VOX model: Application of voxel-based packing algorithm on cementitious composites with 3D irregular-shape particles
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Abstract	Comment by hlye: I have change the tense to ‘present’
The internal structure of composite materials is usually composed of a continuous matrix with dispersed particles. To simulate the spatial distribution of particles, the random sequential addition algorithm (RSA) is commonly used. The existing RSA is unable to reach a high packing density (PD) and time-consuming in the case of irregularly shaped aggregates, such as in mortar and concrete systems. In this work, a geometrical model, named as VOX, is introduced to deal with 3D irregularly shaped particles. The model applies the voxel-based overlap determination [1, 2] in the RSA to improve the efficiency and packing density. Also, the model is applicable to the complex boundary conditions of any geometry and provides high-quality triangle meshes valuable for finite element analysis. The mortar and concrete cubes with real-shape particles are simulated, in which the packing density is increased to 65% and 51%, respectively. The VOX model successfully packs over 150,000 real-shape aggregates into the steel cage in a full-size reinforced concrete beam model on a desktop machine. Particle shape significantly affects the packing density in the RSA and the sphericity is recommended as an indicator. The particles with higher sphericity can achieve denser packing under the same effort of attempts. Real-shape gravel used in this study behaves similarly with regular octahedron because of the similar sphericity.	Comment by hlye: Better remove citation in abstract
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1. Introduction
The composite material system can be represented by the model of dispersed particles embedded in a continuous matrix. Accurate acquisition and description of the internal structure of composites is important for understanding the materials performance, including mechanical and transport properties [3–7]. However, the experimental characterization techniques, such as X-ray computed tomography (CT), is expensive and time-consuming, and requires considerable post-processing efforts [7–11]. As an alternative, particle packing algorithms are numerical methods to reproduce the composite material model via simulating the random distribution of particles.

Particle packing algorithms can be classified into several types. Random sequential addition algorithm (RSA)  [12, 13] adds particles at a random position sequentially and overlap is not allowed. Growth algorithm [14] expands the volume of placed particles to increase the packing density. The size of individual particle and the particle size distribution (PSD) are often uncontrollable. Relocation algorithm [1, 2] adjusts the particle’s position by assigning a random movement to achieve dense packing. The particles are usually in contact with each other and the domain size is not under control because the upward movement is limited. Among these algorithms, the RSA is the most commonly used in the simulation and modeling of cementitious composites. This is because the particles in the system of cement paste, mortar, or concrete suspend in the matrix, controlled by the stress transfer between matrix and particles, not the contact forces between particles [15]. The contact between particles is not necessary especially in the case with volume fraction. As a cost, RSA is computationally expensive and reach lower packing density compared to the other two algorithms.	Comment by hlye: Not clear

For most published packing algorithms, regular-shaped particles including sphere [12, 16], ellipsoid [17], polyhedron [13], superball [18], superellipsoid [19], and superovoid [20] are used due to their simple mathematical representation. However, the real-shaped particles with bumps and pits are usually irregular and complex, such as the gravel and cobblestone in the cementitious composites [21–25]. The shape and texture of particle affect the performance of mortar and concrete in many ways [3, 26–29]. For irregularly shaped particles, the most critical strategy is how to represent shape and detect overlap of particles, which mainly includes mathematical analysis functions and discrete voxels.

The former represents particles using mathematical expressions, such as triangle meshes[30], clumps of overlapped spheres [31], and spherical harmonic expansions [32–34], and detects overlap based on comparing particle pairs. Among these models, the Anm model uses RSA algorithm and is used to simulate various composite material systems [35, 33, 36]. Multiple optimization algorithms are applied to speed up the overlap determination process, including bins division, extent overlap box (EOB) method [33, 37], and parallel computing [34]. However, it still demands weeks to achieve more than 30,000 particles and 52.7% volume fraction, which limits the widespread application of these models for the a large number of particle packing and a higher volume fraction [5].	Comment by hlye: Not clear . The former represents ? 

