jacobsen et al. [1996], Wang et al. [1997], Gerald et al. [1997, 2000], Aldea et al. 
[1999], Kamali-Bernard and Bernard [2009], Picandet et al. [2009], Grassl et al. [2010], Jang et al. [2011], 
Akhavan et al. [2012] and Djerbi et al. [2008, 2013]. However, the majority of the available studies relate to 
large (> 0.1 mm) traversing cracks that go through the entire thickness of the sample. The transport 
properties of a medium containing such cracks can be modelled in a relatively straightforward manner 
because the effective property can be related to crack characteristics such as width and area using an 
analytical parallel model. Furthermore, most modelling work on cracks in concrete has been carried out in 
two-dimensions. Comparatively few studies have investigated the effect of microcracks (< 0.1 mm) that are 
randomly dispersed in a three-dimensional microstructure. Such microcracks do not necessarily propagate 
through the entire thickness; in fact they are discontinuous and are more representative of those induced by 
shrinkage and thermal effects.  

  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 transport behaviour in cement-based materials  [Garboczi & Bentz, 2001; Kamali-Bernard, 
2009; Abyaneh et al., 2013a, 2013b,, 2014; Zalzale & McDonald, 2012; Zhang et al., 2013; Du et al., 2014; 
Liu et al., 2015; Feng et al., 2016]. These methods are all very well-known approaches used in many fields to 
solve differential equations that govern physical behaviours, but application to study the effect of 
microcracks is limited. A major advantage of these techniques is that they can be explicitly coupled with 
digital images of the actual microstructure as input. For example, each voxel in a digital image can be 
considered as an element in finite element simulations. Therefore, a total and direct transference of 
information between the digital image and the simulation grid can be carried out [Moreno-Atanasio et al., 
2010]. However, the main disadvantage of these approaches is that the size of the numerical sample and 
resolution (voxel size) at which one could simulate is constrained by available computational resources. 
Thus, the smallest feature that can be modelled realistically is limited. This presents a major challenge for 
simulating the effect of microcracks in concrete because it is too computationally demanding to model a 
representative volume of concrete at sufficiently high resolution to capture the microcracks, in three-
dimension.  

 An approach to overcome this obstacle is described in this study. The approach is based on aligned 
meshing whereby aggregate particles and porous cement paste matrix are discretised using tetrahedral 
elements and the surfaces of aggregate particles are triangulated, enabling these to be represented more 
accurately and efficiently. This has the advantage over regular meshing using cubic voxels, which inevitably 
represent curved surfaces as perpendicular planar surfaces. Once the three-dimensional mesostructure of 
concrete is established, microcracks are then incorporated as interface elements that propagate at the 
aggregate-paste interface (bond microcracks) and cement paste matrix spanning nearest neighbouring 
aggregate particles (matrix microcracks). The microcracks can be assigned with unique widths, lengths, 
orientation and connectivity. The advantage of this approach is that the smallest microcracks can be 
simulated independent of the discretisation size of the mesostructure. This approach, which was presented in 
a preliminary study [Abyaneh et al. 2015], will be fully developed and tested in this paper. First, the model is 
validated by examining ideal cases and comparing simulations to analytical solutions. Then, the model is 
used to simulate the diffusivity and permeability of a range of concretes containing different amounts of 
microcracking with increasing complexities.  

 

http://www.sciencedirect.com/science/article/pii/S0927025615006412�


Computational Materials Science (April 2016) 

 3 

2.  Methodology 

2.1 Approach 

 An input structure of the material coupled with a transport algorithm is required in order to model mass 
transport phenomena. Therefore, our approach is to first generate a three-dimensional mesostructure of 
concrete where it is idealised as a composite of aggregate particles embedded in a porous cement paste 
matrix that contains microcracks. The mesostructure will explicitly account for microcracks that propagate 
around aggregate particles and microcracks that propagate through the cement paste matrix. Other phases 
such as the interfacial transition zone and air voids may also be included, but these features are not the focus 
of this study and so will be ignored. The mesostructure is then meshed using an aligned meshing approach 
and the microcracks are incorporated as either bond or matrix microcracks with different widths, lengths, 
orientations and degrees of connectivity. Each element within the mesostructure is assigned a transport 
property according to the phase that it represents. A finite element method is then applied to the entire 
mesostructure to simulate bulk diffusion and permeation at steady-state conditions.  

2.2 Mesostructure 

 To generate a mesostructure of concrete, spherical aggregate particles were placed randomly in a 
computational cube. The aggregate particles have varying sizes ranging from 1 mm to 10 mm, and follow the 
Fuller-Thompson gradation. Total aggregate volume fraction ranged from 10% to 60%. An earlier study 
[Abyaneh et al., 2013a] showed that a computational cube that is 2.5 times the largest aggregate particle can 
give representative results if sufficient number of replicates is simulated and the results averaged. Aggregate 
particles were placed in the order of descending size with no overlaps. However, periodic boundary 
conditions were not applied to avoid potential meshing problems during the aligned meshing process. The 
non-periodic boundary conditions could produce preferential edge flow and this could distort overall results. 
However, our simulations (presented later) show that this effect is small and negligible for the sample size 
and resolution used in this study. For a 25 mm cube containing 60% vol. of aggregate particles ranging from 
1 to 10 mm, around 1000 particles were required. Examples of the generated concrete mesostructure are 
shown in Fig. 1.  

