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Abstract: This paper presents a meso-scale modelling framework to investigate the fracture process 

in concrete subjected to uniaxial and biaxial compression accounting for its mesostructural 

characteristics. 3D mesostructure of concrete consisting of coarse aggregates, mortar and interfacial 

transition zone between them was developed using an in-house code based on the Voronoi tessellation 

and splining method, which enables to generate the realistic-look aggregates with controllable 

structural features such as content, location, size and shape. Based on the generated 3D mesostructure, 

the concrete damage plasticity approach was employed to simulate the compressive fracture 

behaviour of concrete in terms of crack morphology and stress-strain response against the shape 

parameters of aggregate. Results indicate that the shape of aggregate has a negligible effect on 

compressive strength of concrete, which is highly associated with the random location and size 

distribution of aggregate. The aggregate irregularity has a significant influence on crack initiation and 

growth of concrete. 
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1. Introduction 

Concrete is the most widely used construction material in the world. To date, tremendous efforts have 

been made to enhance the characterisation of concrete fracture using different experimental and 

analytical approaches [1]. However, it was found that the mechanical response is difficult to be 

faithfully captured during damage process in experiments, while the analytical methods may become 

very complex due to nonlinearity and randomness in a heterogeneous material like concrete [2-8]. 

The numerical approaches seem to be more effective to predict the fracture behaviour of concrete, 

among which the mesostructure-based models have been attracting more attention as the mesoscopic 

properties of concrete play an important role in fracture process in concrete [9-14]. These models 

make it possible to explicitly investigate the effects of structural features of concrete on fracture 

behaviour at the mesoscopic level, where concrete can be treated as a multiphase composite material 

consisting of coarse aggregates, mortar matrix and interfacial transition zone (ITZ) between them 

[15-17]. 

In order to accurately analyse damage mechanism, a mesostructure model is expected to provide 
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reliable quantitative and qualitative data on fracture process, which can be characterised by both 

stress-strain response [18] and crack pattern properties [19-22]. The crack morphology does not only 

have a significant influence on mechanical strengths but also on transport properties such as 

permeability, diffusivity and absorptivity, which are strongly related to the long-term durability of 

concrete [1]. For instance, the crack development can facilitate the penetration of aggressive species 

(e.g. chlorides) into concrete, leading to deterioration of concrete and shortened service life of 

concrete structures. In recent years, numerous meso-scale models of concrete with the simplified 

geometries (e.g. 2D framework or using spherical-shaped aggregates) have been proposed, which 

might be able to predict the stress-strain response of concrete with an adequate precision but cannot 

properly simulate crack propagation in complex 3D mesostructures of concrete. The stress-strain data 

alone would be insufficient for the structural design of concrete and it is very important to provide 

the credible information on crack morphology. Therefore, all critical morphologic features should be 

considered to generate a model with a proper level of accuracy. 

The model fidelity can be evaluated by comparing the properties of virtual and real mesostructures 

based on three experimental criteria related to coarse aggregates, which represent three levels of 

accuracy in hierarchical order: (1) Volume fraction: it is also known as parking density that represents 

the volume of coarse aggregates occupying the whole unit cell. The volume fraction of aggregate is 

typically between 30 to 50% based on the mix design suggested for normal strength concrete [18]. In 

terms of aggregate size, this is the lowest level of accuracy required to be considered in a model. Most 

of the previous models were able to adjust the volume fraction of aggregates [9, 18, 23]. (2) Size 

distribution: it is a list of values or a mathematical function that indicates the relative amount of 

aggregate present according to size [18]. A model adjusted based on this criterion meets the acceptable 

standard of validity regarding aggregate size. The previous studies showed that it was feasible to fulfil 

it in a model [9, 18, 23, 24]. (3) Shape: the highest accuracy would be reached if both the size 

distribution and shape of aggregates could be configured in reference to the real data. Although, the 

complications start here in terms of measurement and simulation techniques due to the irregular 

nature of aggregates. Several shape parameters may be required to quantitively describe the 

morphology, while even the accuracy of measurement methods would be disputable. The shape 

parameters obtained from the empirical data are the only way to validate a model. Regarding 

simulation, it is not easy to model irregular aggregates in random media with the desired shape 

properties and size distribution. In the following, the key issues will be more discussed on the 

simulation of aggregates with the realistic morphology. 

In general, two main approaches are used to simulate a mesostructure based on computational 

geometric algorithms including image-dependent and image-independent methods [25]. An image-

dependent approach can produce a realistic model by scanning an actual sample. However, it is a 
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time-consuming and computationally expensive method and is highly dependent on image resolution 

[26-32]. These specifications limit the shape variations and number of models, which can be possibly 

produced. Consequently, it causes some difficulties in a typical statistical analysis, which is an 

essential part of the study of such random system. In contrast, the image-independent method is 

known as a computational cost-effective methodology with more producibility and less restriction of 

real samples [33]. Nevertheless, the actual aggregate shape was disregarded by using the simplified 

geometry in many previous models [2, 15, 34-39]. 

To address the limitations mentioned, this study aims to develop a novel modelling framework 

with a high level of accuracy and low computational cost to investigate the effect of 3D mesostructure 

of concrete on crack morphology. The framework is based on the previous work [25] on the 

development of the image-independent simulation tools to generate the 3D particulate mesostructure 

model using the combination of Voronoi tessellation method and splining technique. It could create a 

realistic-looking geometry model with controllable structural parameters including shape, size and 

distribution of particles. This integrated model has two remarkable capabilities: (1) The model 

programmability allows designing a methodology that integrates the undiscovered aspects of fracture 

analysis affected by the irregular-shape of aggregates. (2) The controllability of the model enables to 

systematically adjust the overall and local shape of the aggregates in regard to the shape parameters 

including sphericity, elongation and roundness, which can be used to describe irregularity [25]. Thus, 

the mechanical response can be quantitatively characterised against the shape parameters. The 

triangulated surface representation of the aggregate model eases the measurement of these parameters 

and the simulation process of ITZ around each aggregate. The geometric model generated with the 

configuration designed can be applied to the continuum-based nonlinear finite element (FE) analysis 

to simulate the concrete fracture. Among different material models, concrete damage plasticity (CDP) 

that has been successfully developed, used and tested in many case studies [40-46] is adopted to 

predict the post-peak softening and crack pattern through mortar and ITZ in this study. Its combination 

with the mesostructure model proposed can precisely simulate two main failure modes including 

tensile cracking and compressive crushing. 