The latter utilizes digitization both in particle shapes and the packing space to represent arbitrarily shaped particles with voxels, such as DigiPac series [1, 2]. The overlap detection is achieved at voxel level and only specific voxels are checked. Thanks to the significant improvement in efficiency and flexibility, the voxel-based algorithms is widely used and well developed in various fields, including parking density [16, 38, 39] and permeability [40–42]. The DigiPac is originally designed for dense packing, vibration, and infiltration problems by adjusting particle locations with a random movement. However, the relocation algorithm is not the best solution for cementitious material systems where particles are suspended in the matrix.	Comment by hlye: We should also cite the NIST model 

When the particle packing is applied to simulate cementitious material systems, there are some issues need to be solved. First, RSA provides a low packing density of around 0.45 [43, 13, 18], which is smaller than the discrete element method (DEM) results of random loose packing (RLP) of around 0.55 [44] and experiment results of 0.480~0.514 [45] and 0.622~0.703 [46]. Secondly, complex boundary condition widely exists in real concrete structures, for example, ribbed rebars with specific texture surrounded by irregular shaped aggregates in a reinforced concrete beam, as shown in Fig. 8 and Fig. 9. Geometrical details are extremely important in some specific studies, such as simulations of steel-concrete bond performance and steel pitting corrosion. While the achievement of above complex boundary conditions has not been reported. Moreover, the digital form is not appropriate for finite element analysis and needs to convert to the vector form or triangle mesh form. Although the conversion has been reported [47], the division and optimization of large-scale meshes is still computationally expensive. 	Comment by hlye: The reference to figures should come in order. Better remove this. 

In this work, a geometric model named as VOX model was developed, which combines the advantages of RSA framework and voxel-based overlap determination [1, 2]. The model was dedicated to the improvement and application of RSA in cementitious material systems. Thanks to the fast voxel-based overlap determination, the VOX model achieved a higher parking density than the other RSA. Also, the model achieved the complex boundary conditions of theoretically any geometry and provide high-quality triangle meshes valuable for finite element analysis. Several cases including the mortar, concrete, and reinforced concrete beam were simulated, one of which involves more than 150,000 real-shape aggregates. This model provides a potential solution on simulating cementitious composites with irregular-shape aggregates for mechanical and transport modeling. In addition, the effect of particle shape and packing density in the RSA was investigated to find key geometry indicators and establish the relationship of real-shape particles and regular particles in particle packing.

2. Mathematical representation of a 3D particle
2.1. Voxel matrix
The irregular shape of one individual particle can be described using a voxel dataset, including a binary three-dimensional matrix to characterize the state of voxels and a numerical parameter of the voxel size. The voxel matrix represents the value on a regular grid in three-dimensional space, with 0 defining the unoccupied space and 1 defining the particle. As with pixels in a bitmap, the voxel matrix records the arrangement of voxels in three dimensions with the matrix indexing of the corresponding element. In contrast to voxels, triangular meshes are often explicitly represented by the coordinates of their vertices. A direct consequence of this difference is that voxels discretize space and can directly and quickly extract local information with indexing in computer operations, while triangular meshes need to determine the position of points, lines, and surfaces by comparing coordinates. To describe the coordinates of voxels in physical space, the voxel size  representing the side length of voxels should be determined, which is numerically equal to the physical resolution of the matrix. The coordinates of voxel centers (x, y, z) in physical space can be calculated using the matrix indexing (i, j, k) of the corresponding voxel by the following formula:
	
	
	[bookmark: _Ref484115524](1)


The size of particles and the resolution decide the size of the voxel matrix. For gravel of 4 mm ~ 20 mm, the resolution of 0.1 mm/voxel corresponds to the 2% relative error of the smallest particle and the voxel matrix of THE largest particle is about 200×200×200. For sand of 0.125 mm ~ 4 mm, the resolution of 0.01 mm/voxel corresponds to the 8% relative error of the smallest particle and the voxel matrix of the largest particle is about 400×400×400. The voxel matrix is a common method of describing the 3D structure of particles. The raw data of X-ray CT technology, which are the most commonly used test method to obtain internal structure, is stored typically in voxel form.

For the voxel matrix, many geometric properties of particles can be calculated in a simple way, including the geometric center, particle volume and boundary. Also, the geometric transformation including scaling, rotation, and translation can be achieved by operating the binary matrix. The geometric transformation information includes a translation vector, a rotary axis, and a rotation angle and a scaling factor.

