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ABSTRACT

This paper presents recent advances of the application of the X-ray microtomography
(micro-CT) technique in the characterization of asphaltic materials. Imaging characteristics
to perform micro-CT tests of asphalt concrete and fine aggregate matrix mixtures are
discussed. A procedure developed to perform the digital image processing of the asphaltic
materials images is also presented. The key findings from this paper are: (1) spatial
resolutions between 10 um/pixel and 13 um/pixel are adequate to perform the evaluation
of asphaltic material volumetrics; (2) instead of thresholding, the U-Net architecture can
be used to optimize the digital image processing; (3) a representative volume element
comprising 33% of the sample volume can be adopted for volumetric evaluations of
asphaltic materials; (4) fine aggregate matrix volumetric properties are dependent on the
asphalt mixture volumetrics.

RESUMO

Este artigo apresenta os avangos recentes da aplicagdo da técnica de microtomografia
computadorizada de raios X (micro-TC) na caracterizagdo de materiais asfalticos. Sdo
discutidas as caracteristicas de aquisigdo das imagens para realizar ensaios de micro-TC de
concretos asfalticos e matrizes de agregados finos. Um procedimento desenvolvido para
realizar o processamento digital das imagens dos materiais asfalticos também é
apresentado. As principais conclusdes deste artigo sdo: (1) resolugdes espaciais entre
10 um/pixel e 13 um/pixel sdo adequadas para realizar a avaliagdo da volumetria dos
materiais asfalticos; (2) em vez da limiarizagdo, a arquitetura U-Net pode ser utilizada para
otimizar o processamento digital de imagens; (3) um elemento de volume representativo
considerando 33% do volume total das amostras pode ser adotado para avaliagdes da
volumetria de materiais asfalticos; (4) a volumetria da matriz de agregados finos é
dependente da volumetria da mistura asfaltica correspondente.
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1. INTRODUCTION

Asphalt mixtures are composite materials comprising aggregates, air voids (AVs), and
asphalt binders. The volumetric composition, the characteristics, and the interaction among
such constituents play a key role on the performance of the surface layer of flexible pavements.
Thus, the development and application of research methods that allow the characterization of
these materials is essential for the understanding of their complex behavior.

The X-ray computed tomography (CT) is one of the non-destructive methods to characterize
the microstructure of asphaltic materials. It is a technique that allows the acquisition of images
for the visualization and characterization of morphological parameters of their constituents. CT
has been adopted in different fields, including material science, botany, diagnostic medicine,
zoology, geology, soils, and electronics (Enriquez-Ledn et al., 2022).

The inherent heterogeneity of composite materials makes the use of CT adequate, given
that their constituents present varying density and chemical composition, which results
in distinct abilities to absorb radiation. This difference in the absorption and attenuation
of the waves is the key for the acquisition of CT images (Reis Neto et al., 2011).

CT is based on the X-ray attenuation equation, described by the Lambert-Beer Law, which
indicates that the intensity of a beam of monochromatic light decreases exponentially as the
thickness of the absorbing medium increases arithmetically (Augusto, 2016). In the process, a
source emits a photon beam with intensity I, and these X-rays pass through the object. The
interaction between the photons and the elements that constitute the objects attenuates the
intensity of the X-rays, which leave the object with a smaller intensity, I, which is then measured
by the detector (Palombo, 2017). After that acquisition of the projections, the sections of the
object are reconstructed, which leads to the generation of two-dimensional digital images.
Those may in turn compose a three-dimensional image.

A digital image is composed by a group of pixels (picture elements). The pixel is the
smallest unit of the digital image. Such an image is a matrix in which each element is a
number representing the color or the intensity of the pixel in the corresponding position
of the real image (Gonzales and Woods, 2010). In three-dimensional images, the units are
named as voxels, a neologism created from the combination of the words volume and
pixels. The voxels correspond to the pixels and to their depth.

In a digital image, the spatial resolution describes the smallest portion of the image that
can be captured, i.e., it indicates the smallest distance between two distinct points. The
resolution is taken as the inverse of the real size of the pixel (pixel size). It is a key parameter
in CT characterizations, as itis related to different features of the system, including: i) distance
between the X-ray source and the detector from the sample; ii) binning; and iii) optical
magnification with the aid of lenses. Thus, the resolution should be carefully evaluated t
guarantee representative results for the object of interest.