 A finite element package (ABAQUS) was used to mesh the concrete mesostructure via aligned meshing. 
Surfaces of the aggregate particles were first triangulated, and then the aggregate particles and porous 
cement paste matrix were discretised using tetrahedral elements. This process is shown in Fig. 2(a) and 2(b). 
For the sake of clarity, a relatively coarse mesh of 1 mm global element size (i.e. spacing between nodes) is 
shown in Fig. 2. A much finer global element size of 0.25 mm was used in the actual transport simulations 
and each mesostructure contained ~6.5 × 106 tetrahedral elements. The frequency distributions of the 
tetrahedral element volume and normalised shape factor for a mesostructure containing 60% vol. aggregate 
particles are shown in Fig. 3. The observed narrow distribution of the element volume is an important feature 
of the model and shows that the generated mesh is of a high quality and should lead to reliable results at a 
lower computational expense. The normalised shape factor is defined as the ratio of element volume to the 
optimal element volume, where the latter is the volume of an equilateral tetrahedron with the same 
circumradius as the element. The normalised shape factor should range from 0 to 1, with “1” indicating an 
optimal element shape and “0” indicating a degenerated element. Thus, the distribution of shape factor also 
lends support that the mesh is of high quality. 

 Since most aggregate particles used in concrete are dense compared to the cement paste, it is assumed 
that the aggregate particles have zero transport property and flow occurs only through the interconnected 
cement paste matrix. Thus, it would be computationally beneficial to remove the tetrahedral elements 
representing the aggregate particles. In doing so, the number of elements decreases from ~6.5 × 106 to ~3.3 × 
106 and the number of nodes reduces from ~1.1 × 106 to ~6.9 × 105 for a typical sample containing 60% vol. 
aggregate particles. It should be noted 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). Fig. 3 
and Fig. 4 show the effect of this on the frequency distribution of element volume and shape factor. The 
results show that the quality of the mesh is maintained after removal of the elements embedded in aggregate 
particles and for different realisations regardless of the aggregate volume fraction. 
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Fig. 1 Mesostructure of concrete generated by randomly placing aggregate particles ranging from 1 to 
10 mm (Fuller-Thompson gradation) in a 25 × 25 × 25 mm3 computational cube. Total aggregate 
particle volume fractions are: a) 10%, b) 30%, c) 50% and d) 60%.  

 
(a) 

 
(b) 

Fig. 2 Demonstration of the aligned meshing procedure. Surfaces of aggregate particles are first 
meshed by triangulation (a) and then the cement paste matrix is filled with tetrahedral elements (b). 
This example is a mesostructure containing 60% vol. aggregate particles in a 25 × 25 × 25 mm3 
computational cube [Abyaneh et al. 2015].  

(a) (b) 

(d) (c) 
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(a) 

 
(b) 

Fig. 3 Frequency histograms of the tetrahedral element volume and shape factor for the concrete 
mesostructure containing 60% vol. aggregate particles shown in Fig. 2. Mesh (I) contains ~ 6.5 × 106 
tetrahedral elements with ~ 1.1 × 106 nodes (degrees of freedom). In mesh (II), the elements embedded 
within aggregate particles are removed to increase computational efficiency. This reduces the number 
of elements to ~ 3.3 × 106 with ~ 6.9 × 105 nodes.  

 

 
(a) 

 
(b) 

Fig. 4 Frequency histograms of the tetrahedral element volume and shape factor for concrete 
mesostructures containing 10%, 30%, 50% and 60% vol. aggregate particles. Elements embedded 
within aggregate particles were removed. Total number of elements ranged from 3.3 to 4.7 × 106. 
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2.3 Input structure containing microcracks 

 The microcracks are incorporated as interface elements; these are triangulated during the meshing 
process and each microcrack is assigned its own characteristics such as width, length and orientation. As 
mentioned earlier, the main advantage of this is that the microcracks can be represented independently of the 
size of discretisation of the aggregate particles and cement paste matrix. The microcracks will have widths 
much smaller than the dimensions along the other two axes. Therefore, each microcrack is approximately a 
two-dimensional plane.   

 In order to study the effect of microcracks on transport properties, samples containing different 
microcrack patterns with increasing complexities were implemented. First, simple crack patterns such as 
parallel orthogonal cracks that traverse through the thickness of the mesostructure (Fig. 5a) were simulated 
and compared to analytical solutions as a means of validation. Then, mesostructures containing bond 
microcracks were simulated by either placing bond microcracks in a homogeneous medium (Fig. 5b) or in a 
heterogeneous medium containing aggregate particles and cement paste (Fig. 5c). In the simulations, 
microcrack volume fraction was increased by increasing the width of the microcracks in a mesostructure 
containing 60% vol. aggregate particles (1-10 mm). Microcracks with widths of 1, 5, 10, 25 and 50 µm were 
assumed. 

 
(a) 

 
(b) 

 
(c) 

Fig. 5 Schematics showing a parallel orthogonal crack network (a) and bond crack networks (b, c). In 
(b), bond cracks are dispersed in a homogenised media while in (c) bond cracks are dispersed in a 
heterogeneous media containing aggregate particles and cement paste.  

 Subsequently, more realistic microcrack patterns consisting of bond and matrix microcracks were 
implemented. Six microcrack networks with increasing degree of microcracking were generated on a 
concrete mesostructure containing 60% vol. aggregate particles.  It is absolutely critical that the size, amount 
and distribution of the microcracks should be such that the generated networks mimic actual cracks in 
concrete as much as possible. The exact crack pattern is difficult to predict theoretically. However, it can be 
shown that cracks will occur in regions of high stress concentrations, propagate through the shortest path to 
release stresses, or through the weakest phases, or follow a path combining these criteria [Goltermann, 1994; 
1995]. It is well established that microcracks often initiate at the weak interface between aggregate particles 
and cement paste matrix, predominantly on large aggregate particles, and then propagate along the 
aggregate-paste interface or across the cement paste matrix to span neighbouring aggregate particles [Hsu, 
1963; Slate & Olsefski, 1963; Shah & Chandra, 1968; Goltermann 1994, 1995]. 