2.2. Triangle mesh
Triangle mesh is a common data format to describe the irregular surface in 3D space and widely applied in the finite element simulation. Triangle meshes can be represented in a variety of ways and the face-vertex meshes (FV meshes) data format is chosen in this study. A face-vertex mesh includes a simple list of vertices that define the position using coordinates in a three-dimensional Cartesian coordinate system, and a set of triangles that point exactly to the 3 vertices it uses. Triangle meshes are typically saved using the file format named STL, which now is widely used for rapid prototyping, 3D printing and computer-aided manufacturing as the “Standard Triangle Language”.

For an individual particle which forms a 3D volume, the surface represented by the triangle mesh must be closed and connected. Correspondingly, the triangle mesh has to meet some certain properties, where every edge is part of exactly two triangles, and not self-intersecting. For closed triangular surfaces, many geometric properties including the geometric center, volume and surface area can be calculated. The geometric transformation for triangular meshes including scaling, rotation, and translation can be achieved simply by the corresponding operation of the coordinates of vertices. The geometric transformation information has the same form as that of the voxel matrix.

2.3. Conversion from voxel matrix to triangle mesh
The voxel matrix and triangle mesh are two widely used dataset to describe the geometrical shape of particles and have their own advantages. The voxel matrix has the basic unit with the same size and a good data structure, but the number of voxels is usually large. While triangle meshes accurately describe the geometric shape of particles and easily expands to tetrahedral meshes. Therefore, the conversion from voxel matrix to triangle mesh is common to obtain adaptive and high-quality for finite element analysis [47].

The conversion process is composed of a series of steps to produce a precise and high-quality triangle mesh, as illustrated in Fig. 1. First, all squares of voxels at the edge of the particle are detected and a dense triangle mesh is built based on the squares by connecting their diagonal. As shown in Fig. 2, the triangle mesh is too dense to apply to the finite element calculation and includes lots of unnecessary information, such as the sharp corner of voxels. As such, the triangle meshes are simplified by an open-source algorithm [48], where partial representative points are selected and reconnected to rebuild a sparser and smoother triangle mesh.

The number of representative points is the balance of the modeling accuracy and the mesh number. For a classic particle with the equivalent diameter of 8.12 mm, when the voxel size is 0.0695um which is decided by the resolution of the X-CT machine, the particle occupies 846178 voxels in the voxel matrix with the size of	 117×138	×171. After simplification, the simplified mesh contains 2945 vertices and 5886 triangle surfaces, as shown in Fig. 1. The volume of the particle represented by the voxel matrix and the triangle mesh are close (284.06 and 278.88 mm3, respectively) with the relative error less than 2%, which can accurately describe the particle geometric shape. In the VOX model, the conversion is executed in the process of building the particle library. In the process of particle packing, triangle meshes can be relocated easily via the corresponding geometric translation and rotation. It avoids repeated operation and saves considerable time because the geometric transformation is much faster than format conversion.
[bookmark: _Ref493708347]
3. Packing algorithm
3.1. The framework and procedures of packing algorithm
In the simplest case, the VOX model simply places or packs particles into an empty cube to simulate the random distribution of aggregates in the concrete or mortar. The framework of packing algorithm can be divided into 5 relatively independent parts [49]: (i) build a particle library, (ii) select a set of particles according to the PSD, (iii) rotate and place particles randomly, (iv) determinate the new particle whether overlaps with placed particles, (v) repeat the previous steps until all particles are placed. 

The VOX model starts with the pretreatment of X-ray CT test data and the establishment of a particle library. The internal structure of objects is commonly obtained using X-ray CT technology. The raw grayscale data representing object density is first binarized using the threshold segmentation, and then particles are separated and extracted according to the voxel connectivity and saved in the format of voxel matrix. The voxel matrix is converted into the triangle mesh via the above-mentioned method and the geometric properties are calculated. Consequently, a particle library mainly includes, (i) the geometric shape information in the format of the voxel matrix and the triangle mesh, (ii) the geometric transformation information of translation, rotating, scaling, and (iii) the geometric properties of particles. A particle library represents a type of physical objects, such as the sand or gravel, can be reused in the modeling. 

