[bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: _Hlk514746615]Three-dimensional mortar models using real-shaped sand particles and uniform thickness interfacial transition zones: Artifacts seen in 2D slices

Yang Lua*, Md Aminul Islama, Stephen Thomasb, Edward J. Garboczic

a Civil Engineering Department, Boise State University, Boise, ID 83725 
b Materials Science and Engineering Department, Boise State University, Boise, ID 83725
c Applied Chemicals and Materials Division, National Institute of Standards and Technology, Boulder, CO 80305

*Corresponding Author
Name: Yang Lu
Postal Address: Civil Engineering Department, Boise State University, Boise, ID 83725-2060, USA 
Telephone Number: +1 208-426-3783
E-mail address: yanglufrank@boisestate.edu
Three-dimensional mortar models using real-shaped sand particles and uniform thickness interfacial transition zones: Artifacts seen in 2D slices
Yang Lua[footnoteRef:1], Md Aminul Islama, Stephen Thomasb, Edward J. Garboczic [1:  Corresponding Author
   Email address: yanglufrank@boisestate.edu (Y. Lu)] 


a Civil Engineering Department, Boise State University, Boise, ID 83725 
b Materials Science and Engineering Department, Boise State University, Boise, ID 83725
c Applied Chemicals and Materials Division, National Institute of Standards and Technology, Boulder, CO 80305
Abstract
[bookmark: _Hlk514846314]All scanning electron microscopic (SEM) examinations of mortars are based on 2D slices through the true 3D microstructure. There are many artifacts that can be seen in such 2D slices that are different from 3D reality, even if the sand were perfectly monosize and spherical. A mortar containing a size distribution of randomly-shaped sand grains, surrounded by interfacial transition zones (ITZs), is more complicated, so that the 2D artifacts are expected to be even more complex. Using the Anm model, we for the first time generate mortar models with measured sand particle size/shape distributions and realistic sand volume fractions, surrounded by rigorously uniform (in 3D) thickness ITZs, and then examine 2D slices and discuss the multiple types of artifacts that are generated. The Anm model shows the considerable variety of artifacts that can be observed in the 2D slices, including a wide thickness distribution of ITZ widths, isolated ITZ regions, apparently unconnected to any sand grain, and overlapping ITZ regions, which can be mistaken for real 3D features. It is shown that some, but probably not all, of the porous patches seen in SEM images are due to these apparently isolated (in 2D) ITZ regions.  
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Introduction
The geometrical and topological results of complex three-dimensional (3D) microstructure models, at any level of cement-based material microstructure, must be interpreted similarly to the equivalent experimental information gained by various imaging schemes. One advantage is the 3D nature of such models – we can compare 3D reality to generated two-dimensional (2D) images, which are equivalent to those obtained in scanning electron microscopy (SEM). That is the focus of this paper – examining what kinds of 2D artifacts can be observed in 2D slices of 3D mortar structures generated by the Anm model [1-3]. Understanding these artifacts in a case where we know the 3D reality should help us to understand 2D SEM images where the 3D reality is not available. We are not interested in the relation between 2D and 3D particle size distributions [4], although we note that specifying the size of a random shape aggregate is not straightforward in either 2D or 3D. 
While the Anm model described below can deal with the cement grain length scale, in this paper we focus on larger length scales, at the mortar length scale, where sand arrangements in mortar help determine microstructure and properties. 
The term “meso-scale” in concrete technology is generally used to indicate the level on which material phase structure can be observed by the naked eye, and in this case, we use the term to indicate the scale of sand particles and interfacial transition zones. The volume fraction of aggregates in regular concrete generally ranges from 0.60 to 0.75, depending on aggregate shape and on the sieve gradation curve that approximately defines the aggregate/particle size distribution function (PSD). In mortars, the sand volume fraction is usually 0.5 to 0.6. The cement paste surrounds each aggregate particle with a thin layer, and fills the pockets (space) in the aggregate skeleton, stabilizing it in matured conditions. The result is that mortar (or concrete) is a composite material with randomly distributed phases including aggregates, cement paste, interfaces, and various defects such as pores and weak inclusions [5-7].  
The sand/gravel packing and the cement particle packing scales interact at the aggregate-cement paste interface, and cannot be easily separated. In a fresh mortar, the average cement grain packing can be disturbed by nearby aggregate surfaces, which is called the “wall effect” [8-10], since the grains cannot pack as efficiently near a hard surface. This wall effect leads to interfacial transition zones (ITZ) that exist around aggregate (rock, sand) particles in mortar and concrete [8, 9, 11-13].  When the cement grains encounter the wall of the aggregate, a region of higher porosity (fewer cement grains) near the aggregate surface will appear, due to the packing constraints imposed by the aggregate surface. The ITZ is therefore a region with a higher water:cement mass ratio (w/c), and thus a higher porosity, than the bulk cement paste. Because the average aggregate diameter is much larger than the average cement grain diameter, the aggregate surfaces on average will appear locally flat to the cement grains. Therefore, the ITZ thickness will scale as the median size of the cement grains, with some prefactor, which for most commercial Portland cements is around 30 µm, and not scale as the aggregate size [14]. The prefactor in front of the median cement diameter, whether 1 or 2 or somewhere in-between, was not as precisely determined [14]. However, even only one layer of cement particles will give rise to porosity between this layer and the aggregate, which is the main porosity of relevance to the ITZ. Of course, one can get different apparent ITZ “sizes” depending on how one defines the “size” – the width where porosity seems to be larger than the bulk porosity, or the width where the porosity gradient is largest. In any case, if cement median diameter defines the ITZ width, this would make the 3D ITZ width tend to be somewhat uniform, since many cement particles pack around a typical sand grain, averaging out fluctuations in the local average cement particle size, although these fluctuations in the cement particle size distribution will cause some dispersion even in the 3D ITZ width. This kind of restrained placement of cement around aggregates results in a gradient of porosity near an aggregate surface, but this gradient is usually approximated, at the mortar and concrete scale, as a single property shell with some finite thickness. The high-volume fraction of aggregates in a typical mortar (50 % to 60 %) means that the spacing between adjacent aggregates is only a few times the typical ITZ thickness. Hence, the cement paste in the ITZ's can have a significant volume fraction of their own, can be percolated [15], and can have a non-zero effect on properties such as elastic moduli, compressive and tensile strength, durability, thermal conductivity, shrinkage, and creep. Crack development within normal portland cement concrete takes place inside the ITZ regions [12, 16]. Some results [17] have shown that the ITZ regions were quite heterogeneous, and a higher concentration of large voids and cracks was observed in the ITZ regions. 
Another potential way that the mortar and cement paste length scales interact is the so-called patch microstructure in the cement paste phase of mortar and concrete [18,19], revealed by SEM observations, which is simply defined as denser or more porous regions. The idea that dense (porosity noticeably less than the average) and porous (porosity noticeably more than the average) patches seen in the hardened cement paste phase are derived from corresponding local patches in the fresh state appears to be supported by observations made by Kjellsen [20]. SEM examination revealed the existence in the fresh mortar of distinct areas or patches of high local water:cement mass ratio (w/c) containing few cement grains, and adjacent areas of low apparent local w/c ratio containing many closely spaced cement grains, in excellent agreement with Idorn [19]. This present paper suggests that at least part of the patch microstructure observed by SEM is a 2D artifact of slicing through a 3D material containing random-shape sand grains surrounded by less dense ITZ regions.
This sort of question cannot be answered from experiment alone. Simulation of the placement of aggregates in concrete has been studied for several decades. Bentz and Garboczi [21] constructed a 3D random sequential placement (often called random sequential addition [22, 23]) model of spherical aggregate particles (HCSS model), by which the pore features in the microstructure of concrete were derived, along with the associated ITZ regions. This model work was extended to ellipsoidal particles [24] and used to study the effect of aggregate shape on percolation of the ITZ phase. These 3D models and other models used regular aggregate shapes, such as spheres or ellipsoids or polygonal shapes [25-30], but such models have a major drawback in that these simple shapes cannot represent the true shape of aggregate particles in cement-based materials. The irregular shape of aggregates contributes significantly to both fresh and hardened cement concrete properties. 2D models of the placement of non-spherical particles in cement-based materials have been carried out [31, 32]. For instance, employing the Perram contact function [33] to simulate the random sequential packing of two-dimensional elliptical aggregates, Ref. [31] studied the area fraction and percolation of ITZs in the mesoscopic scale for concrete. A 2D convex polygonal random sequential placement model was introduced [29], in which the classical Fourier series was used for particle shape analysis, to simulate the mechanical properties of concrete with the assistance of a finite element mesh. 