 On this basis, the microcrack network was generated by distributing bond microcracks around randomly 
selected large aggregate particles. Then, matrix microcracks were placed to span the nearest neighbouring 
aggregate particles, i.e. via the smallest separating distances first. In other words, an algorithm identifies the 
nearest distances (in three-dimensions) between aggregate particles and then connects these particles with 
triangular interface elements representing the matrix microcracks. This procedure is schematically 
represented in two-dimension in Fig. 6. The amount of bond and matrix microcracks were gradually 
increased until the first microcrack network achieved a microcrack specific surface area, i.e. microcrack 
surface area per sample volume, of 0.15 mm2/mm3. The process was repeated to produce six microcrack 
networks (a to f) with increasing degree of microcracking, up to a microcrack density of 0.90 mm2/mm3. 
Table 1 shows the number of bond microcracks, matrix microcracks and specific surface area of the six 
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microcrack networks. Note that the number of microcracks and specific surface area were increased at a 
regular interval. The ratio of matrix to bond microcracks was kept at a fairly constant value of between 1.24 
and 1.28.  

   

Fig. 6 Schematic of two-dimensional sections showing the generation of bond and matrix microcrack 
networks with increasing degree of microcracking. Bond microcracks are placed around randomly 
selected aggregate particles while matrix microcracks are placed to span nearest neighbouring 
aggregate particles [Abyaneh et al., 2015].  

   

Table 1 Characteristics of the generated bond and matrix microcrack networks. Microcracks were 
assigned widths of 1, 5, 10, 25 or 50 μm to produce a range of microcrack volume fraction.  

Property 
Microcrack network 

a             b c d e f 

Number of bond microcracks  154 298 452 606 750 904 

Number of matrix microcracks  191 382 573 765 956 1147 

Microcrack volume fraction (%) 0.02-0.75 0.03-1.45 0.04-2.15 0.06-2.90 0.07-3.70 0.09-4.50 

Specific surface area (mm2/mm3)  0.15 0.29 0.43 0.58 0.74 0.90 

Percolation No No No No Yes Yes 

  

 A burning algorithm [Stauffer, 1985] was used to determine the degree of percolation of the generated 
microcrack networks. This was done by simulating the overall transport property of the sample as the 
transport property of the microcracks was increased to infinity. If the simulation shows that the overall 
transport property of the sample also tended to infinity, then it can be deduced that microcrack network was 
percolated. On this basis, it was concluded that the first four microcrack networks a, b, c and d are not 
percolated, while the last two microcrack networks e and f are percolated. Another approximation was the 
width of the microcracks. These were assigned equal values of 1, 5, 10, 25 or 50 µm for the sake of 
simplicity. Therefore, the microcrack volume fraction for all the simulated mesostructures ranged between 
0.015% and 4.5%, as calculated by multiplying the specific surface area with the microcrack width. Despite 
these approximations, it is noted that the simulated microcrack width, volume fraction and specific surface 
area are well within the range that have been measured for drying shrinkage-induced microcracks in concrete 
[Wong et al., 2009; Wu et al., 2014; 2015].  
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2.4 Governing equations: diffusion 

 Diffusion through the cracked medium was modelled using finite element method by considering the 
diffusivities of the porous cement paste matrix, aggregate particles and cracks. However, the aggregate 
particles typically used in concrete are dense compared to the cement paste matrix. Therefore, the elements 
representing the aggregate particles can be assigned zero diffusivity and are assumed to have no contribution 
to flow. According to Fick’s first law of diffusion, the local flux 𝚥�̅� is written as: 

𝚥�̅� = −𝐷𝑚𝛻𝑐 (1) 

Where Dm is the diffusivity of the cement paste matrix and c is the concentration of the diffusing species. At 
steady-state condition, the conservation of local fluxes in the porous matrix can be expressed as: 𝛻. 𝚥�̅� = 0. 
Similarly, the flux through a crack can be written in the following form: 

𝑱𝒄𝒓 = −𝑤𝑐𝑟𝐷𝑐𝑟𝛻𝑠𝑐 (2) 

Where wcr is the crack width and Dcr is the diffusivity of the crack, the latter can be taken to be equal to the 
free diffusivity Do,  

 This set of differential equations is then solved by the finite element method, and solutions are 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. This gives the total flux 𝚥:̿ 

𝒋̿ =
1
𝜏0
�� 𝚥�̅�𝑑𝜏

𝜏𝑚
+ � 𝑱𝒄𝒓𝑑𝑠

𝑆𝑐𝑟

� (3) 

Where τo, τm and Scr are the sample volume, matrix volume and crack surface area respectively. Note that 
total flux is related to the concentration gradient via:  

𝒋̿ = −𝐷𝑒𝑓𝑓𝛻𝑐��� (4) 

For the general case of an anisotropic medium, Deff is a tensor. However, if the concentration gradient is 
imposed in one direction and other surfaces are assumed impermeable, the two last equations are simplified 
to: 

𝚥�̿� =
1
𝜏0
�� 𝚥�̅� 𝑥𝑑𝜏

𝜏𝑚
+ � 𝐽𝑐𝑟 𝑥𝑑𝑠

𝑆𝑐𝑟

� = −𝐷𝑒𝑓𝑓
𝜕𝑐���
𝜕𝑥

 (5) 

Therefore, all nodes on the inlet and outlet surfaces of the computational cube were assigned fixed 
concentration values, while nodes on the other four boundaries were treated as sealed surfaces allowing no 
flux through. 

