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Abstract: In this study, we performed a multi-scale three-dimensional (3D) analysis of a new type of 
lightweight composite material made with coal fly ash and expanded polystyrene wastes. For this, a 
methodology for identifying and quantifying the microstructure property of the lightweight composite 
material was developed using X-ray micro-tomography. The material studied mainly contained 
polystyrene beads, which have approximately the same density as the air voids; they share the same 
grayscale, and it is not easy to distinguish them, which makes it challenging to characterize the porous 3D 
structure of this material. The 3D visualization software “Avizo” enabled the 3D reconstruction of the 
composite and its microstructural characterization. Several microstructure parameters were explored and 
characterized quantitatively, including porosity distribution, pore surface area, representative 
elementary volume (REV), sphericity, pore equivalent diameter, and pore network model. The results 
demonstrated that X-ray micro-tomography is a valuable instrument for non-destructive and complete 
detection of the microstructural properties of polystyrene reinforced composite. 
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1. Introduction 

The development of sustainable materials that are expected to satisfy some requirements such as 
strength, lightweight, and durability, has received considerable interest. Lightweight composite 
materials developed using industrial waste products have a lot of potential to impact many different 
industries. Expanded polystyrene (EPS) is one of those industrial wastes produced on a scale          
of 15 million tons per year [1] and represents about 10 wt.% of the total plastic waste produced 
annually since 2008 [2]. It is mostly used for thermal insulation, packaging, and storing of many 
products because of its flexible structure, shock-absorbing property, impermeability, and mechanical 
rigidity; EPS also has a stable form in the presence of many chemicals and does not perform chemical 
reactions except some kinds of acids, solvents, and aliphatic compounds that dissolve it [3–5]. The use 
of expanded polystyrene waste as lightweight aggregates not only can provide new solutions in the 
manufacturing of lightweight composite but is also beneficial in terms of environmental protection [6–8]. 
Research has indicated that lightweight composite concrete can be prepared by adding expanded 
polystyrene and certain inorganic materials such as fly ash (FA) as raw industrial aggregates [9,10]. 
Those researchers have concluded that the density, thermal conductivity, and mechanical properties of 
lightweight composites display a decreasing trend as EPS content increases, which is related to high 
porosity and low strength of EPS. 

Coal fly ash is an industrial solid by-product of coal combustion. The physical properties, as well 
as the chemical and mineralogical compositions of fly ashes, depend mostly on the source, the 
composition, and the process of combustion of the coal used in the thermal power plant [11]. Coal fly 
ash is a mineral mixture mostly composed of a variety of oxides such as SiO2, and Al2O3, as the two major 
components and metal oxides which can be alkaline, alkaline earth, and transition metal oxides [12,13]. 
A recent review presented the physicochemical properties of coal fly ash and its potential applications. 
The researchers reported that the reuse of fly ash in soil improvement, the construction industry, the 
ceramics industry, and the synthesis of zeolites remain a good ecological options to minimize the 
problem of waste disposal and reduce environmental problems, which will add value to the by-products 
generated by thermal power plants [14]. 

In recent works, to understand the behavior of expanded polystyrene-based materials at the 
macroscopic level, it is important to investigate the mechanisms of interaction between the phases of 
the material at microscopic scale. In this context, several researchers have used X-ray computed   
micro-tomography to characterize expanded polystyrene reinforced materials at a microscopic scale; 
Dixit et al. [15] used micro-computed tomography (μCT) to study the microstructural properties of a 
lightweight-EPS cement composite. The resulting data was used to distinguish polystyrene beads from 
air voids pores, and therefore to compare the porosity of various mixes; Bouvard et al. [16] investigated 
the use of fluorescent screen in association with X-ray micro-CT to differentiate polystyrene beads in 
concrete and then predict the thermal and mechanical properties through various modeling approaches. 

In this study, a lightweight composite material made with coal fly ash and expanded polystyrene 
waste is adopted as the object of research, and a three-dimensional analysis was performed based on 
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X-ray computed micro-tomography technology to provide the value of porosity and characterize the 
internal morphology of this composite. An adequate process was used to identify and isolate the phases 
of the materials and then selecting a representative elementary volume (REV). In addition, several 
microstructure parameters were explored and characterized quantitatively, including porosity 
distribution, pore surface area, sphericity, pore equivalent diameter, and pore network model. We 
aimed for this research to be a reference for understanding the complex and irregular pore structure of 
polystyrene-based materials and, therefore, for investigating its microstructural characteristics and 
improving the prediction of their macroscopic behavior. Finally, we not only present the development 
and microstructural characterization of a new composite material but also contribute to limiting 
environmental pollution resulting from the disposal of solid and plastic wastes. 