[bookmark: _Hlk510441395]However, 2D models are limited to qualitative suggestions only, since they cannot match 3D reality. A 3D material meso-structure model, entitled Anm, of mortar and concrete [1-3] has been created using the idea of representing actual 3D measured shapes of star-shaped aggregate particles by spherical harmonic series [34, 35]. This is the only such model, to our knowledge. A further development of the Anm model is the ability to place a uniform-thickness shell around each aggregate particle in mortar or concrete models to simulate the ITZ regions [3]. By “uniform thickness” is meant a shell that is the same thickness, as measured from an aggregate surface point along the surface normal, for each surface point of every aggregate particle. This technique makes use of an algorithm that has been developed for star-shaped particles [36]. Details of how this model is formulated and used are in Section 3 below. 
Existing studies using 2D SEM micrographs have demonstrated that the patch microstructure mentioned earlier is an inherent part of the cement paste phase in mortar and concrete. However, there is no fundamental understanding of the origin, size, shape, or spatial distribution of these patches. ITZs in mortar and concrete have also been observed, using 2D SEM micrographs, to have varying thicknesses [8]. However, as was mentioned earlier, if the thickness of the ITZ regions in 3D is controlled by the median cement particle size [37], then we might expect the 3D ITZ regions to be more uniform in thickness. The objective of this paper is to explore how much of the microstructural features seen in 2D slices of mortar can be explained by reference to the underlying 3D mortar structure, under the assumption that the ITZ regions are completely uniform in thickness in 3D throughout the mortar for every surface point of every sand grain. Note that this is the first time that 2D ITZ artifacts have been investigated using this kind of model. Other potential artifacts caused by slicing through the complex 3D mortar structure will also be explored. 
The rest of the paper is organized as follows. Section 2 gives more details about the patch microstructure seen experimentally. In Section 3, the Anm model is described and shown to provide an efficient and reliable option for investigating the meso-level non-uniformities in the distribution of aggregate grains. In Section 4, the mesostructure of a mortar cube is constructed by the random placement of a given size distribution of real shape sand particles using non-periodic boundary conditions. This simulated mortar mesostructure is visualized using 2D slices through the 3D structure, and the 3D origin of 2D ITZ and other artifacts are explained. It will be seen that the patch microstructure seen in mortar [18] is at least partly due to seeing isolated ITZ regions, which appear when a 2D slice cuts through an ITZ region without cutting through its associated sand grain, so that only the more porous ITZ region is seen, not apparently connected to a local sand grain.
Patch microstructure in mortars
[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK3]We want to show and discuss the evidence for the porous patches seen in mortars more clearly. Using backscatter-mode SEM, Figure 1(a) shows the existence of a patch microstructure in mortar with 44.8 % area density of sand particles [38]. In Figure 1(a), the label A is for a sand grain and the label B marks a denser area of cement paste. The label C marks a less dense area of cement paste. The porous zones (C) tend to be irregular in shape and variable in size, ranging in size up to several hundred μm, as seen in Figure 1(a). Porous patches may partly or fully encompass small sand grains, but they can also appear in the middle of bulk cement paste, far from an apparent sand grain. In some places, the boundary between adjacent dense and porous patches can be fairly sharp. 
[image: ]         [image: ]
Figure 1. The patch microstructure in mortar, from Diamond [38], by permission. (a) Representative area of 44.8 % area density sand mortar at low magnification. Note that the uniform gray sand grain (A), the extensive areas of bright, dense cement paste (B) and the smaller areas of porous, darker cement paste (C). (b) Patch of dark, porous cement paste between two closely spaced sand grains. 
Figure 1(b) illustrates a patch of dark porous cement paste located in the ITZ regions between two closely spaced sand grains.  One could obtain quantitative information on the length scale of the patches, or a so-called local porosity distribution [39, 40], by simply determining the area fraction of porosity inside the squares of a grid field system covering the section image. 
[image: ]     
Figure 2. Illustration of the distinction between dense and porous patches found in 28-day old laboratory mixed concrete [18], by permission. (a) The bright (white) regions are unhydrated cement grains, while the much larger gray areas are sand particles. Any other regions are hydrated material or pores. The boundary between the porous and dense areas is indicated by the dotted line; (b) boundary between adjacent patches of porous hcp (left) and dense hcp (right) in a laboratory mortar. 
[bookmark: OLE_LINK19][bookmark: OLE_LINK20]Figure 2(a) shows an area between and near two large sand grains, which are uniformly dark gray in the picture [18]. A porous patch of cement paste is located between the sand grains, and an area of denser cement paste occurs below and to the right of this porous area. The boundary between them, indicated by the dotted white line, is fairly sharp at this magnification. The porous patch is significantly darker, and less hydration products are seen. In contrast, the dense patch exhibits a brighter gray level, and displays more hydration products. Figure 2(b) shows an area with a boundary between a porous area (on the left) and a dense area (on the right). The differences in local porosity are obvious. 
Simulation of 3D mortar and computation of 2D slices using Anm
If we could view the 3D structure of the mortar along with a 2D slice, combining these two sets of data would give us a better understanding of the true origin of what is actually seen in 2D images. X-ray computed tomography (XCT) can give us 3D microstructural information, and it is easy to generate 2D slices from this data – in fact, the 3D data is formulated by combining 2D slices. However, the resolution of XCT for mortars is usually 1 µm or larger, while SEM can easily go down to 10s of nm. X-ray CT has been used on mortars, and specifically to look at patch microstructure, but the main work was looking at the individual slices of mortar samples that were not prepared with epoxy injection (used to stabilize the microstructure before polishing for the SEM). The full 3-D information was not compared to the 2D slices [41]. A model was used to look at the patch microstructure, but it also was only 2D [42]. Since the Anm model uses real-shape sand particles, and a random packing procedure, its 3D structure should be close to that of a real mortar.
In the Anm model, irregular shaped particles are randomly arranged in a rectangular parallelepiped unit cell where the particle placement algorithm is driven by the particle size distribution (PSD) and desired particle placement density (PD). The PD is defined as the desired volume fraction of aggregates within the unit cell. The particles are placed one at a time in decreasing order of size. A particle’s center of mass is first assigned a random location within the container and the proposed particle is checked for contact with any particles already present. If an overlap is detected, a new location is attempted. If the particle could not be placed using a maximum number of locations, the particle is then randomly rotated for a predefined maximum number of attempts to find a new location without particle overlap. If rotating the particle did not result in successful placement, it is rescaled within the current sieve size range. If the rescaling did not result in successful placement, a predefined number of new alternate shapes are then used. If none of these attempts were successful in placing another particle from the current sieve, the next sieve is selected and this process is repeated. 
[bookmark: OLE_LINK26][bookmark: OLE_LINK27]The user of the Anm model has the ability to place a uniform-thickness shell around each aggregate particle in mortar or concrete models to simulate the ITZ regions [3,36]. For a spherical particle of radius R and coating thickness t, this is an easy task to carry out. One simply places a spherical shell concentric to the particle but with radius R + t. The space between the original sphere and the larger radius shell has a uniform thickness t, where the thickness is defined by the length of the vector normal to the first sphere surface to the second sphere. This normal vector is co-linear with the center of the sphere and spherical shell, which is only true for spheres. For any other shape, making the coating of uniform thickness at all points of the particle surface is more mathematically complicated. Essentially, the shell is generated by a new collection of spherical harmonic coefficients, since for any non-spherical particle, a uniform-thickness shell is not the same shape as the particle. The uniform-thickness shell can be an effective tool for studying the “wall-effect” [8-10,43] found on aggregate surfaces and in other kinds of particle-based composite systems. 
In order to generate the 2D observation of microstructure that can mimic back-scattered SEM characterization, we developed a 2D slicing algorithm for both visual and computational analysis, where the 2D slices can be placed anywhere in the 3D mortar model to analyze the spatial distribution of different phases. We can perform statistical measurements within each layer and add up the individual slice measurements to obtain the 3D equivalent measure and the standard deviation between layers. 
For this version of the Anm model, we generate two uniform thickness shells for each sand grain. The first shell is called the inner shell, and the second shell is called the outer shell. Both shells are 15 m thick. The idea of two shells is to suggest the microstructural gradient structure of the actual ITZ, so that when we eventually look at slices, we will have some idea of what part of the ITZ we are looking at. We could divide the ITZ into more sub-shells, each with a different color in the 2D slices, but it was thought that two sub-shells would be sufficient without making the 2D images too visually complicated. The volume between the inner shell surface and the particle surface is defined as the volume occupied by the inner shell, while the volume between the outer shell surface and the inner shell surface is defined as the volume occupied by the outer shell.  