 

2.5 Governing equations: permeation 

 Here, it is assumed that pressure-induced flow though a cracked media can be characterised by applying 
Darcy’s law at the mesoscale and Navier-Stokes equation at the microscale [Adler et al., 2012; Bogdanov et 
al., 2003; Sahimi, 2011]. Assuming that the porous cement paste matrix has a bulk permeability Km that can 
vary with position, the local fluid velocity �̅� in the matrix is �̅� = −𝐾𝑚𝛻𝑝/𝜇, where μ is the fluid viscosity 
and p is pressure. The conservation for local fluid velocity can be written as 𝛻. �̅� = 0. Similarly, the flow 
through each crack is given by a two-dimensional Darcy’s law: 

𝐽 = −
𝑤𝑐𝑟𝐾𝑐𝑟

µ
𝛻𝑠𝑝 (6) 
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Where wcr is the crack width and Kcr is the permeability of the crack. The permeability of the crack can be 
obtained from the equation 𝐾𝑐𝑟 = 𝑤𝑐𝑟2 /12, for the case of a smooth crack with constant cross-section.  

 As before, the set of differential equations are solved using finite element method by imposing a 
pressure gradient along one axis and assuming all other surfaces 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 medium to obtain the overall fluid velocity �̿�: 

𝒗� =
1
𝜏0
�� 𝒗�

𝜏𝑚
𝑑𝜏 + � 𝑱

𝑆𝑐𝑟
𝑑𝑠� (7) 

Where τ0 is the sample volume, τm is the matrix volume and Scr is the crack surface area as before. Note that 
the overall fluid velocity is related to the pressure gradient by Darcy’s law: 𝒗� = −𝐾𝑒𝑓𝑓𝛻𝑝����/µ. Keff is a tensor 
for the general case of an anisotropic medium. But because pressure gradient is imposed in one direction and 
other surfaces are assumed to be impermeable, the above equation can be simplified as: 

�̿�𝑥 =
1
𝜏0
�� �̅�𝑥

𝜏𝑚
𝑑𝜏 + � 𝐽𝑥

𝑆𝑐𝑟
𝑑𝑠� = −

𝐾𝑒𝑓𝑓
µ

𝜕𝑝����
𝜕𝑥

 (8) 

Therefore, constant pressure values were applied to all nodes on the inlet and outlet surfaces of the 
computational cube while nodes on the other four boundaries were treated as sealed surfaces allowing no 
flux through.  

 Once the mesh is generated, this set of differential equations is solved using the finite element package 
ABAQUS. It is noted that that in the current implementation, cracks are superimposed on the matrix and not 
substituted. This means that the cracks are incorporated by superimposing the interface elements without 
decreasing the volume of adjacent tetrahedral elements. Consequently, the volume of the cracked sample will 
be increased by a volume equal to that of the cracks. This procedure reduces computational problems and 
any artefacts caused by it are negligible because the transport property of the added element (crack) is 
dominant.  

 As previously stated, the tetrahedral elements within the aggregate particles were removed to decrease 
computational cost. Technically, removing the tetrahedral elements within the aggregate particles will lead to 
the rows and columns representing the nodes within the aggregate particle to be removed from the assembled 
global stiffness matrix in finite element calculations. This process is equivalent to the meshing of aggregate 
particles and assigning zero transport property (diffusivity/permeability) to them. 

 

3. Results  

3.1 Size, resolution and statistical effects 

 Any numerical model is inevitably subjected to effects of finite sample size, resolution and statistical 
fluctuation. Size effects arise because the numerical sample size has been limited to increase computation 
speed, while statistical fluctuations occur because of the random nature of the model. For example, the 
placement of aggregate particles is carried out randomly and so the resultant mesostructure is different at 
each realisation. As such, it is important to determine the requirements in terms of resolution, sample size 
and number of realisations to obtain representative results. In order to study these effects, the diffusivity of a 
sample with 60% vol. aggregate particles was simulated at increasing resolution by changing the global 
element size from 0.5 mm to 0.25 mm and 0.125 mm. In addition, the simulation was carried out for four 
different realisations of a sample with 60% vol. aggregate particles as shown in Fig. 7a.  

 Table 2 shows the effect of resolution on the simulated diffusivity ratio D/Dcp along the three principal 
axes. The results show that the simulated diffusivity ratio changes only very slightly with increase in 
resolution and that the difference between the simulated values at 0.25 mm and 0.125 mm element size was 
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no more than 1.6%.  Fig. 7 presents the frequency distributions of the tetrahedral element volume and 
normalised shape factor for the four different realisations of a mesostructure containing 60% vol. aggregate 
particles. It can be seen that the obtained frequency distributions are nearly identical and that the quality of 
the generated mesh is maintained for replicate mesostructure with variation in aggregate particle placement. 
The results presented in Table 3 shows that any statistical fluctuations produce only a very small difference 
in the simulated diffusivity. Because aggregate particles are placed randomly in the computational cube, the 
tested mesostructures are expected to exhibit isotropic behaviour, so the diffusivity along the three principal 
axes should be identical and can be represented as a single scalar value. The data presented in Tables 2 and 3 
show that this is indeed the case. It should also be noted that no difference was observed when the size of the 
computational cube was increased from 25×25×25 mm3 to 30×30×30 mm3. These results show that the effect 
of neglecting periodic boundary conditions in the mesostructure is small and negligible.  

 

 

Table 2 Effect of resolution (global element size) on the simulated diffusivity ratio 𝑫 𝑫𝒄𝒑⁄  along the 
three principal axes for a sample containing 60% aggregate particle volume fraction.  