In this paper, the fracture process in concrete under uniaxial and biaxial compression is 

investigated accounting for its mesostructural characteristics. Firstly, the 3D mesostructure of 

concrete composed of coarse aggregates, ITZ and mortar are generated by the in-house package 

developed in MATLAB considering the content, random location, size distribution and shape of 

aggregate. The size distribution of aggregate is adjusted based on the sieve analysis obtained from 

the experiments, while the shape properties are set up using a systematic strategy to gradually change 

the irregularity level. The spherical and polyhedron shaped aggregates involved in this study highlight 

the effect of geometric simplifications. The method to generate spherical aggregates follows the 
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conventional algorithm, as presented in the literature [2, 15, 34, 35]. The simulated aggregates are 

compared with two of the most common aggregates used for concrete production, i.e. natural gravels 

and crushed rocks [47]. Because of their structural characteristics, they cover a wide range of shape 

variations required for a comprehensive analysis targeted here. Natural gravels represent rounded 

aggregates with a quasi-spherical geometry and crushed rocks stand for rough aggregates with angular, 

elongated or flaky structure. Afterwards, based on the generated 3D mesostructure of concrete and 

CDP material model, the FE simulations are carried out using ABAQUS/Explicit to explore the 

fracture process in concrete under compression in terms of stress-strain response and crack 

morphology. Finally, the effects of shape parameters of aggregate on concrete fracture behaviour are 

estimated and discussed in detail. 

2. 3D mesostructure of concrete 

The principle of the 3D mesostructure model is tied to the seed points used for the Voronoi tessellation 

[25, 48]. The seed points dictate the discretisation mode of the domain and control the structural 

attribute of the Voronoi cells. In general, the point distribution pattern and the splining process are 

employed to adjust the aggregate shape. The details can be referred to the previous work [25]. In the 

following, the shape and size configurations will be presented for the splined Voronoi cells, which 

are used to simulate the aggregates in a cubic representative volume element (RVE). The side length 

of the RVE is set to 50 mm in order to meet the criterion that the RVE size should be at least three to 

five times greater than the maximum size of the aggregate to achieve a reportative volume [9]. 

2.1. Aggregate shape configurations 

The seed points are systematically distributed to control the irregularity through the mesostructure. 

First, a uniform non-random distribution of points is used to yield a model with regular-

shaped/distributed cells as a reference to define the irregularity level. Fig. 1a shows an example of 

this regular system with honeycomb-shaped Voronoi cells, which have body-centred cubic (BCC) 

structure. The irregularity is then induced by the perturbation of points’ coordinates. Each point is 

displaced by the vector  𝑟 with random length and direction, from where the seed points originally 

located in the reference model. By increasing the maximum length of the displacement vector 𝑟, the 

seed points become more disordered. Consequently, the Voronoi cells get more distorted and their 

regular shape becomes more irregular. The variable 𝑟 represents the irregularity level, which can be 

adjusted for each model. Three Voronoi tessellation models shown in Fig. 1 schematically exemplify 

different irregularity levels, which will be used for the mesostructure generation, corresponding to 

the 𝑟 values of 0, 0.05 and 0.2 unit (the side length of the squares is 1 unit). As seen, the irregular 

attribute is associated with several factors including the random location, size, shape of the cells in 

the RVE whereas the cell structure is irregular itself. 

The splining technique is employed to transform the Voronoi cell structure to a geometry, which 
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looks more like the real aggregates. Mainly, this technique regularises the sharp edges and corners of 

the polyhedral cells into a more rounded shape. In other words, it converts the flat faces to curved 

ones and reduces the high angularity. Fig. 2 simply illustrates how the original Voronoi cell changes 

to the splined cells. It should be mentioned that the splining process is based on subdividing surfaces 

and it can be done in multi-subdivision iterations. A smoother surface is created after each iteration 

level. In this study, two iteration levels are applied. A more accurate description of the transformations 

created by the seed points distribution and the splining process will be given later using the shape 

parameters while comparing different types of aggregate shape considered here. 

For a complete study of the shape effect, aggregates are simulated by three types of geometry 

including spheres, polyhedral Voronoi cells and splined-Voronoi cells as exemplified in both Table 1 

by the single particles and Fig. 3 by the whole set of aggregates. The models are labelled based on 

the geometric type, the irregularity and the splining iteration level as given in Table 1. The main 

concepts of designing these systems are described as follows and summarised in Table 2. The models 

A and D as the simplified versions of the aggregate model have been traditionally and repeatedly used 

in the literature, e.g. [49-55]. The analyse of such models in the framework proposed provides insight 

on their efficiency against G. Also, in a physical sense, these two models are likely comparable to 

natural gravels and crushed rocks due to the geometric similarities. For visual comparison, the 

samples of the real aggregates are shown in Fig.4. Although the low-irregularity characteristic of the 

models B, C, E and F is inconsistent with the random nature of concrete, these models simulate the 

gradual shape transformations by increasing irregularity for each geometric type. Therefore, they 

allow general understanding the influence of irregularity by comparing the results between the models 

with the same geometric type. Due to the reason stated above, only the models D and G among the 

others represent the mesostructures with the polyhedral Voronoi and splined-Voronoi cells, 

respectively. They can be compared with the model A and each other to show the effect of geometric 

type and the splining process accordingly. 

So far, the overall shape characteristics have been presented and their relationship with the 

analysis methodology has been explained. Now, thanks to the measurability and the controllability of 

the models, the structural characteristics can be described and discussed by the shape parameters 

including sphericity, elongation ratio and roundness. Sphericity and elongation ratio are used to 

describe the global shape while the roundness is a descriptor of the local surface shape. Sphericity 

and elongation ratio can be defined as the deviation of an irregular-shaped aggregate from the regular 

perfect sphere. Here, the following equations [25] are used to calculate these parameters by the aid 

of the triangle elements that make the cell surface: 
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𝑆𝑝ℎ𝑒𝑟𝑖𝑐𝑖𝑡𝑦 =
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 𝑜𝑓 𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑆𝑝ℎ𝑒𝑟𝑒

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒
=
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where V and S are the volume and surface area, respectively, L is the distance between the centre of 

the cell and a node on the surface, �̂�𝑖. �̂�𝑖 denotes the angle between a vector from cell centroid to 

centre of the 𝑖-th triangle element and the corresponding normal vector of the element, △ 𝑆𝑖 is the 

area of the element, and m represents the total number of elements for the cell. 