[bookmark: _Toc477793950]Figure 3. Schematic of a particle-slice overlap. Position p1 on the slice is overlapped by the particle. The dotted line shows part of the particle behind the slice. Position p2 is not overlapped by the particle. r1 and r2 are surface points of the particle along the direction from the origin O to the points p1 and p2, respectively.
The procedure for generating the 2D slice (made digitally from pixels) starts with defining the slice rectangle, shown in Figure 3. The slice rectangle is a 2D plane having zero thickness. Using a finite thickness (but still very thin) slice rectangle would capture a statistical measure of the microstructure along the direction normal to the slice plane, similar to a transmission electron microscope image. In this algorithm, each particle in the originally-generated 3D model is checked for contact with the slice rectangle using an inter-particle contact detection method that employs an extent overlap box (EOB) algorithm [3, 36]. In this scenario, the EOB needs to be computed for the single particle in question and the zero-thickness slice rectangle, which is treated as a second particle. If no EOB is detected, the particle will not be shown in the 2D slice. Subsequently, the distance from every pixel position in the 2D slice to the particle center is measured (O to  and O to  in Figure 3). If the distance is more than the distance from the particle mass center to the surface point (), the particle is classified as not overlapping the slice plane at that pixel position in the slice. On the contrary, if the distance is less than the distance from the particle mass center to the surface point (), the particle is considered having overlap with the slice plane at that pixel position in the slice. In Figure 3, the slice is parallel to the y-z plane and an EOB is detected. The position  in the slice is inside the particle and position  is outside the particle. 
[bookmark: _Hlk509918817]Checking every pixel point on the slice plane is only performed within an angle range given by the EOB extents in the two directions parallel to the slice plane. The scanning resolution is governed by the image resolution parameter . The parameter  is given by dividing the slice rectangle edge length by the corresponding 3D Anm unit cell edge length. If the pixel position is found to be overlapping with a particle or a shell, a corresponding label value is assigned to the pixel. To model physical phenomenon, such as the ITZ layers in concrete, a few constraints must be defined for consistent labeling of the pixels in the 2D slice:
(1) A pixel position overlapped by a particle and an ITZ shell is labeled as particle.
(2) A pixel position overlapped by shells associated with different particles but having the same label, inner or outer, gets labeled as that kind of layer without any ambiguity.
(3) A pixel position overlapped by shells from the same or different particles having different layers, inner and outer, gets labeled as an inner layer.