A set of particles is selected on the basis of the PSD function before the particle packing. The PSD function can be defined as an arbitrary expression by the user to describe the gradation of different type particles. Particle size is determined by the equivalent diameter of equal volume sphere for irregular particles. As the total volume of particles is known, the number of different size particle can be simply calculated via the defined PSD function. The particle with the same shape and size allows to be used repeatedly if the model needs more particles than that the particle library can provide. To ensure the gradation strictly confirms the PSD function, the selected particles are not replaced or adjusted in the process of particle packing. 

The particle packing starts from the largest particle because it would be more difficult to find enough space for them if the space has been occupied by other particles. When a new particle is packed, a group of random numbers is generated via the MATLAB built-in function as the location and direction information, including the coordinates, direction of the rotating axis, and rotating angle. After the particle are translated and rotated, the corresponding voxels are compared with the located voxel matrix to make overlap decision with the other packed particles and boundary conditions. The process and details of the overlap algorithm including the translation and rotation of voxels, the collision detection, and the boundary conditions are elaborated in the next section. If the particle overlaps with the other packed particles or conflicts with the defined boundary conditions, the particle will be replaced randomly. The translation and rotation are operated in every packing attempt to sure that the probability of particles appearing anywhere is the same. Otherwise, the particle is added to the global voxel matrix and the location and direction of the particle will be recorded. In order to achieve the high volume fraction under the premise of strictly meeting the designed PSD, the maximum number of attempts for one particle is not limited. Instead, the total running time of the program is limited to 24 hours. Once a particle is packed successfully, the triangle mesh is translated and rotated correspondingly according to the geometric transformation information, and then is integrated into the model in the format of the triangle mesh.

In the early stage, particles can be packed easily because of the sufficient space, but the probability of successful packing is gradually decreasing with the increase of packed particles due to the less remaining space and more restrictions. At the later stage, a new particle may need thousands or more attempts before it is packed successfully. Therefore, the optimization for speed and efficiency of the overlap algorithm is critical. At the final stage, the program automatically completes some post-processing work for further analysis and research. Some parameters including the overall volume fraction of the model are calculated for the double-check. The model represented by the voxel matrix and the triangle mesh is saved for the further finite element analysis.

3.2. Overlap algorithm
The overlap algorithm is to determine whether two particles overlap and the core step of the program, which is repeatedly and countlessly called. For a cube space with the size of (x ,y, z) and the voxel size of, a global binary matrix Mglobal with the size of (x/, y/, z/) is initialized to describe the model structure. In this matrix, the value of voxels describes the state of voxels, specifically 0 represents for the empty and 1 for occupied voxel. At the very beginning, the global voxel matrix is a zero matrix mathematically in the absence of user-defined boundary conditions. Or the user can define the specific voxels as 1 to avoid putting the particles in some specific regions, which is the non-contact boundary. When there are N particles placed in the cube space, as shown in Fig. 3, the corresponding voxels of the global voxel matrix are marked as 1. 

Then a new particle is placed into the space, the particle matrix Mparticle needs to be rotated and translated to the corresponding region in the global matrix. This operation is completed through the calculation of the voxel index. The indexes of voxels in the particle matrix multiply by the rotation matrix and the result is rounded as integer. The operation of discarding the decimal part may cause the appearance of holes in the rotated particle matrix, which can be avoid in the next steps.
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where  are the voxel indexes of the particle matrix,  are the center indexes of particle matrix,  are the new voxel indexes of the rotated particle matrix, and is the rotation matrix of 3×3. The new indexes plus the translation coordinates (Cx, Cy, Cz) to find the corresponding voxels in the global matrix Mglobal. The corresponding region in the global matrix is defined as the local related matrix Mlocal and the translation coordinates are equal to its center indexes.