The values of the above-mentioned three shape parameters range from zero to one. A module to 

measure the parameters is incorporated into the MATLAB code for mesostructure generation. 

Therefore, the geometry models generated are accompanied with the data, which includes the values 

of the shape parameters for all particles. Regarding this, a histogram can be used to show the shape 

distribution. However, it should be noted that 30 random samples are generated per model set to yield 

reliable results in the statistical analysis. To obtain a representative histogram for each set, first, the 

entire range of values should be divided into the same series of intervals (or bins) for all samples in 

a set. Second, it is counted how many values fall into each interval per sample. Third, a mean value 

per interval is calculated by averaging the data in the corresponding interval for all models. Fig. 5 

illustrates the representative histograms of the shape parameters with a normal probability density 

function (PDF) fitted from the distribution specified for all sets except the model A. The standard 

deviation for each bin is less than 0.1 for all plots, which proves that number of the models is enough 

in terms of shape. The sufficiency of the number of samples regarding the mechanical properties will 

be discussed later. The PDF curves help to better understand the shape transformation. The arrows 

are used as a guide for the eyes in a comparative view between sets of polyhedral Voronoi and splined-

Voronoi cells with an equal irregularity level. 

By comparing the models D and G with the real aggregates, it can be concluded that the simulated 

ranges of shape parameters are generally consistent with the experimental data. The sphericity values 

of natural gravels and crushed rocks are within the range of 0.6 to 0.9 [56-58]. This is almost equal 

to the range reported in Fig. 5 for the models D (0.6 to 0.85) and G (0.65 to 0.95). Similarly, the 

roundness ranges are compatible with the experimental values, which are from 0.6 to 0.8 [58]. The 

elongation ratio relatively varies in a wider range in both simulation (0.2 to 0.6) and experiments (0.3 

to 0.7) [56]. By comparing the models (E, F, G) and (B, C, D) separately, the effect of irregularity on 

the shape distribution can be highlighted. As more cells with different shapes are created in RVEs by 
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increasing 𝑟 , the values of the shape indices are distributed more broadly. By comparison of the 

models (D, G), (C, F) and (B, E) for each shape parameter, it can be found that the sphericity and the 

roundness values increase about 10% after splining process where, conversely, the elongation ratio 

slightly decreases. 

In this section, the models were categorised into different sets and introduced based on the 

aggregate shape configurations. To complete the information about the structural characteristics, the 

size distribution of the aggregate models will be presented hereafter. 

2.2. Aggregate size distribution 

The sieve analysis is conducted to measure the mass fraction of particles within each size range to 

determine the aggregate size distribution (ASD), which can be described by means of the grading 

curves such as the Fuller curve [25]. The aggregate grading designed according to the Fuller curve 

leads to an optimum concrete mixture, which can be expressed as: [18] 

P(d) = 100 (
d

dmax
)
n

 
(4) 

 

where P(d)  is the cumulative percentage passing a sieve with aperture diameter d , dmax  is the 

maximum size of aggregate particles, and 𝑛 is the exponent of the equation (commonly n = 0.5). 

To facilitate the implementation of the gradation curve in a numerical model, it can be divided 

into segments, where the amount of aggregates Vagg within each grading segment [𝑑𝑖, 𝑑𝑖+1] can be 

determined by: 

𝑉𝑎𝑔𝑔[𝑑𝑖, 𝑑𝑖+1] =
𝑃(𝑑𝑖+1) − 𝑃(𝑑𝑖)

𝑃(𝑑𝑚𝑎𝑥) − 𝑃(𝑑min )
× 𝑃𝑎𝑔𝑔 × 𝑉𝑡𝑜𝑡𝑎𝑙 

(5) 

 

where 𝑑𝑚𝑎𝑥 and 𝑑min  are the maximum and minimum aggregate size, respectively, 𝑃𝑎𝑔𝑔 denotes the 

volume fraction of aggregates, and 𝑉𝑡𝑜𝑡𝑎𝑙 is the total volume of concrete specimen. 

A typical ASD with four sieve groups [59] as given in Table 3 is used, which categorises the 

coarse aggregates into three size ranges including small (2.36 to 4.75 mm), medium (4.75 to 9.5 mm) 

and large ( 9.5 to 12.7 mm). To adjust the cells, the calibration process is performed on the models. 

The algorithm proposed for calibration was presented in [25]. It is assumed that the aggregates occupy 

30% of the total concrete volume. In Fig. 3, the size segmentations are accordingly specified by 

different colours of the aggregate models. Similar to the shape distribution, the mean values of the 

aggregate probability density in each size range are plotted in Fig. 6 for all samples in each set. 

2.3. ITZ and mortar 

ITZ is usually considered as the weak region between aggregate and mortar in concrete due to the 

relatively high water-to-cement ratio and porosity in this region. ITZ is generally modelled as a thin 

layer around each aggregate with a typical thickness ranging from 0.01 to 0.05 mm [48], which is 

extremely low compared to the size of aggregate. Such size difference causes difficulties in meshing. 
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If the coarse elements (consistent with aggregate size) are used, the mesh quality might become very 

poor. If the small elements (consistent with ITZ thickness) are used, the number of elements might 

drastically increase and consequently computational cost. In the previous studies, the thickness was 

sometimes exaggerated (~ 0.1 to 1 mm) due to these issues [48, 60-63]. Nevertheless, in this study, 

the approach to model ITZ allows to set thickness as 0.05 mm while the mesh quality is kept 

acceptable. The ITZ layer is created by the aid of an offset surface generated upon the aggregate 

surface. The region between the aggregate and the corresponding offset surface is meshed by the solid 

elements and in this way, the ITZ is constructed. The generation of the offset surface is performed 

based on the scaling technique [25] and coded in MATLAB. The modelling procedure consists of two 

main steps: (1) the triangulated representation of the aggregate surface is duplicated by reproducing 

the matrix of vertices (or nodes); (2) the duplicated geometry is expanded with reference to the 

centroid position whilst the distances between the original and the duplicated nodes are equal to the 

ITZ thickness. It is important to be noted that the aggregates do not overlap with each other after 

expansion, as the minimum distance between two particles was set greater than double thickness of 

ITZ earlier in the size adjustment process of the aggregates. 

Similarly, the mortar is modelled by meshing the region created through the offset surfaces 

mentioned above and the exterior surfaces of the RVE. The modelling experience proved that the 

simulation strategy proposed was computationally reasonable and compatible with this framework. 