2. Materials and methods 

2.1. Material and sample preparation 

The composite material studied in this work was made by combining two types of wastes: FA and 
polystyrene beads using wood glue known as polyvinyl acetate (PVCA). The composition of FA-PVCA 
composite reinforced polystyrene beads is shown in Table 1 in terms of volume ratio. The EPS        
beads, 4–6 mm in diameter, were spherical in shape and had an extremely very low density around 20 
and 30 kg/m3 [5]. FA was used in this study and obtained from the Supercritical Power Plant of Safi, 
Morocco, and used without any modifications [17].  

Table 1. Composition of FA-PVCA composite reinforced polystyrene. 

Materials Volume ratio 

Fly-ash 28% 

Polystyrene beads 51% 

PVCA 21% 

2.2. X-ray micro-tomography 

X-ray computed micro-tomography is a non-destructive measurement technique [18], which 
provides the characterization of the three-dimensional distribution and geometry of pores (i.e., size, 
sphericity, and volume distribution) in many porous materials without any previous preparation [19], 
or any changes to their structures [20,21]. This technique has become popular in characterizing the 
microstructural properties of many materials such as cementitious materials [22,23], metal matrix 
composites [24,25], and fiber reinforced concrete [26,27]. However, X-ray computed micro-tomography 
presents major disadvantages related to the limits in spatial resolution and the difficulty to distinguish 
material components with similar densities. 

X-ray computed micro-tomography is based on the absorption of X-rays on material density. 
When X-rays are performed on the test sample, the intensity of the X-ray beam will be absorbed by 
the chemical constituents of the material. The transmitted beam creates a series of radiographs called 
projections for different directions of irradiation. X-ray projections corresponding to various angular 
positions of the sample are collected using a special detector that transforms X-ray energy into visible 
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radiation (Figure 1). Visible light is transformed into grayscale images, and the resulting images are 
stacked to reconstruct the three-dimensional structure of material [28]. The gray level obtained on each 
acquired projection is not only related to the density and absorption capacity of the various components 
of the material, but also to the energy of the X-rays. Therefore, in radiographic projections, phases with 
higher-density attenuate more X-rays and appear darker, while low-density phases attenuate fewer      
X-rays and appear brighter [29,30]. 

 

Figure 1. Shematic representation of X-ray tomography principle. 

2.3. Image processing 

Three large sample sizes (30 × 30 × 30 mm) were scanned at LMPS (Laboratoire de Mécanique 
Paris-Saclay, France) using the tomograph X50 (North Star Imaging, Rogers, USA), which had a focus 
tube with focal spot up to 1 μ, a flat-panel detector with a resolution of 256 × 256 pixels, and an 
adjustable rotary stage. The scans were performed using a microfocus rotating anode X-ray source at 
controlled conditions of 25 °C and 50% relative humidity. The parameters of the tomograph were the 
same as those in the study presented by Maaroufi et al. [31], including a tube voltage of 70 kV, a 
current of 200 µA, and a set of 1200 projections acquired over 360°. The reconstructed volume of the 
composite was obtained through a filtered back projection algorithm using efX-CT software (efX, 
North Star Imaging, Rogers, USA) that was compatible with the tomograph X50. Regions of interest 
were selected from the central part of each reconstructed volume in order to perform the image processing. 

The image processing was carried out using Avizo 3D-Image visualization software (Avizo, 
Thermo Fisher Scientific, Waltham, Massachusetts, USA). It enabled extracting and analyzing pore 
information inside each zone of interest following a procedure that converted the original raw pixel to 
a 3D labeled one. The raw volume obtained by the X-ray micro-tomography usually contained some 
artifacts and noises, which had a negative effect on the quality of the reconstructed volume. A median 
filter was used to reduce noise and improve the quality of the original raw volume [32]. 