Figure 4. Demonstration of cutting 2D slices through a 3D spherical sand grain with inner and outer ITZ shells. Note that the solid lines, a-a’, b-b’, c-c’, and d-d’, indicate 2D cutting planes through the 3D spherical object. The yellow core is the sand grain, the orange zone is the inner ITZ shell, while the blue zone is the outer ITZ shell. The four cutting planes create four distinct features in the 2D slices.
Figure 4 uses spherical sand grains to illustrate some of the artifacts that can be seen in the cutting of 2D slices from a 3D spherical sand grain with two layers (inner and outer) of uniform thickness ITZ shell. Even for this simple shape sand grain, with a uniform thickness shell in 3D, the 2D ITZ thickness will not be uniform. We see in Figure 4 at least four different 2D structures, with widely varying ITZ thicknesses, which can be constructed from the same 3D structure: an isolated region of outer ITZ shell (a-a’), an isolated ITZ region showing both ITZ layers (b-b’), a slice that looks reasonably like the original 3D object (c-c’), and a very small sand grain surrounded by much thicker ITZ regions (d-d’) than were originally defined in 3D. Using non-spherical real-shape sand grains will produce even more and different artifacts.
[image: ]
Figure 5.  One of the ten 2D slices through the Anm mortar structure that were used in this paper (see below). The areas marked P1 to P5 are the areas used to generate approximate statistics for the apparent ITZ thickness – to be discussed below in Section 4.1 and Fig. 6.