This research effort presents a systematic literature review using the bibliometrix tool
(Aria and Cuccurullo, 2017) and focusing on the Web of Science database. Using combinations
and Boolean operators of the type Topic, 20 papers were found. The search considered title,
abstract, and keywords, and was made according to the description (((TS=(x-ray computed
tomography)) AND TS=(asphalt concrete mixtures)) AND TS=(digital image processing)). After
the compilation of the obtained information, the manuscripts were manually evaluated to
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differentiate TC and micro-TC efforts. The snowball selection method (Goodman, 1961) was
also adopted.

Some authors have used CT to evaluate the microstructure of asphalt materials (Sadeq et al,,
2018; Shaheen, Al-Mayah and Tighe, 2016; Thyagarajan et al,, 2010; You, Adhikari and Emin
Kutay, 2008; Tashmanetal, 2002; Masad etal, 1999; 2002). The study carried out by
Masad et al. (1999) identified the distribution of AVs in laboratory and field specimens. In
samples produced in the laboratory with low compaction energies, the distribution of air voids
was more homogeneous, mainly in the central region of the samples. In the case of field samples,
the AVs decreased with the depth of the asphalt surface layer. These results were corroborated
in the study by Tashman et al. (2002), in which the distribution of air voids was more uniform
on the horizontal axis than on the vertical axis. Another AV distribution study was carried out
by Thyagarajan et al. (2010). It was found that the use of saws to trim the samples reduces the
vertical heterogeneity, but does not influence the horizontal heterogeneity.

In Brazil, Nascimento etal. (2006) used CT to evaluate the AV distribution of
laboratory-compacted samples considering Marshall and Superpave procedures. They
also analyzed specimens obtained in the field and concluded that the extraction of cores
is not necessary to perform testing with cylindrical specimens of asphalt mixtures.

Although important observation about the characteristics of air voids within asphalt
mixture samples could be drawn from these studies that adopted CT procedures, the pixel
size and the image segmentation were limiting factors to obtain more conclusive results.
Underwood (2011) indicated that the limitation resulting from the spatial resolution may
generate results that are not representative, given that resolutions around 310 pum/pixel
are not sufficient to identify and characterize most of fines and fillers.

Considering that asphalt mixtures generally contain micrometric particles in their
composition, it may be necessary to adopt more robust techniques such as the X-ray
microcomputed tomography (micro-CT). The micro-CT is similar to the CT, but produces
images in three dimensions with spatial resolutions near one micrometer (Landis and Keane,
2010). Recent research on the microstructural characteristics of asphalt concretes (ACs) and
fine aggregate matrices (FAMs) from micro-CT images have adopted distinct resolutions, as
shown in Table 1.

Table 1: Resolutions of micro-CT images adopted by different researchers

Author Resolution (um/pixel)
Enriquez-Ledn et al. (2021) 3.0
Souza et al. (2022) 6.0
Enriquez-Ledn et al. (2021; 2022) 7.0
Amelian et al. (2019), Osmari et al. (2020) 7.8
Hu et al. (2015), Hu et al. (2017), Souza et al. (2022) 10.0
Enriquez-Ledn et al. (2021) 13.0
Enriquez-Ledn et al. (2021), Chen et al. (2022) 14.0
Souza et al. (2022) 20.0
Enriquez-Ledn et al. (2021) 22.0
Zhao et al. (2021) 28.7
Zhang et al. (2015) 40.0
Onifade et al. (2013) 59.0
Onifade and Birgisson (2016) 59.0
Wang et al. (2018) 60.0
Sun et al. (2022) 78.0
Liu et al. (2018), Kollmann et al. (2019a; 2019b) 80.0
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Although some authors have demonstrated the potential of the micro-CT for the
microstructural characterization of ACs, additional studies are required to define a
procedure for the selection of parameters that are adopted in these tests. Additionally,
several simplifications are often adopted in the digital image processing (DIP) step, which
follows the tomography tests. This may compromise the accuracy of the results, as the
images are generally not treated and segmented with procedures that allow to minimize
the dependence of the DIP operator skills on the reproducibility of the results.

The use of artificial intelligence (AI) in the DIP is a good alternative to automatize the
analysis procedure (Yangetal, 2022; Enriquez-Lednetal, 2022; Jiangetal, 2018).
However, depending on the sample dimensions, the procedures may present a prohibitive
high cost and require a significant computational effort. Thus, analyses considering the
representative volume element (RVE) should be conducted to identify the sample
dimensions that can provide results that represent the global characteristics of the material
(Al-Raoush and Papadopoulos, 2010).