After the completion of volume filtering, an image segmentation process was followed to detect 
the porosity apart from the composite matrix and then identify the polystyrene beads and mark them 
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as a distinct phase. To identify the polystyrene beads individually, Avizo software provided an 
interface composed of four views: a 3D visualization of the sample and three orthogonal slices 
corresponding to the X, Y, and Z directions. This setup enabled the bead to be located in all three 
planes and enabled the sample volume to be examined in order to identify each bead one by one. After 
selecting the bead in the three orthogonal planes, the region of interest was expanded from a manually 
defined control point. The tolerance parameters of the segmentation tool were adjusted according to 
local image contrast to prevent the contour from extending beyond the true boundaries of the bead. 
This approach reduced the risk of misclassification between expanded polystyrene beads and adjacent 
air voids, thereby improving the reliability of phase boundary determination. This procedure must be 
repeated for all beads within the sample. They can be easily distinguished from pores by their perfectly 
spherical shape and their diameter, which ranged between 4 and 6 mm. The main challenge of this 
method lay in the time and manual effort it required. This process was based on the gray level value 
of different material phases and also to assume polystyrene beads as a spherical closed macro-pores. 
The threshold was carefully adjusted on 2D images of XY, XZ, and YZ, and the optimized threshold 
was applied to the entire slices for 3D volume [33]. Also, the reconstructed volume of the composite 
was converted to 668 sliced images, and the obtained images were imported to another image 
processing software, ImageJ (ImageJ, National Institutes of Health, Washington, USA), which enabled 
us to determine the distribution of the total porosity along the three directions (X, Y, Z). After 
performing image segmentation, a comprehensive analysis of the 3D volume was conducted to gather 
detailed information on the characteristics of individual air voids pores and polystyrene beads 
separately such as volume fraction, sphericity, pore equivalent diameter, and coordination number. 
The 3D analysis is discussed in detail in the following sections. 

3. Results 

Figure 2 shows the 3D and 2D Tomographic reconstructed volume with a voxel size of 33 µm of 
the manufactured composite. We can see that the studied composite material consists generally of two 
major parts: the light gray pixel is the fly ash-PVCA solid matrix, while the dark gray pixel represents 
the total porosity, which includes polystyrene beads and air voids. The difference in gray pixel colors 
was a result of the difference in densities of pores and matrix. 

The black phase corresponded to the total porosity (air voids and the polystyrene beads) that is 
not dense and has a low ability to attenuate X-rays. 

The histogram obtained after image processing of the 3D tomographic images using ImageJ 
software (8-bit format, rescaled from 0 to 250 gray levels) shows two Gaussian distributions equivalent to 
the two phases (Figure 3). The following results describe the microstructural analysis performed thereafter. 
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Figure 2. 3D and 2D Tomographic reconstructed volume of the manufactured composite 
corresponds to 739 × 733 × 793 voxels. Voxel size is 33 µm. 

 

Figure 3. Gray levels histogram of the 3D reconstructed tomographic volume of the composite. 
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3.1. Two-dimensional characterization 

In this part, a two-dimensional reconstruction of the volume of interest was performed. The 
individual 2D pores in the XY, XZ, and YZ directions of the obtained sliced images were identified 
and analyzed using the label analysis model in Avizo software, which enabled us to calculate the 
surface area of each single 2D pore in one sliced image. Figure 4 illustrates the distribution of pore 
area in the XY, XZ, and YZ directions as a function of pores frequency. It was found that the pore 
areas were between 106 and 4.5 × 107 µm2 in all three directions, and more than 84% of total pore areas 
were smaller than 107 µm2; and the other 16% of areas pores were higher than this value. 
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Figure 4. Pore area distribution of total pores (air voids and EPS beads) along the three 
directions (X, Y, and Z). 

This non-uniform distribution of pores in three directions could be confirmed by determining the 
evolution of total porosity along the X, Y, and Z-directions. The distribution of total porosity (air voids 
pores and EPS beads) along the three directions X, Y, and Z was determined based on the average 
porosity in each slice image. The results of the analysis are presented in Figure 5, whereby comparing 
the three curves, the total porosity shows a significant variation and an arbitrary distribution in all 
directions. In addition, large fluctuations of porosity values between two successive images can also 
be observed, which generally indicates many discontinuities; this result proves the inhomogeneity and 
the non-uniform distribution of pores of the composite material. 
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Figure 5. Distribution of the total porosity (pores and EPS beads) in the three directions 
(X, Y, and Z). 