Fig.7 shows an example of the generated 3D mesostructure of concrete composed of coarse 

aggregates, mortar matrix and ITZs between them. The cross-sectioned models depict the 

composition of the mortar matrix, aggregate particles and the ITZ layers in the RVE. 

3. Finite element modelling 

3.1. Material model 

For normal concrete, the tensile and compressive strengths of the aggregates are much higher than 

those of mortar and ITZs [40]. Thus, the aggregate can be assumed to be elastic without damage 

allowed whereas the nonlinear behaviour and damage occur prior to concrete failure in the mortar 

and the ITZs. The CDP model, available in the ABAQUS material library, is used to simulate damage 

in both mortar and ITZs. The theory behind this continuum plastic model has been documented in 

ABAQUS [64] and described many times in the literature [65]. Therefore, only the key points are 

presented here. 

For both mortar and ITZs, the stress-strain relations are simplified to be linear before reaching the 

yield point in compression and the ultimate strength in tension. The compressive strain hardening and 

softening curves can be approximated by different constitutive relations [18, 48, 66]. The following 

equations are adopted to define the hardening and post-peak softening curves according to GB50010 

[67]: 
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𝜎𝑐
𝑓𝑐
=

{
 
 

 
 𝛼𝑎

휀𝑐
휀𝑐𝑢

+ (3 − 2𝛼𝑎) (
휀𝑐
휀𝑐𝑢
)
2

+ (𝛼𝑎 − 2) (
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휀𝑐𝑢
)
3

            𝐻𝑎𝑟𝑑𝑒𝑛𝑖𝑛𝑔
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휀𝑐𝑢

𝛼𝑑 (
휀𝑐
휀𝑐𝑢

− 1)
2

+
휀𝑐
휀𝑐𝑢

                                                            𝑆𝑜𝑓𝑡𝑒𝑛𝑖𝑛𝑔 
 

(6) 

 

where 𝜎𝑐 and 휀𝑐 are the compressive stress and strain, respectively, 휀𝑐𝑢 is the ultimate compressive 

strain corresponding to its strength 𝑓𝑐, and 𝛼𝑎 and 𝛼𝑑 are the coefficients that can be calculated by: 

{
𝛼𝑎 = 2.4 − 0.0125𝑓𝑐           

𝛼𝑑 = 0.157𝑓𝑐
0.785 − 0.905

 
 (7) 

 

The tensile softening behaviour is approximated by the linear fracture energy-based criterion to 

avoid unreasonable mesh sensitivity results [66]. Regarding this, the keyword *CONCRETE 

TENSION STEFFEINING, TYPE=DISPLACEMENT is used in ABAQUS. Regarding the input 

parameters, the mechanical properties have been variously reported for mortar, ITZ and aggregates. 

As this research does not focus on the specific concrete, the acceptable values are selected as the 

inputs for the model based on the previous studies [15, 18, 47, 68] from the point of view of reliability 

and availability. The main material parameters used in the FE simulations are listed in Table 4. 

Moreover, five other parameters should be identified including the dilation angle, the plastic potential 

eccentricity, the ratio of the compressive strengths under biaxial and uniaxial loading, the ratio of 

second stress invariant on the tensile meridian to that on the compressive meridian, and the viscosity 

parameter. Their corresponding values 35o, 0.1, 1.16, 0.667 and 0.0005 are used for both mortar and 

ITZs in this study [39, 69]. 

The damage indices of DAMAGEC for compression, DAMAGET for tensile and SDEG as 

stiffness degradation variables are utilised to approximate the cracks induced. They evolve 

monotonically from 0 (undamaged) to 1 (fully damaged) to indicate the damage level. In contrast 

with the discrete crack models, the continuum mechanics-based approach like the CDP model is not 

capable to provide accurate data such as crack width. However, it can effectively simulate the crack 

pattern that is the main focus of this study. 

3.2. Loads and boundary conditions 

The displacement control method is used to apply the quasi-static load. For uniaxial loading, the 

vertical displacement is prescribed on one face of the RVE while its opposite face is fixed. For biaxial 

compression, the same approach is used but for two faces. In order to cover a wide enough range of 

the stress-strain response in the softening behaviour, the simulation is terminated at a maximum 

loading displacement d of 0.25 mm. It is adopted with a long enough loading time of 0.02 s to 

minimise the potential dynamic effect, which will be discussed in the following section. 

3.3. Model Reliability 

To evaluate the reliability of the model, the influences of parameters such as element size, time step 
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and sample number on simulation results are studied. The sensitivity analysis is carried out to obtain 

the most suitable values considering accuracy and computational efficiency. In addition, the 

simulation results are compared with literature data to support the validation. 

3.3.1 Element size (mesh density) 

The choice of mesh size has a crucial influence on the simulation of crack growth. Very small mesh 

size would lead to unnecessary computational overhead, whereas the opposite may yield inaccurate 

data [18]. Hence, the ideal mesh size should be fine enough and consistent with such complex 

geometry to precisely capture the cracking and stress-strain behaviour with a reasonable 

computational cost. To find an adequate mesh size, a model of the set A is meshed with four sizes. In 

the non-uniform mesh generation, the maximum element characteristic length Le is set to 0.8, 1, 1.2 

and 1.4 mm. The corresponding number of elements is around 2.8, 2.1, 1.5 and 1 million, respectively. 

The simulated stress-strain curves for each element size for uniaxial loading are illustrated in Fig. 8. 

The stress is calculated as the sum of the nodal reaction forces on the loaded face divided by the initial 

face’s area (50×50 mm2). The macroscopic engineering strain is obtained from the average nodal 

displacement divided by the initial side length of the RVE (50 mm). It can be observed that the mesh 

dependence of the stress-strain curves is negligible for the models when Le is less than 1.2 mm. 

Considering the balance between the accuracy and computational efficiency, Le is therefore adjusted 

to 1 mm in the mesh setting for all the models. 

3.3.2 Loading time 

Loading time is an important parameter in an explicit quasi-static solution, which is employed to 

overcome the convergence difficulties related to fracture simulation. Theoretically, the loading time 

should be long enough to avoid any dynamic effect, although the computational cost rises inevitably 

by increasing time. Thus, it is desirable to set the time as less as possible. For this, the model 

sensitivity of this parameter is investigated on a model of the set A with three different loading times 

of 0.01, 0.02 and 0.025 s. Fig. 8 demonstrates the simulated stress-strain response for uniaxial 

compression. It can be depicted from the curves that the loading time dependence can be almost 

negligible for times longer than 0.02 s. Consequently, the loading time is adjusted to 0.02 s for all 

sets. As an assessment for the influence of the dynamic effect [70], the ratio of the total kinetics to 

the total internal energy was found to be always below 5% during the simulation time for all models. 