Table 1. Size gradation of the sand grains, approximating the ASTM C33 specification, that were placed inside a 10 mm cubic unit cell. All percentages are by mass fraction, which is the same as volume fraction for a uniform density material.
	Sieve label and size in (mm)
	# of particles retained on sieve
	[bookmark: _Hlk22711189]Volume fraction (%) of the mortar unit cell
	Cumulative % (Anm) of the total sand volume
	Cumulative % ASTM C33  (range) of the total sand volume

	Sieve #4 (4.75 mm)
	0
	0
	0
	0-5

	Sieve #8 (2.36 mm)
	20
	27.95
	44.4
	0-20

	Sieve #16 (1.18 mm)
	74
	10.41
	60.9
	15-50

	Sieve #30 (0.6 mm)
	417
	8.47
	74.4
	40-75

	Sieve #50 (0.3 mm)
	2836
	8.43
	87.8
	70-95 

	Sieve #100 (0.15 mm)
	17104
	6.69
	98.4
	90-100

	Sieve #200 (0.075 mm)
	17243
	1.00
	100
	

	Sum
	37694
	62.95
	
	




[bookmark: _Hlk508058124]Figure 5 shows a 2D slice created by cutting through a packed 3D meso-structure that was generated by random placement of irregular shape sand particles taken from the Anm dataset #MA106A-1-fine. This 2D slice gives the reader a feel for the realistic nature of this 3D mortar model. The five marked regions, labeled P1 to P5, show the areas from which approximate statistics for the ITZ thickness was derived – see Section 4.1 and Fig. 6. The sand, of unknown mineralogy, was numerically sieved according to the ASTM C33 standard [44] using the width W of the particles as a surrogate for sieve opening [45, 46]. Originally 700+ sand grains were imaged and analyzed in 3D, forming the basis for this Anm dataset. Each particle has a set of spherical harmonic coefficients defining its shape, so that it can be scaled, rotated, and placed anywhere in the Anm unit cell. The meso-structural packing simulation was conducted to create a mortar sample in a 10 mm cubic box. For each particle shape, 8000 maximum trial locations and 8000 maximum trial rotations were implemented in the Anm simulation in order to achieve a high packing density [3].  
Table 1 shows the sieve analysis of the sand particle size distribution according to volume fraction in the unit cell, which has reached a PD of 62.95 %—a realistic sand PD used in mortar. Consider the sieve #8 row (2.36 mm opening) of Table 1. The second column states that there were 20 particles that were retained on this sieve, in the Anm process, but had passed through the #4 sieve, with an opening of 4.75 mm. Of the total 62.95 % volume fraction (sand volume divided by total unit cell volume) in this unit cell, the third column indicates that a volume fraction of 27.95 % was made up of these 20 particles. Since the last row was for the #200 sieve, with a grid size of 0.075 mm, this indicates that there were no particles that passed through this sieve. The sum of the second column indicates that there was a total of 37694 particles placed in the unit cell. 
How does this gradation compare to the ASTM C33 specification? The fourth column of Table 1 shows the cumulative percent passed for the Anm model, where the percentage was taken of the total sand volume placed in the unit cell, which in this case was 62.95 % times 1000 mm3, or 629.5 mm3. The fifth column shows what the ASTM C33 specification is for each sieve, again in terms of cumulative mass percent of the total sand mass. The Anm gradation falls close to the ranges allowed by the ASTM C33 specification, but is coarser than would be allowed in practice. Consider the sieve #8 and sieve #16 rows. In both cases, the cumulative percent passing was higher than the range allowed by ASTM C33, but all the sieve intervals after these met the specification. The fineness modulus (FM) is simply calculated by adding the numbers in the fourth column and dividing by 100, to give FM = 3.66 (the higher the FM value, the coarser the aggregates). The ASTM C33 specification requires 2.3 < FM < 3.1, indicating that the sand in the Anm model was somewhat coarser than that found in a typical mortar, but any 2D artifacts that we were trying to see would still be visible for this FM value. The reason this choice was made was that as FM decreased, the number of particles that needed to be placed increased. The total number used, 36,794, already required up to three weeks runtime on a supercomputer (36 cores), indicating that the Anm model is, for at least for this application, a research tool only.





Results and discussion of 2D artifacts

 Table 2. Areas and area fractions of ITZ regions and aggregates, calculated for ten 2D slices
	Phase
	#1
	#2
	#3
	#4
	#5
	#6
	#7
	#8
	#9
	#10
	Avg
	Std

	Inner ITZ (mm2)
	6.99
	6.87
	7.81
	7.04
	6.96
	6.35
	6.10
	6.33
	6.45
	8.32
	6.92
	0.695

	Outer ITZ (mm2)
	7.74
	7.48
	8.50
	7.79
	7.34
	7.13
	6.60
	6.92
	7.06
	8.84
	7.54
	0.701

	Sand area fraction (%)
	64.2
	64.8
	60.4
	64.4
	66.0
	66.2
	68.9
	67.8
	66.2
	59.3
	64.8
	2.8

	Total ITZ area fraction (%)
	14.7
	14.4
	16.3
	14.8
	14.3
	13.5
	12.7
	13.2
	13.5
	17.2
	14.5
	1.3