In the next step, the program compares the corresponding voxels of the entire particle matrix and local related matrix one by one, as shown in Fig. 3. Considering of the binary format of the voxel matrix, the process is achieved by computer logic operation as it is much faster than arithmetic operation. The logic operations of AND returns 1 only if two voxels’ value is 1. 
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When the return value is 1, which means this voxel is occupied by two particles, the program will end the comparison and determine that the new particle overlaps with the other one. Otherwise, the program compares the next two voxels until operating all voxels. It should be noticed that only indexes of specific voxels are calculated but the particle matrix won't be rotated and translated entirely for the time. This avoids considerable calculations because the overlap determination will end early in most attempts, especially when the global matrix has included a lot of particles. After above all voxels pass the determination, the rotated particle matrix performs linear interpolation to remove the holes produced from the rotation. The newly added voxels continue with overlap determination to ensure the accurate result. If all voxels pass the determination, which means that the new particle does not overlap with any other particles, it is placed successfully. The rotated particle matrix will be written into the global matrix and the next packing starts, as shown in Fig. 3. Another problem of that particle matrix rotation is inevitable distortion. However, it is not a main problem for this algorithm because the particle matrix is rotated only once from the original matrix. 

When the user customizes the boundary conditions, the initial global matrix is changed with specific voxels marked as 1. The local related matrix can contain voxels from other placed particles or customized boundary conditions, which are no different. If the voxels of the particle matrix are conflict with the voxels from boundary conditions in overlap determination, the particle will be rejected. Thus, the particles are parked in the empty regions without overlap with the occupied regions marked as 1, which is non-contact boundary conditions. Boundary conditions can be defined in arbitrary geometric shape after they are transformed into a voxel form. Thanks to the voxel-level overlap determination, the addition of boundary conditions won’t reduce the program efficiency.

4. Analysis and Discussion
The new algorithm is first applied to simulate the internal structure of cement-based materials, including the mesoscopic model of concrete and mortar. The former involves the arrangement of coarse aggregates in a mortar and the latter involves the arrangement of fine aggregates in a cement paste. In either case, the maximum volume fraction of aggregates is more than 50%, which achieves a total aggregates volume fraction of 60-80%. Moreover, a model of a full-size reinforced concrete beam is built on a meso scale. 

The shape of real aggregates and the internal structure of cylindrical concrete specimens are obtained and investigated using the X-ray CT technique (Nikon XT H 320 LC). Then, the raw grayscale data is binarized by threshold segmentation [50–53] and aggregates are separated based on the connectivity. Finally, a library of coarse aggregate is established which includes 265 aggregate particles with the size from 4 to 16 mm. In parallel, a library of fine aggregate from 0.125 to 4 mm is obtained via the scaling the coarse aggregates. Although this method is not the best way to obtain the shape data of fine aggregates, it is sufficient to verify the workability and efficiency of the new algorithm. In the future, more particle libraries will be added to adapt various aggregates. 

Some researchers [18, 54] used Fuller function to characterize aggregate PSD. However, the PSD of coarse aggregates and fine aggregates in this study is described based on Rosin-Rammler distribution function [55].
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In which, d is the particle diameter defined as the equivalent diameter for irregular particles, f is the cumulative volume fraction of the particles smaller than the specific diameter, d63 is the diameter of the particle at which the cumulative volume fraction is 63.21%, a is the index parameter. The parameters of d63 and a describes the gradation of aggregates. Specifically, d63 is directly related with the median particle size and a determines the distribution range of aggregates. For the gravel used in this study, the particle size is from 4 mm to 16 mm and the median particle size is 9.0 mm. Correspondingly, the parameters take the value as d63=10, a=3.5 and the particle size distribution is shown in Fig. 4. For the sand, the range of particle size is from 0.125 mm to 4 mm and the median particle size is 1.15 mm. Correspondingly, the parameters take the value as d63=1.6, a=1.1 and the particle size distribution is shown in Fig. 5.
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[bookmark: _Ref7077728]4.1. Mortar cubic specimen
The mortar specimen was in a cube space of 10 mm, filled with sand, and the periodic boundary conditions were applied. The values of the many parameters were set high in order to ensure the modeling precision and try the limit of the volume fraction. The resolution of the global binary matrix was 0.00695 mm/voxel with the size of 1439×1439×1439. The maximum total volume of sand was 650 mm3, taking up 65% of the cube space. The result of the VOX model is shown in Fig. 6, where the aggregates with different size are presented in different colors. The actual gradation of placed sand is fully in line with the designed PSD function, as shown in Fig. 5. The packing density of 0.65 is achieved after packing 38,327 particles and spending 5.04 hours on a typical desktop PC, which is higher than the reported RSA results [13, 18, 15, 43]. The actual running time is, for. The running time can be further reduced. First, the program did not use parallel computing in the overlap algorithm. The computational efficiency is expected to have a significant improvement if the comparison of voxel pairs is operated by multiple processors. Secondly, the parameters in the VOX model were not optimized. The aggregate allowed rotating in each placement attempts to ensure the randomness. The number of attempts of each aggregate was not limited to achieve the designed PSD. Also, the voxel size was set to a small value, to precisely characterize the aggregate shape as much as possible. Finally, the computer processor ran at 3.10 GHz and was manufacture in 2015. The program would cost less time on a more modern and faster computer. In the near feature, the parallel method will be added into the VOX model and the effect of parameters on computational efficiency will be systematically investigated. 