3.3.3 Sample number 

To determine the sample number, the results of 30 random models of the set A are investigated. Fig. 

9 shows the stress-strain response of concrete under uniaxial compression. The corresponding mean 

curve and the standard deviation of stress at different loading steps are also plotted in the figure. To 

better describe the stress-strain curve, three characteristic points, i.e. I, II and III, are identified based 

on the results, which specify the yield stress (or the end of the elastic region), the peak stress (or the 
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material strength) and the critical stress/strain at the maximum standard deviation (휀 = 0.002). As 

seen in Fig. 9, the deviation of the results is insignificant (less than 0.2 MPa) in the elastic (before 

Point I) and hardening stages (between Points I and II), while the value drastically increases from 

about Point II to the maximum at Point III. Therefore, the influence of sample number on the values 

of stress and standard variation at Points II and III as the critical parameters are examined. For this, 

the means of these parameters are calculated for all possible combinations of 𝑛 samples (𝑛 ≤ 30). 

The averages of the mean values are plotted in Fig. 10. Smaller fluctuations are observed for the 

sample numbers greater than 15 while the parameters tend to be constant, which indicates that 15 

samples are likely large enough to get a statistically representative model. Nevertheless, 30 

realisations per model set are used in this study to guarantee convergence. 

3.3.4 Comparison with other studies 

For comparison, the stress-strain curves of concrete obtained from experiments and numerical 

simulations that are presented in [71, 72] are plotted together with the simulated results of this study 

in the subplot of Fig. 9. The discrepancy of the curves can be probably explained by the difference of 

sample preparation, concrete features (e.g. void or aggregate content), etc. It is worth noting that this 

study does not aim to generalise the results but to gain insight and suggest hypothesis and directions 

for concrete design. 

4. Simulation results and discussion 

Distinct failure processes and deformation patterns in concrete can be recognised in relation to its 

mesostructural characteristics. To specify this, first, the main crack characteristics will be 

demonstrated. Then, the evolution of the cracks and their final morphology will be presented, which 

can be mostly observed in each set. The stress-strain response will be compared among the models 

based on the concepts, which were described in Section 2.1 and summarised in Table 2. Also, the 

dissipated energy and the critical values of stress at the characteristic points such as Points II and III 

(Fig. 9) will be analysed to estimate the effects of shape parameters. 

4.1. Crack mechanisms 

The fracture process in concrete can be revealed by the distribution of the displacement and damage 

fields. As an example, Fig. 11a shows 𝑈𝑦 and SDEG contour maps, which represent the displacement 

in loading direction and the compression-tension damage under uniaxial compression respectively 

for the model G. Herein, it is assumed that the elements with SDEG values greater than 0.9 are 

regarded as the crack. The assumption can be acceptable since the damage generally diffuses in a 

limited distance through the intact phase for such brittle materials. The mortar discontinuity induced 

by the cracks is detectable by the displacement field as well. The fracture patterns observed among 

the models mainly look similar to the real samples tested under compression with a high frictional 

constraint condition [36]. As shown in Fig. 11b, the pattern can be described by the oblique cracks, 
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indicating a triangular morphology. The final cracks mostly break a specimen into some 

pyramidal/triangular fragments, the height and bottom length of which are smaller than the initial 

specimen size. The triangle-like structure is characterised by the crack thickness 𝛿 and the so-called 

propagation angle 𝜃. Hereafter, these parameters will be qualitatively discussed through analysing 

the crack morphology. The occurrence of such crack branching can be attributed to the stress 

distribution regime, which dictates the fracture behaviour. The stress distribution itself is affected by 

the random mesostructural characteristics of the aggregates and their interactions with each other. 

The local stress level is mainly intensified around the aggregates, where the ITZs exist as the weakest 

material and in the small regions among them. Thus, the crack tends to initiate and propagate along 

the aggregate surfaces and the narrow paths in the mortar. The potential points for the damage 

initiation located in these regions are called nucleation points. Thus, the geometric characteristics of 

the aggregates have a significant effect on the nucleation and coalescence behaviour of the cracks. 

According to the above description, the differences between the models are discussed by the aid 

of the representative samples. Figs. 12-14 illustrate the damage evolution under uniaxial compression 

at different stages of crack development using three visualisation approaches for the models A, D and 

G. The load is applied in X-direction. The growth of crack is captured after about Point III (indicated 

in Fig. 9) when the damage is clearly visible. In the rows (a), the crack is displayed by removing the 

relevant elements while the displacements in the loading direction and perpendicular to it are scaled 

by 30 and 10, respectively, for better visualisation. In the rows (b), the crack cluster is shown to 

demonstrate the damage propagation among the aggregates in 3D. In the rows (c), the cross-sectional 

view provides a better picture of crack branching in respect to the aggregates. In comparison of 

different sets, the distances among the aggregates would have same effects on cracking in all models 

but the number of nucleation points in D and G (Figs. 13 and 14) is higher than that in A (Fig. 12) 

due to the small local surface area, sharp edges and corners existed on the aggregate surface. It 

increases the formation probability of preliminary cracks in more locations and the propagation 

possibility in different directions. As seen in the row (c) of the figures, for the model A at 휀1, the crack 

nucleates between aggerates with less distance while for the models D and G, it also starts around the 

sharp vertices. However, it seems that the model G is more realistic since neither it is perfectly 

rounded like a sphere, nor very angular like a polyhedral geometry. Thus, the number and locations 

of the nucleation points should be more consistent with the actual samples. At 휀4 when the final crack 

network is formed, it can be observed that the parameter 𝜃 is more non-uniform for the irregularly 

shaped aggregates. In other words, the energy is locally dissipated in more various sub-regions for 

these types of aggregates, whilst the local damage concentration is higher for the model A. As the 

total amounts of the dissipation energy do not differ significantly between these model sets, it can be 

interpreted that the irregular aggregates cause the cracks to percolate through a greater area but with 
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lower 𝛿 . To further highlight, to what extent, the irregularity level might affect the fracture, the 

material discontinuity is visualised in Fig. 15 by a combination of the displacement distribution field 

and cracks for all model sets with the cross-sectional views. With the increase of irregularity level 

from B to D and E to G, the thickness 𝛿 gets smaller and the non-uniformity of angle 𝜃 becomes 

greater. By comparison of all sets, it can be concluded that more irregularity causes the specimens to 

fragment to pieces with a relatively smaller size. Therefore, the compressive fragmentation mode 

would be dominated by the aggregates shape. 