Diffusivity ratio  
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 

 

 

Table 3 Effect of statistical fluctuation on the simulated diffusivity ratio 𝑫 𝑫𝒄𝒑⁄  along the three 
principal axes for samples containing 60% aggregate particles volume fraction. Simulations were 
carried out at a global element size of 0.25 mm.  

Diffusivity ratio  
Realisation 

i Ii iii iv 

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 
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(a) 

 
(b) 

 
(c) 

Fig. 7 Four different realisations of mesostructure containing 60% vol. aggregate particles with 
particles ranging from 1 to 10 mm (Fuller-Thompson gradation) in a 25×25×25 mm computational 
cube (a) and their respective frequency histograms for element volume (b) and shape factor (c).   

 

3.2 Comparison with Maxwell’s equation 

 Fig. 8 and Fig. 9 show the distribution of concentration, diffusion flux magnitude and diffusion flux in 
the X, Y and Z directions for non-cracked concrete samples containing 10% and 60% vol. aggregate 
particles. The simulations were carried out at a global element size of 0.25 mm. Concentrations equal to 100 
and 10 were applied to the inlet and outlet respectively and the diffusivities of cement paste and aggregate 
particles were set arbitrarily to 1 and 0 respectively. It should be noted here that the concentration gradient 
and assigned diffusivity values do not affect final results as they will be reported in terms of ratio of 
diffusivity of cracked medium to uncracked medium. This is due to the fact that the governing differential 
equations are linear and consequently the results are independent of these input values and adopted units.  
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Fig. 8 Distribution of concentration (a, b) and flux magnitude (c, d) in samples containing 10% and 
60% vol. aggregate particles at steady-state condition. Concentrations equal to 100 and 10 are applied 
to the inlet and outlet respectively. The diffusivities of cement paste and aggregate particles are set to 1 
and 0 respectively. 
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Fig. 9 Diffusion flux along the X, Y and Z direction in sample containing 60% vol. aggregate particles 
at steady-state condition. Concentrations equal to 100 and 10 are applied to the inlet and outlet 
respectively as shown in Fig. 7. The diffusivities of cement paste and aggregate particles are set to 1 
and 0 respectively. 
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 As expected, the flux is primarily in one direction and the flux magnitudes at the inlet and outlet 
surfaces are smaller than the internal fluxes because of the reduction in area available to flow due to the 
presence of aggregate particles. Increasing aggregate particle volume fraction increases the difference 
between the flux in the inlet/outlet surface and internal sections. The results also show how the uniformity of 
the concentration distribution and the flux is changed by increasing aggregate particles volume fraction.  

 To check the accuracy of the numerical homogenisation, simulated diffusivities of concrete samples 
were compared with the classical Maxwell’s approximation [Maxwell, 1954], which describes the 
macroscopic transport property of a binary composite containing spherical inclusions: 

𝐷
𝐷𝑐𝑝

=
2𝐷𝑐𝑝 + 𝐷𝑎 + 2𝑉𝑎�𝐷𝑎 − 𝐷𝑐𝑝�
2𝐷𝑐𝑝 + 𝐷𝑎 − 𝑉𝑎�𝐷𝑎 − 𝐷𝑐𝑝�

 (9) 

Where D is the effective diffusivity of the composite, Dcp is the diffusivity of the continuous phase (cement 
paste matrix), and Da and Va are the diffusivity and volume fraction of the discrete inclusions (aggregate 
particles). Simulations were conducted on the samples with 10%, 30%, 50% and 60% vol. aggregate 
particles (Fig. 1) using a global element size of 0.25mm. As shown in Fig. 10, a very good agreement is 
observed between the simulated diffusivity and Maxwell’s equation across a range of aggregate particle 
volume fraction and Da/Dcp ratios. The simulated values tend to be slightly smaller than those of Maxwell’s 
equation and the error increases with increasing aggregate particle content. However, the largest percentage 
difference was only 0.6%. 

 
Fig. 10 Comparison between simulated diffusivity with Maxwell’s equation for several aggregate 
particle volume fractions and Da/Dcp ratios.  

 

3.3 Samples containing parallel orthogonal microcracks  

 An initial study of the effect of microcracks on transport was carried out by superimposing a simple 
parallel orthogonal microcrack network that traverses through the thickness of the mesostructure (Fig. 5a). 
Transport properties of the cracked sample were then simulated and the results compared to analytical 
solutions as a means of validation. For such a crack network, the equivalent diffusivity of the cracked sample 
(Deq) can be related to the crack characteristics such as width and diffusivity using a parallel model: 

𝐷𝑒𝑞 =
𝐴𝑐𝐷𝑐 + AD
𝐴𝑐 + A

 (10) 
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Where AC is the area of the crack, DC is the diffusion coefficient of the crack, A is the area of the uncracked 
medium and D is the diffusion coefficient of the uncracked medium. Here, we assume that the diffusivity of 
the aggregate particles (Da) is zero. Although the crack diffusivity DC can be taken as the free diffusivity, the 
diffusivity of the uncracked medium will vary with porosity (w/c ratio, degree of hydration) and aggregate 
particle volume fraction. Therefore, simulations were conducted for several diffusivity contrast ratios (DC/D) 
of 100, 1000 and 10000, which should cover the range observed for most cement-based materials [Gerard et 
al. 2000, 1997]. Simulations were also carried out for several microcrack volume fractions ranging from 2% 
to 8%. 