We created 10 spatially separated slices parallel to each other and to one side of the Anm unit cell through the 3D packed microstructure. The particles themselves were randomly oriented and placed, so that using parallel slices gave results that were just as general as if we had used randomly-oriented slices. We first tested volume fraction vs. area fraction results, which should be the same between 2D and 3D, as a check on the Anm model. Table 2 lists the area fraction calculation of all 10 slices. Although the actual thickness of the inner and outer ITZ shells are equal (both are 0.015 mm), the areas measured for the inner ITZ region are slightly less than that for the outer shell region, for every slice, as would be expected since the outer ITZ shell was always slightly larger than the inner shell in 3D. This order was maintained in each of the 2D slices considered, though their magnitudes did vary slice-to-slice.  While the full area of each slice across the unit cell is 100 , the average area occupied by aggregates was 64.84 mm2  2.85 mm2. That means the average area fraction of aggregates is 64.84 % in these 10 slices, which is a bit higher than the actual 3D packing density of 62.95 % but equal within 1 standard deviation. The average area fraction of the ITZ regions is 14.46 %  1.32 %, which is slightly less than the actual 3D ITZ volume fraction of 14.67 % but again equal to within 1 standard deviation. We next turn to features seen in 2D that are not the same as in 3D, unlike area fractions and volume fractions.

Apparent distribution of ITZ widths in 2D slices
Quantitative, albeit very approximate and geometrically-limited, measurements were carried out for the distribution of apparent 2D ITZ widths. 
  
[image: ]
Figure 6. Approximately measured distribution of apparent ITZ widths in a sliced image, 14 surface normal lines (from A to K) cutting through five sampling portions of a 2D slice to measure the distribution of ITZ thickness along the cutting lines. 

Table 3. 2D widths of 14 randomly selected ITZ regions
	Location
	Width ()
	Location
	Width ()

	
	inner ITZ
	outer ITZ
	Total ITZ
	
	inner ITZ
	outer ITZ
	Total ITZ

	A
	47
	32
	79
	H
	14
	16
	30

	B
	54
	29
	83
	I
	15
	19
	34

	C
	36
	21
	57
	J
	14.5
	18.5
	33

	D
	20
	29
	49
	K
	42
	12
	54

	E
	12.5
	18
	30.5
	L
	18
	17.5
	35.5

	F
	14
	17
	31
	M
	22
	14
	36

	G
	15
	17
	32
	N
	25
	20
	45



As shown in Figure 6, 14 lines normal to the 2D aggregate surfaces were used to cut through randomly selected portions of the 2D aggregates in one of the ten slices. Each cutting line has an intersection with the inner and outer ITZ regions. The length between the aggregate surface and a specific ITZ region is measured as the ITZ width. The analysis shows that the apparent ITZ widths vary in 2D when looking normal to the 2D particle edge and going out to the end of the ITZ, which is identical to how SEM image measurements work [8]. The distribution of apparent ITZ widths, inner, outer, and total = inner + outer, was measured and the results shown in Table 3. It was observed that the measured ITZ thickness along all 14 sampling lines were equal to or greater than the true 3D ITZ thickness (30 ). The average and standard deviation of the 2D ITZ width was 45 µm ± 17 µm. This observation supports our hypothesis that the average 2D slice ITZ thickness must be greater than or equal to the true size of the ITZ. The apparent ITZ size is estimated to be between the true 3D ITZ thickness and some convolution with the 2D sliced sand particle size distribution, which can be expressed schematically as the interval []. Based on this very rough 2D slice observation, which did not sample many different areas, the estimated increase in the apparent thickness of the ITZ for this sand and sand size distribution was about 1.5x, but the standard deviation was 38 %, a high number. We note that in general, the distribution of ITZ thickness in 2D sliced images should be dependent on the orientation of the particle to the cutting plane angle and the particle shape.  Note also that in Table 3, the thickness of the inner ITZ compared to that of the outer ITZ was sometimes larger and sometimes smaller, which is not the case in 3D, where they are exactly equal. The slicing of 3D random particles and shells can result in this kind of randomness, which can be labeled as a 2D artifact, similar to those discussed in the next sub-sections. If one did a complete sampling of the 2D surface points of all 2D aggregates in a slice, thus sampling all of the sand surface perimeter, the average inner and outer ITZ thicknesses should be quite similar, since that must be the case to agree with the results in Table 2. But the standard deviation of these quantities would be expected to be large.