Under biaxial loading, the failure mode is more complicated, but some structural effects become 

more significant. Figs. 16-18 show the crack evolution under biaxial compression in X- and Y-

directions. The method of visualisation is similar to the uniaxial case but in the rows (c), three cross-

sectional planes are displayed to illustrate the crack propagation in the loading directions and 

perpendicular to them. The pyramidal morphology of cracks detected in the uniaxial mode transforms 

to a rhomboid-like geometry, which is more obvious in Fig. 17a and b. The oblique layers of the 

cracks are initially formed and then while they are coalescing, 𝛿  of them are getting larger. The 

propagation angle 𝜃 is more recognisable on the planes perpendicular to the loaded faces. The damage 

mechanism is activated in two directions and so, the crack morphology would be more influenced by 

the shape of aggregates in comparison with the models under uniaxial loading. To estimate this, the 

volume fraction of the crack clusters is measured based on the elemental volume of the undeformed 

models. The average volume fractions of crack obtained for the models A, G and D are 15.24%, 17.32% 

and 18.08%, respectively, which implies that the irregular aggregates induce a greater damage volume 

and the angular polyhedral Voronoi particles have the most effect on it. It should be mentioned that 

no difference was noted between the volume of the failure cloud of the models for the uniaxial loading 

case. Also, as stated earlier, the CDP model is not able to provide precise data on the crack dimensions. 

However, the results can be used for comparison in this study by relying on the same approach to 

calculate the total volume of cracks for all models. Besides, further analysis of the dissipated energy 

versus shape parameters shown below will confirm this interpretation. 

4.2. Stress-strain response 

Heretofore, the crack mechanisms of concrete under uniaxial and biaxial compression have been 

analysed based on visualisation. Hereafter, the damage of concrete is first evaluated using stress-

strain behaviour during loading time. Then, the values of the critical stresses and the dissipated energy 

against the shape parameters are presented and discussed in detail. The total amount of irreversible 

loss of energy is calculated by the sum of the energy dissipated by the plastic deformation (ALLPD) 

and the damage (ALLDMD) in mortar and ITZ as the output variables available in ABAQUS. 

Fig. 19a and b shows the representative stress-strain curves and the corresponding standard 

deviations for all the sets under uniaxial and biaxial loading conditions, respectively. To facilitate the 
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comparison, the stress values were normalised to the compressive strength of mortar. By comparison 

between the models A, D and G, the stress-strain curves are similar for both loading conditions in the 

elastic region. For the uniaxial loading case, the most deviation (~0.08 MPa) is found around the peak 

points (between Points I and III) that are shown in the magnified subplots, while the softening 

branches stay the same. At the peak point (Point II), the standard deviation of each curve is maximum 

and varies from about 0.03 to 0.045 MPa. So, it may be noted that the peak stress (i.e. compressive 

strength) does not change significantly and generally and the compressive behaviour of concrete 

remains unchanged with different type of aggregates in view of stress-strain response. For the biaxial 

loading case, the deviation can also be observed after the peak points during the softening branch, but 

it seems that models are less predictable in comparison with the uniaxial loading case due to the 

relatively higher standard deviations. The values are greater than 0.1 MPa around the peak points 

(0.0006< 휀 < 0.0017) and they are decreased to 0.025 MPa. Besides, the materials seem to be more 

brittle under this loading condition since the stress level drastically reduces after the peak point. 

Hence, a characteristic point such as Point III would not be recognised easily because of the fast 

growth of the crack in the whole system. The comparison between the models B to D and E to G 

reveals that by increasing the irregularity level, the peak stress decreases about 10% and 20% under 

uniaxial and biaxial loading, respectively. As expected, the material also becomes more homogenous 

as the standard deviation reduces, especially for the biaxial cases. Moreover, the brittleness increases 

since the strain values at the peak stress is reduced and the range between Points I and III gets smaller. 

More specifically, the effect of the shape parameters is analysed by plotting the critical values of 

stress and the dissipated energy against the mean values of elongation ratio, sphericity and roundness 

for all the sets as depicted in Fig. 20. Based on the comparison presented in Table 2, the data points 

related to the groups of (B, C, D) and (E, F, G) are connected. By following the dotted lines in Fig. 

20, it can be observed that the stress and the energy values are reduced by decreasing the shape 

parameters for each group, which suggests that the increase of irregularity level can result in 

degradation of material’s strength and fracture toughness. With a general view of the models B to G, 

no specific relationship can be found with respect to the shape parameters, except for the uniaxial 

loading case, the relation of the elongation ratio and the dissipated energy, which shows a similar data 

trend to the stress at 휀 = 0.002. The dissipated energy proportionally changes with the elongation 

ratio in the range of 0.3 to 0.7. This can be explained by the fact that a structure with less elongation 

is comprised of some small local surface area, which causes enhancement of stress concentration and 

consequently damage initiation as discussed earlier. Regarding this, the previous study [73] also 

reported that the elongation ratio as a main factor has a significant influence on the macroscopic 

mechanical property of concrete. Although, it cannot be expanded for the biaxial loading case based 

on the current numerical results that the dissipated energy seems to be sensitive to other parameters 
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with different comparison of data. Earlier, the volume of crack cluster was related to the dissipated 

energy under biaxial loading through the comparison of the group (A, D, G). Here, it can be observed 

that the dissipated energy increases about 20%, when the sphericity and roundness values decrease 

from 1 to about 0.7. In view of simulation, the model A with the spherical aggregates underestimates 

the dissipated energy, while the model D with the polyhedral Voronoi aggregates overestimates it. 

Therefore, the model G with splined-Voronoi aggregates can moderately predict the material 

behaviour. It implies that the angular aggregates like crushed rocks would induce more damage 

compared to the rounded one like natural gravel. Furthermore, in relation to sphericity and roundness, 

the data tendency shows the influence of splining. This can be realised by looking at the increment of 

the critical stress and the energy in the groups of (B, E), (C, F), (G, D) as these shape parameters 

increase. As demonstrated earlier in Fig. 5, the total average of sphericity and roundness level in the 

mesostructure are higher for the splined-Voronoi aggregates. 

In summary, the mechanical response of concrete under uniaxial and biaxial compression in terms 

of dissipated energy was found to be highly dependent on the shape parameters according to the 

description presented above, whilst the compressive strength shows less dependency on them. 