 Fig. 11 shows the simulated diffusivities compared with the analytical solution. The results show a very 
good agreement, thus giving confidence to our numerical model. It should be noted here that for the case of 
the parallel microcrack network, the cracks always form a percolated pathway. The microcrack volume 
fraction is the only influencing parameter while sample size, resolution and presence of aggregate particles 
do not influence the simulation. The diffusivity of the cracked medium increases and tends to infinity with 
increase in DC/D ratio.  

 
Fig. 11 Comparison between simulated diffusivity and analytical solution for samples containing 
parallel microcrack network (Fig. 5a) at several microcrack volume fractions and DC/D values. 

 

3.4 Samples containing bond microcracks  

 A parallel crack network that traverses through the thickness of the sample would represent the worst-
case scenario and yield an upper-bound diffusivity for the cracked medium. Another scenario is to consider 
microcracks occurring only at the aggregate-paste interface (Fig. 5 b, c). Here, the homogenisation can be 
carried out in two ways. The first is to homogenise the mesostructure containing aggregate particles and 
cement paste, and then incorporate microcracks in the homogenised medium [Gérard et al., 1997; Breysse & 
Gérard, 1997]. The second approach is to incorporate microcracks as a third phase in a heterogeneous 
medium containing aggregate particles and cement paste (Fig. 5c). In the simulations, microcrack volume 
fraction was increased by increasing the width of the bond microcracks from 1 μm to 5, 10, 25 and 50 µm. 
The simulations were also conducted for DC/D ratios of 100, 1000 and 10000.  

 The results plotted in Fig. 12 show that diffusivity increases with microcrack volume fraction and Dc/D 
ratio. Therefore, the bond microcracks can increase overall transport property despite the fact that the 
microcracks themselves are not percolated. However, the effect of bond microcracks on diffusivity is 
significantly smaller than that of the parallel orthogonal microcracks (Fig. 11). For the same microcrack 
volume fraction, the difference in diffusivity between the parallel crack network and bond crack network is 
very small at Dc/D ratio of 100. However, the difference increases with increase in Dc/D ratio. At Dc/D ratio 
of 1000, a difference of more than order of magnitude can be observed. This shows that when the 
microcracks are percolated, the effect on transport is highest in a denser medium (i.e. low w/c ratio, high 
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degree of hydration) compared to a more porous medium. The results in Fig. 12 also show that placing 
microcracks in a homogenised medium (Fig. 5b) will lead to an incorrect and much smaller estimation of the 
effect of microcracks on overall transport property. Therefore, the approach for incorporating microcracks 
shown in Fig. 5c gives a better representation of a cracked mesostructure.  

 

Fig. 12 Effect of bond microcracks on the diffusivity of concrete (60% vol. aggregate particles).  
Dashed curves are for the case of bond microcracks dispersed in a homogenised media (Fig. 5b) and 
solid curves are for the case of bond microcracks dispersed in a heterogeneous media containing 
aggregate particles and cement paste (Fig. 5c).  

 

3.5 Samples containing bond and matrix microcracks  

3.5.1 Diffusivity 

 Fig. 13 shows the effect of bond and matrix microcracks on the diffusivity of concrete containing 60% 
vol. aggregate particles. Note that the simulations were carried out for several microcrack patterns (a to f, 
Table 1). The simulations were also carried out at three contrast ratios, i.e. ratio of diffusivity of the 
microcrack to the diffusivity of uncracked concrete, of 100, 1000 and 10000 as in the earlier work. As 
expected, diffusivity increases with increase in microcrack volume fraction. For the same microcrack volume 
fraction, diffusivity increases with increase in the number of microcracks. Comparing the results to those 
shown in Fig. 12, it can be seen that the effect of microcrack networks containing only bond microcracks are 
of the same order as networks containing bond and matrix microcracks, when the latter are not percolated 
(case a to d). Once the microcrack network becomes percolated (case e & f), then diffusivity increases at a 
much higher rate compared to networks containing bond microcracks only, particularly at higher Dc/D 
contrast  ratios.  
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a) DC/D = 100 

 
b) DC/D = 1,000 

 
c) DC/D = 10,000 

Fig. 13 Effect of matrix and bond microcracks on diffusivity of concrete (60% vol. aggregate 
particles). Simulations were carried out for several microcrack patterns (a to f, Table 1) and DC/D 
contrast ratios. 

 

 Fig. 14 shows the effect of specific surface area of the microcracks on diffusivity as a function of 
microcrack width and contrast ratio. It can be seen that increasing the microcrack specific surface area of 
both non-percolated and percolated networks increases the equivalent diffusivity. This is because at higher 
specific surface area, the number of microcracks is increased while the distance that the diffusing species has 
to travel across the matrix is decreased. It is interesting to note that the change in diffusivity from a non-
percolated network (case d, specific surface = 0.58 mm2/mm3) to a percolated network (case e, specific 
surface = 0.74 mm2/mm3) is quite modest and not significantly different. This is in contrast with permeation 
which will be discussed in the next section. The results also show that the effect of contrast ratio is more 
pronounced for the microcrack networks with higher specific surface area.  
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Fig. 14 Effect of specific surface area of microcracks on diffusivity of concrete (60% vol. aggregate 
particles). Simulations were carried out for several microcrack patterns (a to f, Table 1) and DC/D 
contrast ratios. 

 

3.5.2 Permeability 

 Figs. 15 & 16 show the effect of bond and matrix microcracks on the permeability of concrete 
containing 60% vol. aggregate particles. Simulations were carried out for microcrack patterns a to f (Table 1) 
and by assigning the permeability of uncracked concrete as either 1E-19, 1E-18 or 1E-17 m2, which covers 
the permeability of a wide range of concrete composition previously reported [Wong et al. 2009; Wu et al., 
2015]. It should be noted that the approach here is slightly different to that used in the previous section 
where simulations were carried out by treating the ratio of diffusivity of microcrack to uncracked concrete as 
a variable. Here, simulations for permeation were carried out by treating the permeability of uncracked 
concrete as a variable. The reason for this is that permeability of a crack is a function of its width, while the 
diffusivity of a crack is equal to the free diffusivity and is independent of crack width.  