[bookmark: _Hlk510443137]Neighboring small 2D particles that are part of the same 3D particle
[image: ]
Figure 7. (a) 3D configuration illustrating the cutting plane applied to an irregular shaped particle, showing that three 2D particles come from a slice through only one actual 3D particle. Gray is below the cutting plane; the colors are above the cutting plane. (b) The enlarged image shows two of the three apparent 2D sand grains appearing in the 2D slice. The inner (green) and outer (blue) ITZ regions are significantly elongated in one direction.   
[bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK11]Figure 7(b) shows a partial slice through the 3D mortar model that generates three 2D particles that are apparently separate particles. Two particles are highlighted in the red box. If the red box is the section observed in an SEM image, the two black particles would be considered as distinct small particles. However, from the 3D configuration illustrated in Figure 7(a), this is a 2D slice of one irregular shape grain with two local highlands in the 3D shape. If all the sand grains were convex particles, for example spheres, then the equivalent of Figure 7 would not be observed at all. What is seen in Figure 7 requires that a sand grain be non-convex, with a surface containing two hills separated by a valley, in order for a slice to give the appearance of two particles in 2D generated by slicing one 3D particle. Furthermore, the left particle in the red box shows two enlarged and distorted inner (green) and outer (blue) ITZ regions, although the two ITZs are actually identical uniform thickness shells in the true 3D mortar structure. These enlarged inner and outer ITZ shells are caused by the particle’s shape and the orientation of the particle with respect to the cutting plane. The ITZ size observed in 2D can span from the true shell thickness to a much larger apparent thickness. If the usual concept of a uniform ITZ width were applied to this 2D image, one might identify the regions “outside” the usual ITZ width as a more porous cement paste region, of unknown origin. Note that these patches, as will be shown below, can be observed anywhere, including far away from any sand particles. 
[bookmark: OLE_LINK4][bookmark: OLE_LINK5]Joined ITZs that come from the same 3D particle
[image: ]
Figure 8. (a) A single 3D sand particle that is cut by a plane. The black curve is the cutting plane. (b) The slice appears to show the merging of ITZ shells of two separate particles, but in reality both these regions come from the same 3D particle. 
[bookmark: OLE_LINK12][bookmark: OLE_LINK21][bookmark: OLE_LINK22][bookmark: OLE_LINK23]Figure 8(b) shows again part of a slice that appears to be a merger of two ITZ shells associated with two separate particles, but in reality it only shows two parts of the same particle, similar to Fig. 7. In a 2D SEM image, for example, the two black particles would be considered to be two individual medium size particles because they are separated by joined cement paste ITZ regions. However, this is a 2D projection of one single irregular shape 3D grain with two locally convex areas on its surface, separated by a concave region, as shown in Figure 8(a). For this artifact, it is interesting to note that the inner ITZ (green) of the two sections of one particle is joined, while the outer ITZs (blue) are also connected and create an irregular belt around the inner ITZ. The blue outer ITZ region could be interpreted in a 2D SEM image as a porous patch, outside the nominal ITZ region, composed of porous cement paste. 
A distribution in apparent ITZ widths
[image: ]
Figure 9. (a) 3D sand particle that is cut by a plane to generate the apparent 2D particle. The black curve on the 3D sand particle surface illustrates the cutting plane. (b) Varying width of the ITZ region around a single particle in a 2D slice. 
Figure 9 shows a closer qualitative look at the distribution in apparent ITZ widths, studied in Section 4.1. The 2D slice appears to have a larger ITZ region on one side of a single particle, but that is only due to how the actual shape of the 3D particle is being sliced. If observed in a 2D SEM image, the thin belt around the particle would be considered as an ITZ, whereas the thicker ITZ part would be regarded as a porous cement paste patch close to a sand grain yet not part of an ITZ region.  
ITZ regions appearing in the middle of a 2D particle. 
 [image: ]
Figure 10. (a) The black curve illustrates the cutting plane. The gray zone shows the surface of the 3D particle below the cutting plane, while the blue zone is the surface of the 3D particle above the cutting plane. The cutting plane produces the odd-shaped 2D particle shown in (b), where a locally concave region on the particle’s surface gives rise to the apparent ITZ region in the middle of the 2D particle. In (b), an enlarged view of the ITZ region appearing in the middle of the odd-shaped 2D particle is shown. 
Figure 10(b) shows a single 2D sand particle of an odd shape – two larger regions connected by a narrow neck-like region. The widths of the apparent ITZs are approximately of uniform thickness. A small inner (green) ITZ region appears in the middle of a sand particle, which would be unphysical if only 2D aspects were considered. However, this artifact is due to a locally concave surface on the real 3D particle, as illustrated in Figure 10(a). The odd-shaped 2D sand grain is produced by slicing through the curved surface of the 3D particle. It is possible that the SEM would interpret this situation as two touching sand particles, rather than one oddly-shaped sand grain, since the SEM operator would “know” that this sort of shape does not exist in reality. It is interesting that a green ITZ patch is located in the middle of a single sand grain in 2D. If this kind of artifact showed up in an SEM image, it would be hard to explain other than as a pore inside the sand grain or perhaps a polishing defect. Having the actual 3D structure can be used to explain that this is not due to some kind of impurity or flaw in this sand particle, and that this is not a real 3D particle shape. 
Inner and outer parts of an ITZ that have apparently been inverted
 [image: ]
Figure 11. (a) 3D sand particle that is cut by a plane across a locally concave part of its surface. The black curve illustrates the cutting plane. The gray zone shows the surface of the 3D particle below the cutting plane, while the yellow zone is the surface of the 3D particle above the cutting plane. (b) An ITZ region appears in the middle of a 2D particle, with the inner (green) and outer (blue) regions apparently inverted. 
Figure 11(b) shows a nearly convex 2D sand particle surrounded by an approximately uniform thickness ITZ region. However, a small ITZ region also appears in the middle of the sand particle, similar to Fig. 10(b), but now with the inner (green) and outer (blue) ITZ regions apparently reversed.  This is due to the slice going through a local concavity on the real 3D particle, as shown in Figure 11(a). If this artifact were observed in an SEM image, it would be hard to explain having only the 2D image data. If the slice were taken deep enough in the concavity, we would observe only the inner ITZ shell (green) but still apparently “inside” the 2D sand particle. 
[image: ]Figure 12. Simple illustration of three 1D slices through a locally concave region of a 2D sand grain, surrounded by inner and outer ITZ regions.
Figure 12 shows a simple 2D diagram of a locally concave region of a sand grain, with 1D slices, which illustrates the above points. Slice A would result in an isolated patch of inner ITZ in the middle of a sand grain. Slice B would result in an isolated ITZ patch in the middle of a sand grain, but with the inner and outer ITZ regions apparently inverted, as in Fig. 11. Slice C would result in two apparent sand grains, both with inner and outer ITZ regions in the correct order.