3.2. Determination of representative elementary volume 

Figure 6 shows the REV determination using successive porosity measurements of EPS 
reinforced composite in terms of the edge of the selected sub-volume. Therefore, observed that the 
cubic zone of 11 × 11 × 11 mm3 was the REV in our work, and the measured porosity was around 7.7%. 
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Figure 6. REV based on porosity measurements. 
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3.3. 3D pore analysis 

In order to individualize the pores from the matrix and to analyze the relationship between the 
number of pores and the volume of pores, a 3D segmentation analysis process was adapted using Avizo 
software. The distribution of pore volumes as a function of frequency and volume fraction is illustrated 
in Figure 7, showing that pore frequency decreased while volume fraction increased with pore volume. 
Also, pores with a volume less than 1010 μm3 constituted 94.5% of all pores, but their volume fraction 
accounted for only 2.7%; on the contrary, pores with a volume greater than 1010 μm3 constituted only 5.5% 
of all pores, but their volume fraction covered up around 97% of the total pore volume. 
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Figure 7. Distribution of the volume of pores. 

To better understand this result, a 3D volume rendering of pores was performed using a module 
in Avizo to separate the pores according to their volume, and therefore illustrated the morphology and 
structure of the pores at different sizes and shapes in three dimensions, as presented in Figure 8. The 
figure shows that with increasing pore volume (groups a to f), the regularity of pore geometry became 
apparent, and the large pores (groups e and f) were spherical. 
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Figure 8. 3D volume rendering of classified pores based on the pore volume range (μm3): 
(a) (106, 107], (b) (107, 108], (c) (108, 109], (d) (109, 1010], (e) (1010, 1011], and (f) >1011. 

3.4. Sphericity analysis 

In this part, an additional microstructural analysis of pore morphology properties was performed 
by characterizing the sphericity and 3D pore equivalent diameter. For a given pore, sphericity is a 
quantitative parameter that characterizes the closeness of the pore shape to a real sphere. For a 
sphericity value of one, the pore is considered a perfect sphere, and any pore that is not a sphere will 
have values less than one.  

Sphericity is obtained by the following Eq 1: 

𝑆𝑝ℎ𝑒𝑟𝑖𝑐𝑖𝑡𝑦 =
గభ/య×(଺௏)మ/య

஺
                    (1) 

where V (µm3) is the volume of the pore and A (µm2) is the surface area of the pore [34]. 
Moreover, the equivalent diameter is the diameter of a sphere having the same volume as a 

specific pore and is defined as Eq 2: 

𝐸𝑞𝑢𝑖𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 = ට
଺×௏௢௟௨௠௘య೏

గ

య
                 (2) 

where Volume3d is the 3D volume of a given pore [35]. 
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Figure 9 shows the sphericity distribution of total pores (air voids and polystyrene beads) of the 
composite. As observed, the values of Sphericity of individualized polystyrene beads were mostly 
concentrated between 0.5 and 0.8, while the sphericity of air void pores was in the range of 0.4 and 1, 
and most of these air voids had a sphericity higher than 0.9. We note that the sphericity of some air 
void pores was greater than 1, which can be explained by the presence of too small pores [36]. 

 

Figure 9. Sphericity distribution of total pores of the composite: (a) sphericity of 
individualized polystyrene beads, and (b) sphericity of air void pores. 

Moreover, to determine whether the difference in pore sphericity distribution was associated with 
pore size, a diagram of sphericity versus eqdiameter was plotted. It can be seen from the Figure 10 that 
the plot is in a large area and has no obvious curvilinear relationship.  

 

Figure 10. Distribution of sphericity versus equivalent diameter: (a) sphericity of air voids 
pores, and (b) sphericity of individualized polystyrene beads. 

3.5. Pore network model 

Our objective of this part was to describe the connection between polystyrene beads based on 
their structure using the pore network model in Avizo. The process of extracting the pore network 
model is illustrated in Figure 11 and consists of: (1) creating a binary model by separating the total 
pores (polystyrene and air voids pores) from the matrix; then (2) individualizing the polystyrene beads 
using the filter by measure range module in Avizo to separate the pores according to their volume; and (3) 
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generating the corresponding spheres and tubes, which constituted the pore network model [37–39]. 
Figure 12 shows the coordinate number distribution of individualized EPS beads, where the coordination 
numbers were distributed between 1 and 12, and the average coordination number of each bead throat 
was 5.48. 

 

Figure 11. Construction of the pore network model: (a) binary model of total pore (air 
voids and polystyrene beads); (b) segmentation model of individualized polystyrene beads; 
(c) pore network model (red spheres correspond to polystyrene beads and blue tubes 
correspond to throats); and (d) pore network model-material matrix. 
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Figure 12. Distribution histogram of individualized EPS coordinate numbers. 