This paper presents recent advancements in the application of the micro-CT technique
for the characterization asphaltic materials. Several aspects are discussed, including spatial
resolutions, DIP, and RVE for ACs and FAMs. A recently developed procedure to perform the
DIP is presented. Finally, the relationship between volumetric characteristics of ACs and
FAMs identified from micro-CT analyses is also analyzed.

2. MICRO-CT OF ASPHALTIC MATERIALS

Figure 1 illustrates the steps for the acquisition and analysis of images of an asphalt
mixture using micro-CT. The reconstruction of the images considering slices of the object of
interest is based on the direction of the X-rays that cross the samples in distinct trajectories
(Travincas et al.,, 2023).

Sample

Detector

-
Lens

X-ray beam
=

X-ray source

Reconstruction/DIP Micro-CT

Holder

Analysis of air void @
in the sample

3D rendering Segmentation

Figure 1. lllustration of the micro-CT process adopted to quantify the microstructural characteristics of
asphaltic materials (adapted from Zelelew et al., 2013 and Tashman et al., 2002)

2.1. Micro-CT image resolution of asphaltic materials

In a digital image, the unit of the spatial resolution is distance by number of pixels
(Gomes, 2007). This resolution is a key parameter in micro-CT analyses and must be
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carefully evaluated to guarantee good results. As an example, Osmari et al. (2020) and
Amelian et al. (2019) adopted a resolution of 7.8 um/pixel. Figure 2 exemplifies the effect
of the spatial resolution on the quality of micro-CT images.

a) k)

200 pm | A ’ L
Figure 2. Effect of the spatial resolution on the characterization of AVs:
a) cross sections and b) 3D rendered images

Enriquez-Leon et al. (2021) evaluated the microstructural air void characteristics of
ACs considering different spatial resolutions, i.e., 3 pm/pixel, 7 pm/pixel, 14 pm/pixel,
and 22 pm/pixel, as illustrated in Figure 3. The maximum variation among the
resolutions of 3 um/pixel, 7 um/pixel, and 14 um/pixel was 3.5%. When compared to
the other resolutions, the results for 22 pm/pixel presented a maximum variation of
8.1%. This result was corroborated by other tests considering resolutions of 7 um/pixel
and 13 pm/pixel, for which the maximum variation was 1.9%. Based on these results,
13 um/pixel was selected as an adequate spatial resolution for AC characterizations.

16%

14%
12%
10% k=

8%

6%

Air void content

4%

F, 13 um
s AC, 1.2, 7 pm
--------- AC, 12,22 pm
0% . : : ' '

0.0 2.0 4.0 8.0 10.0

2%

6.0
Hight (mm)
Figure 3. Characterization of AVs using different spatial resolutions in an AC sample (Enriquez-Ledn et al., 2021)

TRANSPORTES | ISSN: 2237-1346 5



Souza, T. D.; et al. Volume 31 | Ndmero 1 | 2023

Souza et al. (2022) adopted three resolutions for the microstructural characterization of
air voids in FAMs, i.e,, 6 pm/pixel, 10 pm/pixel, and 20 um/pixel. The maximum variation
between the resolutions of 6 um/pixel and 10 um/pixel was 2.5%. When compared to the
other resolutions, the 20 pum/pixel resolution presented a maximum variation of 19.9%.
Thus, 10 um/pixel was selected as adequate to characterize the AV content in FAMs.

3. DIP OF ASPHALTIC MATERIALS

Du Plessis and Boshoff (2019) evaluated that the analysis of micro-CT images is
cumbersome and involves complex procedures. It may be significantly affected by the
skills of the operator if thresholds are manually selected in the segmentation process.
Thus, it is necessary to advance on the development and application of automatic and
standard analysis procedures.

DIP is a key step for the acquisition of microstructural characteristics of the materials.
It can be divided in three parts: pre-processing, segmentation, and post-processing.