To investigate how running time varies with the volume fraction of aggregates, several models with the same PSD but different volume fractions were run on the same computer system using the VOX model. As shown in Table. 1, when the volume fraction rose from 55 % to 65 %, with the number of particles increased from 32,430 to 38,327, the running time increased nearly 20 times. It was because an increasing number of packing attempts was needed to find the empty space with the rising volume fraction of placed particles. To further confirm this reason, the total number of attempts was recorded by the program and the value increased about 12 times, which was consistent with 20 times of the running time.

4.2. Concrete cubic specimen 
The concrete specimen was in a cube space of 150 mm, filled with gravel, and the non-contact boundary conditions were applied to establish the compressive concrete cube. The resolution was the same as that of the X-ray CT test, 0.0695 mm/voxel, in order to rebuild the true shape of gravel as much as possible. The size of the global binary matrix was with the size of 2158×2158×2158.  The maximum total volume of gravel was 1518.75 cm3, taking up 45% of the cube space. The result of the VOX model is shown in Fig. 7 and the actual gradation of placed gravel is shown in Fig. 4. The actual running time is 6.89 hours for 8,028 particles. In these cases, the running time also had a remarkable growth when the volume fraction increased from 30% to 45%, as shown in Table. 1.

Comparing the cases of concrete and mortar, the latter achieved a higher volume fraction and more particles. For example, within a similar time (6.89 hours and 5.04 hours), the VOX model placed 8,028 gravels filling up 45% of the cube space for the concrete model, but 38,327 sands taking up 65% for the mortar model. There were two potential causes of this phenomenon. First, the non-contact boundary conditions restricted the random distribution of aggregate. It is more difficult to place aggregate near the boundary, resulting in the increase of packing attempts. Secondly, the gradation of gravel is narrower than that of sand, especially the lack of small aggregates. The minimum sand size was 0.125 mm in the mortar model with the side edge of 10 mm; however, the value was 4 mm for the 150 mm compressive concrete cubes. This means that sand could achieve greater bulk density since the space smaller than the minimum particle size is almost impossible to fill.

[bookmark: _Ref7077672]4.3. Reinforced concrete beam
A full-scale reinforced concrete beam model is established using the VOX model. The length, width, and height of the beam were 2000 mm, 150 mm, and 240 mm, respectively. The layout of reinforcements was designed to meet the loading bearing capacity requirements according to the Chinese Design Specification of Concrete Structure (GB 50010-2010), as shown in Fig. 8(a). In this model, the ribbed main reinforcements and plain stirrups were well rebuilt and the position and shape of each aggregate were clearly represented, as shown in Fig. 8 and Fig. 9. The volume fraction of gravel was 40% and the aggregate number reached 152,948. For this large-sized concrete member, the complex boundary conditions and the huge number of aggregates were the main challenges in building a model.

The boundary conditions were added in the VOX model via marking the specific voxels in the initial global matrix. In this case, the 3D shape of ribbed steel bars was measured using laser scanning technology. Then, the data was imported into a visual 3D modeling software where the reinforcement skeleton was established through the translation, rotation, and scaling, and then materialized through Boolean operations, as shown in Fig. 8. In the next step, the VOX model converted the boundary conditions stored in the STL data format into the initial global voxel matrix. The particles were placed into these regions marked as 0 and did not overlap with the steel bars.