ITZ patches appearing in the middle of bulk cement paste
[image: ]        [image: ]
Figure 13. Several enlarged sections of a 2D slice are shown. In section (a), isolated ITZ patches are seen inside the red ellipses, where the slice only cut through the ITZ regions and not the associated sand particle. Slice (a) cuts through both the inner and outer ITZ, hence showing both green and blue patches. In section (b), pure blue patches inside the three red ellipses indicate that the slice only cut through an outer shell and not the associated inner shell, producing a non-shell-type patch of outer shell ITZ. 
In the red outlines in Figure 13, isolated patches of ITZ regions are seen, produced when the 2D slices cut through the ITZ only and not the associated sand particles that were above or below the slice. It is interesting that such a region can appear in the middle of bulk cement paste and look like a bulk region, without the appearance of a shell. If these images were SEM images, these isolated ITZ regions would appear to be more porous regions of bulk cement paste, apparently unassociated with any sand particle. This artifact may help explain why some, but certainly not all, porous patches of bulk cement paste (patch microstructure) are observed in SEM images [18, 41, 47-51] – they are actually just isolated ITZ regions. Since we have earlier shown that the ITZ area fraction computed for a given 2D slice is equal to the true 3D results, within a small standard deviation, the area fraction of these isolated ITZ patches can at most be as large as the total ITZ area/volume fraction, and actually much less, since they form only a part of the total ITZ regions in the slice. We estimated the area fraction of these bare ITZ regions based on several 2D slices. For Figure 13(a), the isolated ITZ area fraction is calculated to be 0.91 % compared to the volume fraction of ITZ, 14.67 %. Figure 13(b) is a cut showing isolated outer ITZ regions (red ellipses, blue patches), which in an SEM image would appear to be less dense than the bulk cement paste, but denser than an inner ITZ region (green). If we defined the ITZ width as the width where a larger-than-bulk porosity is seen, then a larger volume fraction could be associated with isolated ITZ patches, making their total volume fraction more comparable with the porous patches seen in SEM studies, although these studies did not quantify the actual area fraction of porous patches observed. 
Discussion and Conclusions
A three-dimensional mortar model, using the Anm software, was constructed using a random sequential placing of real-shaped sand grains, following a somewhat coarser version of an ASTM C33 sieve-based size distribution, where each sand grain was surrounded in 3D by uniform thickness ITZ shells. This is the first such 3D model using real sand grain shapes and a uniform ITZ thickness (in 3D), which in this case was set by the median cement diameter, taken to be 30 µm. If the Anm model studied had had a smaller fineness modulus (less coarse), we would have seen even more 2D artifacts, since the ratio of ITZ volume to sand volume increases as the decreasing sand size causes the ratio of sand surface area to sand volume to increase. Two-dimensional slices were made through this structure and were compared to the original 3D model. In a real mortar, there would certainly be some random variance in ITZ thickness, even in 3D, due to local variations in the cement PSD and geometrical arrangement of cement particles near an aggregate, but we wanted to see how much the 2D slicing operation would change this absolutely-uniform 3D ITZ thickness. A wide variability in the apparent 2D ITZ shell thickness was observed. Based on the results of this paper, we conjecture that most of the variation in ITZ region thickness seen in 2D images is due to 2D slices through 3D irregular particle shape, and only partly due to actual variable 3D ITZ thickness.
Other interesting 2D artifacts were observed, though the list of such artifacts is certainly not exhaustive. A single 3D particle gave rise to apparent multiple 2D particles. Patches of isolated ITZ regions appeared in the middle of apparent sand particles.  Isolated ITZ patches appeared in the apparent bulk cement paste, where the slice had gone through an ITZ region but not the associated sand particle, suggesting the possibility that some highly porous cement paste patches seen in SEM images could be due to these kinds of isolated ITZ regions [18, 41, 47-51]. Some of the patch microstructure references listed in this paper describe work that has shown that the existence of this patch microstructure does not depend on variables like mixing time and the presence of superplasticizers, which would accord with these results, since the presence of these areas depends only on taking a 2D cut through a 3D mortar microstructure with real-shaped particles. It would be interesting to know if such patches were observed in plain cement paste, or if they are only seen in mortar and concrete. If they are not observed in plain cement paste, this would lend support to our findings that at least some of these observed high-porosity patches could be 2D slices through isolated ITZ regions.
[bookmark: _GoBack]In any case, this paper has shown clearly that some features seen in SEM images of mortar, such as the wide distribution of ITZ widths and some porous patches, are almost certainly 2D artifacts that arise from slicing through 3D mortar structures containing real-shape, non-spherical sand grains. Examining the 3D neighborhood of the slice, above and below it, can explain features whose origin cannot otherwise be understood. The Anm model is a potential tool for aiding the connection of features seen in SEM images of experimental samples to real 3D microstructure. Anm is not at present a public model, but the intent is to eventually make it available to all researchers.
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