However, it is known that in the real world, the class of angular aggregates can enhance the 

interlocking effect and consequently compressive strength and fracture toughness in comparison with 

the rounded aggregates [74]. It is due to the interaction of several inherent physical/structural 

characteristics of the angular aggregates including (1) rough surface, which can cause a stronger bond 

between aggregates and matrix, (2) possible higher strength of aggregates, (3) higher convexity, (4) 

lower elongation ratio, and (5) higher angularity [75-79]. In the present models, the local roughness 

of the aggregate surface is disregarded. Also, the material properties assigned for aggregate and ITZ 

(i.e. bond strength) are similar for all models. Therefore, the compressive strength does not 

significantly change by the change of shape among models A, D and G, while the post-failure 

behaviour is more sensitive to the shape parameters. 

5. Conclusions 

In this study, a novel mesostructure model of concrete consisting of coarse aggregates, mortar and 

interfacial transition zone (ITZ) between them accounting for its mesostructural characteristics such 

as the content, random location, size distribution and shape of aggregate was developed. Based on 

the generated 3D mesostructure, the effect of aggregate shape on fracture process in concrete under 

uniaxial and biaxial compression was investigated in a quantitative manner using the finite element 

continuum damage plasticity model. The main conclusions can be drawn as follows: 

⚫ The compressive strength of concrete is strongly influenced by the random location and size 

distribution of aggregates while their shape characteristics have an insignificant effect, indicating 

that the 3D mesostructure models of concrete with the simplified aggregate geometries such as 
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sphere and polyhedron would be able to properly predict the compressive strength. 

⚫ The crack initiation in concrete is highly related to two main structural factors that would 

significantly influence the local stress concentration, i.e., the small distance among the aggregates, 

and the irregular nature of aggregates such as the small local surface area and sharp edges and 

corners. Therefore, a mesostructure model with spherical aggregates cannot simulate the effect of 

the second factor due to their perfectly round shape. Also, a model with polyhedral aggregates 

may not yield reliable results due to the aggregate shape with high unnatural angularity and 

flatness. For a comprehensive analysis, it is important to note that the stress variations do not 

clearly reflect the damage induced by the second factor, especially under uniaxial compression. 

Hence, the dissipated energy and crack evolution should also be investigated to capture this effect. 

⚫ Generally, the increment of irregularity level of aggregates in terms of shape and location can 

facilitate the spread of damage and crack growth in different directions, which consequently 

changes the compressive fragmentation mode by breaking samples to smaller pieces. Under 

biaxial compression, the volume fraction of the crack clusters and dissipated energy that can 

represent the damage level are greater for concrete with irregularly shaped aggregates. 

⚫ Regarding the relationship between the damage and shape parameters, the dissipated energy is 

sensitive to the elongation ratio under uniaxial loading. Moreover, this energy increases with the 

decrease of the values of sphericity and roundness in the biaxial loading case, where the cracking 

process is more complex. This indicates the importance of these parameters and further 

demonstrates the advantage of the shape adjustability of the models. 

To sum up, the aggregate irregularity has a significant influence on concrete fracture and should 

be taken into account for concrete mix design, as the concrete durability is highly related to the crack 

initiation and growth. For future research, it is vital to develop a suitable meso-scale fracture model 

that can provide accurate information on the crack width while considering the inner frictional force 

and voids. This is a subject of ongoing work and will be presented in a future publication. 
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Fig. 1. Change in shape of the Voronoi cells from regular (a) to irregular (b) and (c) with increasing maximum 

length of vector 𝑟, which indicates the displacement of the seed points from their original positions in the model 

(a). The side length of the squares is 1 unit. 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Schematic illustration of the splining process where the splined cell is created through the faces of the 

original Voronoi cell. 

 

 

 

 

 

 

 

 



 

 

 

 

Fig. 3. Designed 3D mesoscale concrete specimens with increasing irregularity and splining process (B-G), in 

comparison with the reference with spherical aggregate particles (A). 
 

 

 

 

 

 

Fig. 4. Natural gravels and crushed rocks widely used as coarse aggregates in concrete    which are displayed for 

visual comparison between real and virtual aggregates exemplified in Table 1 and Fig. 3. 
 



 

 

 
Fig. 5. Representative histograms of the shape parameters (sphericity, roundness and elongation) for models B-

G. The normal probability density functions (PDFs) are fitted, which highlight the shape transformation by 

increasing the irregularity level and the splining process. The arrows as a guide to the eyes point to the splining 

effect on the PDFs. Due to overlapping regions, the results of the polyhedral Voronoi cells are shown in 

transparent form in each plot. 

 

 

 

 

Fig. 6. Mean values of the probability density for the small, medium and large aggregates, obtained by averaging 

the aggregate probability density of all samples in each set per size range. The probability density represents the 

ratio of aggregate numbers in each size range to the total number of particles. The standard deviation for all data 

is less than 0.01. 



 

 

 

 

   

Fig. 7. Cross-sectional views of 3D mesostructure of concrete consisting of mortar matrix, aggregates and ITZs 

around aggregates. 

 

 

 

 

 

 

Fig. 8. Analysis of the effects of simulation parameters including element size (𝐿𝑒), element number and time 

step (t) on the stress-strain response based on the model A under uniaxial compression. 𝐿𝑒 denotes the maximum 

element characteristic length in RVE. 

 

 

 



 

 

 
 

 

Fig. 9. Stress-strain curves obtained based on the simulations of 30 samples of the model A, under uniaxial 

compression. The corresponding mean and standard deviation are calculated for the stress values during loading. 

The subplot shows the results acquired from the experiments [40] and other numerical work [41] in comparison 

with the mean stress curve. Points I, II and III specify the elastic region, the material strength and the critical 

stress at maxim standard deviation on the mean curve. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Fig. 10. Effect of sample number on the peak stress and the stress at 휀 = 0.002 as the critical parameters in the 

point of view of statistics for the model A. The means of these parameters are firstly computed for all possible 

combination of 𝑛 samples where 𝑛 ≤ 30 and the averages of the mean values are then calculated. The minimum 

sample number is indicated by the dashed lines where the parameters tend to become constant. 

 

 

 

 

 

(a) 

 

(b) 

Fig. 11. Crack patterns mostly seen among the numerical models, using the displacement (𝑈𝑦) and damage 

(SDEG) filed distributions for the model G under unixail loading in Y-direction (a), and typical crack pattern of 

concrete under uniaxial compression observed in experiments (b). In both simulation and experiment, the final 

crack morphology can be analogized to a triangular-like structure, which is characterised by crack thickness 𝛿 

and propagation angle 𝜃. 