For the large-scale model (beam) with small components (gravel and steel bar), a huge three-dimensional global voxel matrix was needed to ensure the precision of small structure, which had a high requirement for memory. In this case, the resolution reduced to 0.139 mm/voxel, as twice as the original, to reduce memory overhead. This had a limited effect on the overlap determination because the voxel size (0.139 mm) was still much smaller than the minimum particle size (4 mm). Also, the accuracy of the geometric model was not affected at all because the triangle meshes were based on the raw data of X-ray CT tests. A global matrix with the size of 14388×1079×1727 needed 25.0 GB memory space. In addition, the actual memory overhead could be about 1.5 to 2 times, considering the aggregate library and the triangle mesh data. However, it was quite acceptable for modern computer systems and the virtual memory technology would be automatically enabled in MATLAB to reduce the required physical memory.

4.4. Effect of shape on packing density
To investigate the effect of particle shape on packing density, several shapes of particles is selected and simulated using the VOX model, including sphere, regular icosahedron, regular octahedron	, regular tetrahedron	, and real-shape gravel, respectively, with different sphericity of 1	, 0.939		, 0.846, 	0.671, and 	0.842. The real-shape gravels are the same as that in Section 4.2 and the sphericity is calculated with surface area and volume of individual particles. The calculation of the surface area is affected by the representation accuracy. In this case, the surface area is calculated by the optimized triangles meshes with the sides of around 0.35 mm (See detailed information in Section 3.2). For a group of packed particles, the average sphericity is calculated as 0.842, with the maximum of 0.9188 and minimum of 0.7828.

Factors other than particle shape are strictly controlled. Particles are packed into a cube space of 50 mm with the resolution of 0.0695 mm/voxel, corresponding to a global binary matrix with the size of 719×719×719. The designed PSD function is shown in Fig. 4 and the particle size is defined by equivalent diameter. The maximum and minimum particle sizes are, respectively, 4 mm and 16 mm. The packed particles are selected based on PSD function before simulation and discarding and adjustment of particles is not allowed. The number of attempts is used as an indicator instead of running time because it can avoid the unrelated impact, such as computer hardware, resolution, and algorithm optimization. The packing density is gradually increased until the number of attempts exceeds 4,000,000 or the particle packing cannot be completed. 

Fig. 10 shows the results of various particles with the highest packing density achieved in this simulation. Sphere has the highest packing density of 57.5% similar with the DEM results [44] while regular tetrahedron has the lowest packing density of 41%.  Real-shape gravel reaches a packing density of 51%, similar to regular octahedron	 of 50%, but higher than the reported RSA results [13, 18, 43]. On the other hand, the number of attempts for sphere, regular polyhedron, and real-shape gravel is recorded, as shown in Fig. 11. Sphericity, as a measure of how closely the shape of a particle resembles that of a perfect sphere, significantly affects the packing density in the RSA. The particles with higher sphericity can achieved denser packing under the same number of attempts. Real-shape gravel used in this study behaves similarly with regular octahedron because the two have close sphericity of, respectively, 	0.842 and 0.846.

5. Conclusion	Comment by hlye: I have changed the tense to ‘present’
In this study, a geometric model, named as VOX, is developed to simulate the internal geometrical structure of cementitious composites. The model applies the voxel-based overlap determination [1, 2] in random sequential addition algorithm (RSA). It provides a potential solution on simulating cementitious composites with irregular-shape aggregates for mechanical and transport modeling.

(1) The mortar and concrete cubes are simulated with real-shape particles obtained utilizing X-ray CT technology. Thanks to the fast overlap determination, the VOX model achieves a higher parking density than the other RSA. Under the similar conditions, the packing density increases from 52.7% to 65.0% for mortar and from 45% to 51% for concrete.

(2) Particle shape significantly affects the packing density in the RSA and the sphericity is recommended as an indicator. The particles with higher sphericity can achieve denser packing under the same number of attempts. Real-shape gravel used in this study behaves similarly with regular octahedron because of the similar sphericity.