 Similar to the behaviour observed for diffusion, it can be seen that permeability increases with increase 
in microcrack volume fraction, number of microcracks and specific surface area. However, for the same 
microcrack volume fraction, the increase in permeability due to microcracks is much greater than that for 
diffusivity. The difference is greatest for percolated crack networks, where the increase in permeability is 
several orders of magnitude greater that the increase in diffusivity. Another interesting observation is that for 
non-percolated crack networks (a, b, c & d), the effective permeability increases with increase in microcrack 
volume fraction up to a finite limit (Fig. 15). The magnitude of this limit depends on characteristics of the 
microcrack network (e.g. number of bond and matrix microcracks, specific surface) and characteristics of the 
uncracked concrete (e.g. pore structure, aggregate particle content). In percolated networks however, this 
finite limit does not appear to exist and the effective permeability increases with increase in microcrack 
volume fraction. 

 
a) K = 1 × 10-17 m2 

 
b) K = 1 × 10-18 m2 

 
c) K = 1 × 10-19 m2 

Fig. 15 Effect of matrix and bond microcracks on permeability of concrete (60% vol. aggregate 
particles). Simulations were carried out for several microcrack patterns (a to f, Table 1) and by 
assigning the permeability of the uncracked concrete K as 1E-17, 1E-18 or 1E-19 m2.  

 

 The effect of percolation is more evident when the simulated permeability is plotted against specific 
surface area in Fig. 16, where a sudden large increase in permeability between the fourth and fifth data point 
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can be seen. This corresponds to the situation where a non-percolated network (case d, specific surface = 
0.58 mm2/mm3) changes to a percolated network (case e, specific surface = 0.74 mm2/mm3). The jump in 
permeability becomes more severe for larger microcrack widths and for denser matrix. It should be recalled 
that this behaviour was not observed in the case of diffusion.  

 
a) K = 1 × 10-17 m2 

 
b) K = 1 × 10-18 m2 

 
c) K = 1 × 10-19 m2 

Fig. 16 Effect of specific surface area of microcracks on permeability of concrete (60% vol. aggregate 
particles). Simulations were carried out for several microcrack patterns (a to f, Table 1) and by 
assigning the permeability of the uncracked concrete K as 1E-17, 1E-18 or 1E-19 m2.  

 

4. Discussion  

 The simulations show that the effect of microcracks on transport properties is more pronounced on 
materials with a denser matrix, for example, concretes with low water to cement ratio or high degree of 
hydration, compared to a more porous matrix. These materials would have higher Dc/D diffusivity contrast 
ratios and lower permeability in the uncracked state.  The main parameters influencing the effect of 
microcracks on the transport properties of concrete are the size, specific surface area, interconnectivity and 
degree of percolation of the microcrack network. In general, the effect of microcracks is more pronounced 
for permeation compared to diffusion, but the extent of the difference depends on many variables. 

 For a non-percolating microcrack network, the effective transport property of the cracked concrete 
increases with microcrack volume fraction initially, but reaches a limit beyond a certain microcrack volume 
fraction and remains relatively constant thereafter. The magnitude of this limit depends on the characteristics 
of the microcrack network and porous matrix. This finite limit exists because in non-percolated microcrack 
networks, flux has to travel across the uncracked cement paste and so the effective transport property is 
governed by the transport property of the uncracked matrix. For example, comparing Fig. 13c and Fig. 15, it 
can be seen that for a similar non-percolated microcrack network (a, b, c and d), the “finite limit” for 
diffusion and permeation are nearly the same in magnitude. However, this limit is reached much earlier (at 
lower microcrack volume fraction) for the case of permeation.  

 The connectivity of a microcrack network and the point at which it percolates would depend on the 
number and distribution of the bond and matrix microcracks, their lengths and therefore their specific surface 
area. At higher specific surface area, there are more microcracks present, the separation distance between 
microcracks decreases and the distance that the diffusing species has to travel across the cement paste matrix 
decreases. Therefore, increasing the specific surface area increases the equivalent diffusivity and 
permeability for both non-percolated and percolated microcrack networks.  
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 When the microcrack network becomes percolated, fluid flows predominantly through the microcracks 
and so the effective transport property now increases beyond this limit as it is governed by the transport 
property of the microcrack. For the case of diffusion, this will be the free diffusion coefficient of the species 
under consideration, while for the case of pressure-induced flow, the permeability of the crack which 
increases with crack width. This means that for sparsely populated microcrack networks that are not 
percolated, the effect of microcrack is of the same order for diffusion and permeation. However, in densely 
populated microcrack networks that are percolated, the effect becomes significantly more pronounced for 
permeation compared to diffusion. This can be also be deduced by comparing Fig. 14 and Fig. 16. A massive 
jump in permeability is seen when the microcrack network becomes percolated (at specific surface area > 0.6 
mm2/mm3), while the increase in diffusivity is comparatively modest.  