After evaluating several images of asphaltic materials, Souzaetal. (2022; 2023),
Enriquez-Léon etal. (2021; 2022), and observed that the pre-processing involves two
main steps: histogram equalization and application of the Non-Local Means Denoising
(NLM) filter (Buades et al., 2011). Figure 4b illustrates the histogram equalization of an
image to evenly redistribute the intensity values of the pixels in an AC sample. With the
use of this tool, the amount of pixels is similar for any gray shade and the image
histograms become more uniform. The NLM filter reduces the noise of the image without
compromising the quality in the borders. With that filter, the peaks are better defined in
the post-application histogram, as shown in Figure 4c.

mJ
Figure 4. Example of pre-processing: a) original micro-CT image, b) pre-processed image with equalization, and
c) pre-processed image with NLM filter

Figure 5 presents an example of an image after pre-processing in which two AC phases
can be identified: aggregates and mastic in gray, and AVs in black. To identify pixels and
quantify the AVs or other constituents, it is necessary to segment the images.
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+ Air voids
é p-‘;\
Figure 5. AC constituents: a) original image and b) amplified image

During the segmentation, the gray shade of the pixels is used to differentiate the
material constituents and generate a binary image. In the analysis of the image histogram,
a threshold is identified. The pixels with gray shade below that threshold are converted
to white and the remaining pixels are converted to black, or vice-versa (Gomes, 2007).

To perform the DIP segmentation, a variety of techniques may be employed. The most
common, known as threshold (TH), is limited, given that the definition of the threshold depends
on the skills of the operator, on the homogeneity of the images, and on the complexity of the
material. Thus, it is hard to guarantee the reproducibility in this process. Figure 6 presents
variations on the AVs in the AC sample segmented considering four different TH values.

Figure 6. Application of TH in an AC image: a) original, b) with TH of 30, c) with TH of 35, d) with TH of 40, and
e) with TH of 45

One of the main limitations of TH is the sensibility of the results. Within the selected range
in the example above, i.e,, TH between 30 and 45, the average of AVs was between 4.11% and
8.32%, as shown in Figure 7. This represents a relative error of 51% and highlights the
importance of the study of other segmentation techniques to provide more accurate results.
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Figure 7. Distribution of AVs in an AC sample for different TH values

New techniques developed within the field of Al, such as machine learning and deep
learning, have emerged as promising alternatives to improve the reproducibility and
efficiency of processing times (Yangetal, 2022; Enriquez-Lednetal, 2022; and
Jiang et al., 2018). According to Bezerra et al. (2020), Al can be applied to DIP and offer
optimization for segmentation, as it allows training only a few slices or sections of the
sample, generating a pattern recognition that can be replicated in the entire sample or in
new samples that have similar characteristics. Although humans are more competent than
computers in recognition tasks, Al techniques are capable of making the segmentation
process much faster and more reproducible, which is extremely difficult with the use of
the TH technique due to the complexity of the microstructure of asphalt materials.

Al techniques use computer programs such as Fiji/Image] (Schindelin et al., 2012) and
Dragonfly (Provencher, Piché and Marsh, 2019; ORS, 2020). With these programs, it is
possible to train neural networks to identify air voids, minimizing operator-related effects
accurately. The efforts by Souza et al. (2022) and Enriquez-Léon et al. (2022) suggest that the
U-Net architecture has been successful in segmenting micro-CT images of asphalt materials,
as shown in Figure 8.

Figure 8. Segmentation of AVs in AC using the U-Net architecture (Enriquez-Léon et al., 2021)

After segmentation, some computational operations are required in post-processing to
correct possible noises that may occur during the acquisition of micro-CT images. The first
operation that may be necessary for post-processing is stitching to join the micro-CT images
of a specimen to create unique specimens. Other morphological operations must also be
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applied, including filling in internal areas and removing insignificant air voids, which are
actually noises with tiny dimensions when compared to other AVs. Then, the samples can be
rendered in three dimensions. Three-dimensional rendering consists of generating virtual
images representing the real object as the final result of the DIP.

4. RVE OF ASPHALT MATERIALS

The RVE can be defined as a minimum volume for which the measurable macroscopic
characteristics of a porous medium remain constant. This means that for a given volume,
the variations of the measured properties of a sample are minimized to the point of
reaching a stability plateau (Al-Raoush and Papadopoulos, 2010).

Table 2 and Figure 9 present the candidate cylindrical geometries for RVE selected to
perform the characterization of AVs in AC. In turn, Table 3 and Figure 10 present the
candidate cylindrical geometries for RVE selected to characterize FAM AV contents.