 

 

 

 

 

 

 휀1 = 0.0024 휀2 = 0.0026 휀3 = 0.0036 휀4 = 0.005 

(a) 

 

(b) 

 

(c) 

 

 

Fig. 12. Crack evolution of concrete under uniaxial compression in X-direction after about Point III (0.002 <
휀 ≤ 0.005) at 4 stages for the model A in 3D (a and b) and cross-sectional view (c). The crack is visualized by 

deleting the corresponding elements (a and c) and the elements which SDEG values are greater than 0.9 (b). For 

better display, the displacements in X, Y and Z-directions are scaled by 30, 10 and 10, respectively. 
 

 

  



 

 

 

 

 

 

 휀1 = 0.0024 휀2 = 0.0032 휀3 = 0.0036 휀4 = 0.005 

(a) 

 

(b) 

 

(c) 

 

 

Fig. 13. Crack evolution of concrete under uniaxial compression in X-direction after about Point III (0.002 <
휀 ≤ 0.005) at 4 stages for the model D in 3D (a and b) and cross-sectional view (c). The crack is visualized by 

deleting the corresponding elements (a and c) and the elements which SDEG values are greater than 0.9 (b). For 

better display, the displacements in X, Y and Z-directions are scaled by 30, 10 and 10, respectively. 

 

 

 

 

 

 



 

 

 

 

 

 휀1 = 0.0024 휀2 = 0.0026 휀3 = 0.0044 휀4 = 0.005 

(a) 

 

(b) 

 

(c) 

 

 

Fig. 14. Crack evolution of concrete under uniaxial compression in X-direction after about Point III (0.002 <
휀 ≤ 0.005) at 4 stages for the model G in 3D (a and b) and cross-sectional view (c). The crack is visualized by 

deleting the corresponding elements (a and c) and the elements which SDEG values are greater than 0.9 (b). For 

better display, the displacements in X, Y and Z-directions are scaled by 30, 10 and 10, respectively. 

 

 

 

 

 

 

 



 

 

 

 

 

 

Fig. 15. Cross-sections of the displacement distribution field by the color spectrum bar and the crack in red under 

uniaxial compression in X-direction for all sets from A to G. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 휀𝑥1 = 휀𝑦1 = 0.0015 휀𝑥2 = 휀𝑦2 = 0.0019 휀𝑥3 = 휀𝑦3 = 0.0022 휀𝑥4 = 휀𝑦4 = 0.004 

(a) 

 

(b) 

 

(c) 

 

 

Fig. 16. Crack propagation in concrete under biaxial compression in X and Y-directions where the damage is 

visible (0.0015 < 휀 ≤ 0.004) at 4 stages for the model A. The crack is visualized by deleting the corresponding 

elements (a) and the elements which SDEG values are greater than 0.9 (b and c). 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 휀𝑥1 = 휀𝑦1 = 0.0015 휀𝑥2 = 휀𝑦2 = 0.0019 휀𝑥3 = 휀𝑦3 = 0.0022 휀𝑥4 = 휀𝑦4 = 0.004 

(a) 

 

(b) 

 

(c) 

 

 

Fig. 17. Crack propagation in concrete under biaxial compression in X and Y-directions where the damage is 

visible (0.0015 < 휀 ≤ 0.004) at 4 stages for the model D. The crack is visualized by deleting the corresponding 

elements (a) and the elements which SDEG values are greater than 0.9 (b and c). 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 휀𝑥1 = 휀𝑦1 = 0.0015 휀𝑥2 = 휀𝑦2 = 0.0019 휀𝑥3 = 휀𝑦3 = 0.0022 휀𝑥4 = 휀𝑦4 = 0.004 

(a) 

 

(b) 

 

(c) 

 

 

Fig. 18. Crack propagation in concrete under biaxial compression in X and Y-directions where the damage is 

visible (0.0015 < 휀 ≤ 0.004) at 4 stages for the model G. The crack is visualized by deleting the corresponding 

elements (a) and the elements which SDEG values are greater than 0.9 (b and c). 

 

 

 

 

 

 

 



 

 

(a) 

 

(b) 

 

Fig. 19. Representative stress-strain and the corresponding standard deviation curves under uniaxial (a) and biaxial 

(b) loading. The stress values are normalised to the compressive strength of the mortar (45 MPa). The stress-strain 

curves around the peak stress are enlarged for better visualisation. 



 

 

 

 

 

 

  

  

  

  
(a)  (b)  

Fig. 20. Effects of the mean values of elongation ratio, sphericity and roundness on the critical values of stresses 

and the dissipated energy under uniaxial (a) and biaxial (b) loading. The data points are connected to guide the 

eye based on the concept summarized in Table 2. 

 

  



 

 

Table 1. The samples of different types of aggregate models are tabulated regarding the shape configurations 

including the irregularity (𝑟) and the iteration levels used in the Voronoi tessellation and the splining process 

respectively. 

m Sphere Polyhedral Voronoi Cell Splined-Voronoi Cell (Two Iteration Levels) 

𝑟 [𝑈𝑛𝑖𝑡] - 0 0.05 0.2 0 0.05 0.2 

Models 

A B C D E F G 

       

 

 

Table 2. The main concepts behind the design of the systems regarding the shape effects are outlined.   

Comparison Set Shape Effects 

(A, D, G, Experiments) Geometric Type, Simplification 

(D, G); (C, F); (B, E) Splining Process 

(B, C, D) Irregularity Level for Polyhedral Voronoi Cells 

(E, F, G) Irregularity Level for Splined-Voronoi Cells 

 

 

Table 3. Particle size distribution of coarse aggregates in concrete [13]. 

Sieve size (mm) Total percentage retained (%) Total percentage passing (%) 

12.7 0 100 

9.5 39 61 

4.75 90 10 

2.36 98.6 1.4 

 

 

Table 4. Mechanical properties used in the finite element simulations. 

Material properties Aggregate Mortar ITZ 

Young’s modulus, E (GPa) 70 25 22 

Poisson’s ratio,  0.2 0.2 0.2 

Density,  (kg/m3) 2600 2000 2000 

Tensile strength (MPa) - 4 2 

Compressive strength (MPa) - 45 22.5 

Fracture energy, Gf (N/mm) - 0.06 0.03 

 