 However, the microstructure of real concrete is obviously more complicated than what is captured by 
the three-dimensional meso scale model presented in this paper. In practice concrete has slightly higher 
aggregate particle volume fraction (> 60%) and wider particle size range than the sample simulated in this 
study. The smallest aggregate particles considered were 1 mm due to the limitations of the mesh generator 
and computational resources. However, it should be noted that small aggregate particles have less 
contribution to microcracking as observed in previous studies [Bisschop and van Mier, 2002; Idiat et al., 
2012; Wu et al., 2015]. These studies showed that the degree of microcracking (measured in terms of width, 
length, depth or density) decreases with decrease in aggregate particle size. Furthermore, fracture mechanics 
predict that aggregate particles below a critical size do not cause microcracking [Goltermann, 1994]. Here, 
we assume the critical size is 1 mm. 

 It is also well-known that the presence of aggregate particles disturbs the microstructure of the cement 
paste. This causes the cement paste surrounding each aggregate particle, i.e. the ‘interfacial transition zone’ 
(ITZ), to contain on average higher porosity than the ‘bulk’ cement paste farther away. Therefore, the 
transport property of the ITZ should be on average higher than the bulk cement paste, but this is known to be 
spatially variable. Such effects were not considered in the simulations presented in this study for the sake of 
simplicity and because we were mainly interested in quantifying the effects of microcracking. Furthermore, 
the effect of ITZ on transport properties is very small relative to the effect of microcracks, as shown in our 
previous experimental and numerical studies [Wong et al., 2009; Abyaneh et al., 2013a] and more recently in 
[Bernard & Kamali-Bernard, 2015]. Therefore, the findings of this study are not expected to be substantially 
influenced by this approximation since the effect of the added microcracks would be far greater than that of 
the ITZ. Indeed, the order of magnitude increase in transport property simulated in this study is well within 
the range of those reported in the literature [Jacobsen et al. 1996; Djerbi et al., 2008; Wong et al., 2009; 
Kamali-Bernard and Bernard, 2009; Wu et al., 2015] 

 Ideally our simulated results would be compared with experimental measurements. However, the 
availability of such experimental data that are suitable for direct comparison is at best scarce and probably 
non-existent. Although a number of researchers have conducted mass transport experiments on cracked 
concrete, most have only reported the measured transport property and do not provide information on the 
microstructure, in particular the characteristics of the microcrack network. Where measurements of 
microcracks are available, these are generally carried out on two-dimensional cross sections and so the 
critical information on the way in which the microcracks are interconnected is missing. This issue is 
compounded by the lack of suitable techniques to characterise a representative volume of concrete in three-
dimensions at a sufficient resolution to capture the microcracks. There are also issues with transport 
measurements. For example, some of the microcracks will probably self heal when exposed to moisture for 
prolonged periods as required in many types of transport experiments. However, our simulations have not 
considered chemical reactions such as those associated with hydration, leaching and microcrack healing. 

 

5.  Conclusions 

 This study proposes a finite-element approach for three-dimensional simulations to study the effect of 
microcracks (1-50 μm) on the diffusivity and permeability of concrete containing 60% vol. aggregate 
particles ranging from 1 to 10 mm in size. To improve computational efficiency, an aligned meshing 
approach was applied where discretisation was carried out using tetrahedral elements and triangulation to 
explicitly capture the surfaces of aggregate particles. Microcracks were then incorporated as interface 
elements, enabling the smallest microcracks to be represented independent of the size of the discretisation of 
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the aggregate particles and cement paste. The model was first validated by comparing with analytical 
solutions for simple/ideal mesostructures and microcrack geometries (e.g. parallel orthogonal microcrack 
networks). Then, the model was applied to carry out a sensitivity analysis on concrete samples containing 
several microcrack patterns consisting of bond microcracks at the aggregate-paste interface and matrix 
microcracks spanning nearest neighbouring aggregate particles. The samples considered included a wide 
range of characteristics such as microcrack widths (1 to 50 μm), number of individual microcracks (350 to 
2050), microcrack volume fractions (0.02 to 5.4%), specific surface area (0.15 to 0.90 mm2/mm3), degree of 
percolation, diffusivity contrast ratio (Dc/D = 100 to 10000) and permeability (1E-19 to 1E-17 m2). The main 
conclusions are: 

a) The effect of microcracks on diffusion and permeation is more pronounced for concretes with denser 
matrix (e.g. low w/c ratio, high degree of hydration) compared to a more porous matrix. 

b) For concretes containing sparsely populated microcrack networks that are not percolated, the 
effective transport property of the cracked concrete increases with microcrack volume fraction up to 
a finite limit because flow is governed by the transport property of the uncracked matrix. The 
limiting value depends on the characteristics of the microcrack network (e.g. number of bond and 
matrix microcracks, specific surface) and uncracked concrete (e.g. pore structure, aggregate particle 
content). The limiting value is reached much earlier at lower microcrack volume fraction for the case 
of permeation compared to diffusion.  

c) For concretes containing densely populated microcrack networks that are percolated, the effective 
transport property increases continuously with increase in microcrack volume fraction since flow is 
now governed by the transport property of microcracks. For diffusion, this is the free diffusivity of 
the species under consideration, and for pressure-induced flow, the permeability of the microcrack 
which increases with crack width. 

d) Increasing microcrack specific surface area increases the equivalent transport property for both non-
percolated and percolated microcrack networks. This is because at higher specific surface area, there 
are more microcracks present and the distance that the transporting species has to travel across the 
uncracked matrix is decreased. 

e) In all cases, the presence of microcracks has a greater effect on permeation compared to diffusion. 
The magnitude of difference becomes more pronounced in percolated microcrack networks. This can 
be seen in the sudden large surge in permeability when the microcracks become percolated.   

f) The modelling approach described in this paper is particularly useful for evaluating the effect of 
various parameters, such as microcracks, on transport properties, where laboratory experimentation 
alone would be unable to isolate and quantify the effect. 
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