4. Discussion 

For the 3D and 2D Tomographic reconstructed volume of the manufactured composite (Figure 2), 
the EPS beads contain 98% air, no more than 2% polystyrene, and have approximately the same density 
as air voids [40]. Therefore, they share the same grayscale values, and the distinction between them is 
difficult. However, using Avizo software, a limiting threshold is used to identify and differentiate all 
the polystyrene beads separately. A gray level histogram, generated by processing the 3D tomographic 
images with ImageJ software, is used to confirm the existence of two distinct phases in the studied 
material. In addition, the pore area distribution of total pores equivalent to the two phases (Figure 4) 
indicates that most 2D pores are small and can be attributed to air void pores; however, large size area 
pores represent polystyrene beads. The analysis of the pore surface shows that the pores are                 
non-uniformly distributed in three directions. On the other hand, it is reported in the literature that the 
REV is the smallest volume that can be measured or simulated to represent the macroscopic behavior 
of a material [41]. The most commonly method used to determine REV is to consider that the REV is 
the lowest volume for which the porosity of the composite becomes stable and independent of the size 
of the sample [42]. To determine the REV, 22 cubic sub-volumes are taken from the center of each 
sample (three samples in total), with increasing size from 1 × 1 × 1 mm3 to 22 × 22 × 22 mm3 (Figure 5). 
Moreover, the results in Figure 6 indicate the presence of two domains for porosity variations. A 
domain of heterogeneity where porosity varies considerably; and a domain of homogeneity where the 
porosity values of the sub-volumes are relatively stable and do not vary significantly. In order to 
individualize the pores from the matrix and to analyze the relationship between the number of pores 
and their volume, a 3D segmentation analysis process is implemented using Avizo software (Figure 7). 
As evident, although small pores are more numerous, they account for only a small proportion of total 
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pore volume. The remaining large pores dominate the total pore volume. Therefore, based on the size 
and the closed structure of polystyrene beads (Figure 8) used in manufacturing this composite, it is 
concluded that groups (a to d) represent air void pores; however, groups (e and f) represent polystyrene 
beads. Consequently, the limit size for defining pores due to air voids is set at 1010 μm3. Any pore 
exceeding this volume is attributed to polystyrene beads. Therefore, all defects identified in the 
reconstructed volume are treated as air voids/pores to ensure consistent quantification and to accurately 
reflect their influence on the overall pore network. Generally, for the sphericity analysis (Figures 9 and 10), 
the shape of the pores is classified into three groups: spherical (ψ > 0.8), disc or rod (0.5 < ψ ≤ 0.8), 
and blade (ψ ≤ 0.5) shapes [43]. The results indicate that polystyrene beads have a disc or rod shape. 
However, for air void pores, the pores with a smaller size have a spherical shape, while the remaining 
pores have a disc or rod shape. On the other side, the pore network model based on Avizo (Figure 11) 
indicate that the red spheres represent the polystyrene beads, and the blue tubes, which connect the 
polystyrene beads, correspond to the throats. The pore coordination number represents the number of 
throats to which a pore is connected [44]. The coordination numbers of most air void pores have a 
value of 0, though they are not considered in this section. In addition, the coordinate number 
distribution of individualized EPS beads (Figure 12) indicates that the spatial topological structure of 
the polystyrene beads inside the studied composite has good connectivity. 

5. Conclusions 

In this work, we have used X-ray micro-tomography to investigate the microstructural properties 
of fly ash-PVCA composite containing expanded polystyrene beads. The analysis leads to the 
following conclusions: (1) the 3D volume of the composite material was reconstructed, and a follow-up 
process enabled us to select and identify all the phases of the studied material. We were able to 
independently observe fly ash-PVCA matrix, polystyrene beads, and porosity due to air voids. The 
results give a value of porosity around 7.7% and a REV of 11 × 11 × 11 mm3. (2) The distribution of 
total porosity (including porosity and EPS beads) in the matrix, determined using aviso and Image-J 
software, shows complex microstructural heterogeneity of the composite, which is related to the      
non-uniform pore distribution in the matrix. (3) The 3D pore structure analysis shows that few large 
pores representing the polystyrene beads dominate the total volume of the studied composite, and their 
spatial topological structure has good connectivity. (4) The sphericity of air void pores in the composite 
is mainly related to the pore size. The results show good sphericity of small pores and complex and 
irregular sphericity of macro-pores. Furthermore, the good sphericity of the individualized polystyrene 
beads confirms that its structural morphology remains unchanged during composite manufacturing. (5) 
The combination of X-ray micro-tomography and image processing is a useful method for non-destructive 
and complete detection of the three-dimensional information of the fly ash-PVCA composite reinforced 
by expanded polystyrene beads. 
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