(3) The VOX model is suitable to the complex boundary conditions in the particle packing, which can be theoretically any geometry. A full-size reinforced concrete beam model containing a complete steel skeleton has been simulated, which involves over 150,000 real-shape gravels. Also, the model provides the high-quality triangle meshes for finite element analysis and avoids the computationally expensive form conversion, even for a large-scale concrete structure.
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[bookmark: _Ref37164519]Table. 1 The comparison of running time for the model with different volume fraction
	Specimen
	Algorithm
	Volume fraction
	Number of aggregates
	Number of attempts
	Running time

	Mortar
	VOX model
	55%
	32,430
	1,571,096
	0.26 hours

	
	VOX model
	60%
	35,378
	7,934,694
	0.57 hours

	
	VOX model
	65%
	38,327
	188,845,138
	5.04 hours

	
	Anm model 1.0
	52.7%
	26,683
	-
	About 11 weeks

	
	Anm model 2.0
	52.7%
	26,683
	-
	About 6 weeks*

	Concrete
	VOX model
	30%
	5,352
	98,215
	0.22 hours

	
	VOX model
	35%
	6,243
	339,976
	0.43 hours

	
	VOX model
	40%
	7,135
	1,482,751
	1.13 hours

	
	VOX model
	45%
	8,028
	10,593,001
	6.89 hours

	
	Anm model 1.0
	30%
	5,640
	-
	About 2 weeks

	
	Anm model 2.0
	30%
	5,640
	-
	About 1 week*

	Beam
	VOX model
	35%
	133,829	
	9,073,955
	3.30 hours

	Beam
	VOX model
	40%
	152,948	
	46,037,043
	7.06 hours

	Cube
	Voxel-based packing [2]
	-
	-
	-
	0.18 hours


*The running time is estimated according to the efficiency improvement claimed in the Ref. [34]. 
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(a) Voxel matrix			 	                 											(b)Triangle mesh
[bookmark: _Ref508442832]Fig. 1 The comparison of the voxel matrix and triangle mesh
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(a)Voxel matrix			      (b)Triangle mesh      (c)Simplified triangle mesh
[bookmark: _Ref4243369]Fig. 2 The process of the conversion from the voxel matrix to a triangle mesh
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(a) Overlap      (b) Not overlap      (c) The placed particle
[bookmark: _Ref5197978]Fig. 3 The process of the overlap determination of one particle based on the voxel matrix 
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[bookmark: _Ref5727394]Fig. 4 The theoretical particle size distribution (d63=10, a=3.5) and the actual gradation of gravel
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[bookmark: _Ref5727390]Fig. 5 The theoretical particle size distribution (d63=1.6, a=1.1) and the actual gradation of sand
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[bookmark: _Ref5727792][bookmark: _Ref5727787]Fig. 6 The mesostructure mortar cube specimen with the volume fraction of 65% using periodic boundary conditions (The resolution is 0.00695 mm/voxel and the matrix size is 1438×1438×1438)
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[bookmark: _Ref6216884]Fig. 7 The mesostructure of the concrete cube specimen with a volume fraction of 45%	 (The resolution is 0.0695 mm/voxel and the matrix size is 2158×2158×2158)
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(a) The steel skeleton and the boundary conditions
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(a) The particle distribution
[bookmark: _Ref7035489]Fig. 8 The steel skeleton and the particle distribution of the reinforced concrete beam with the volume fraction of 40%	 (The resolution is 0.139 mm/voxel and the matrix size is 14388×1079×1727)
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(a) steel skeleton	                [image: ]
 (b) particle distribution
[bookmark: _Ref7035492]Fig. 9 The local mesostructure of the reinforced concrete beam
[image: ][image: ]
(a) Sphere (PD = 57.5%)                               (b) Icosahedron (PD = 52.5%)
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(c) Octahedron (PD = 50%)                          (d) Tetrahedron (PD = 41%)
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(e) Real-shape gravel (51%)

[bookmark: _Ref37171504]Fig. 10 The mesostructure of the concrete cube specimen with different shaped particles (The resolution is 0.0695 mm/voxel and the matrix size is 719×719×719)
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[bookmark: _Ref37174720]Fig. 11 The relationship of the packing density and the number of attempts for sphere, regular polyhedron, and real-shape gravel with various sphericity. 
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