Table 2: Candidate geometries for RVE of AC

. Percentage of the height Percentage of the diameter
ID of the tentative RVE of the AC sample of the AC sample
A 100 100
B 75 100
C 50 100
D 33 100
E 25 100
F 100 50
G 75 50
H 50 50
I 33 50
J 25 50

Figure 9. Candidate geometries for RVE of AC (Enriquez-Léon et al., 2021)
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Table 3: Candidate geometries for RVE of FAM

. Percentage of the height Percentage of the diameter
ID of the tentative RVE of thegFAM sampleg of thtga FAM sample

A 100 100

67 100

50 100

33 100

100 50

67 50

50 50

33 50

Figure 10. Candidate geometries for RVE of FAM (Souza et al., 2022)

Candidate geometries of cylindrical RVEs with volumes larger than 33% of the volumes of
the corresponding original specimens showed minor differences in air void content
compared to the original samples. Thus, the tentative RVE with 33% of the testing specimen
volume (Figures 10d and 11d) was the most optimized, allowing for a balance between the
practicality of image acquisition and its adequate representativeness. This means that the
central third portion makes a good reproduction of the total AVs of the FAM and AC
specimens. This information is essential to reduce micro-CT and DIP time and computational
costs. It is worth noting that this RVE was defined for volumetric analyses. RVEs for other
characteristics, such as mechanical behavior, should be evaluated in future work.

5. RESULTS OF MICRO-CT APPLICATION IN VOLUMETRIC EVALUATIONS OF ASPHALT
MATERIALS

This section compiles the experience of the authors and several results from micro-CT
applications to evaluate asphalt materials in a single analysis (Souza etal, 2022; 2023;
Enriquez-Ledn et al., 2021; 2022). Based on these research efforts, it may be concluded that
micro-CT is an adequate technique to measure the air void content of FAMs and ACs. As
shown in Figure 11, a good correspondence was observed with the laboratory conventional
method (LCM), which consists of determining the maximum and bulk specific gravities of
asphalt mixture samples to calculate their air void content (Souza et al., 2022; Enriquez-
Ledn etal, 2021).
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The total air voids (total AVs) obtained from micro-CT can be subdivided into two groups,
open and closed AV (Bruker, 2020). Open air voids are connected to the sample outer surface
and are assumed to be permeable. Closed air voids, on the other hand, do not interact with the
external surface, so they are theoretically impermeable (Enriquez-Ledn et al., 2022).

Asphalt mixtures (samples A to G) with higher air void content also showed a higher
percentage of open air voids, identifying a strong correlation with the LCM, as seen in Figure 12.
For the FAM (sample H), this correlation did not apply, as closed AV had a higher percentage
than open AV. This fact can be attributed to the characteristic size of the air voids, since in the
FAM the air voids were much smaller than in the AC. However, the results of FAM total AVs
obtained from micro-CT (2.98%) and MCL (2.90%) were very similar.

12%
10%
=
s &%
=
=]
<
=g 6%
)
4
-
Z 4%
2%
0%
BLCM 10,92% | 3,00% 11,50%
= Micro-CT (total AV) 1045% | 3,75% 9,53%
7 Open AV 1041% | 3,22% 9,42%
B Closed AV 0,04% | 0,54% 0,12%

Identification of samples
Figure 11. Comparison between air void contents obtained by different methods for ACs and FAMs
(Souza et al., 2022 and Enriquez-Ledn et al., 2021)

12%
y=0,8919x
= 10% F R2=0,972 Oo
z "
> 8% I
g
T % f O _
] o
g 4% oo
I~ o F
« 0.0
2% 0 AC samples
0 FAM sample
0% D 1 1 1 1 1
0% 2% 4% 6% 8% 10% 12%

Open AV content using micro-CT
Figure 12. Correlation between open AV content obtained by micro-CT and LCM (Souza et al., 2022 and
Enriquez-Ledn et al., 2021)

TRANSPORTES | ISSN: 2237-1346 11



Souza, T. D.; et al. Volume 31 | Nimero 1 | 2023

After identifying micro-CT as a suitable technique to quantify air voids in ACs and FAMs,
Enriquez-Ledn et al. (2021) developed a methodology to determine the air voids belonging
to the FAM phase within the ACs, considering the interaction between the AVs and the
aggregates as a criterion for classifying types of air voids, as illustrated in Figure 13. Thus,
the air voids that touched the coarse aggregate particles were excluded from the images.

An envelope was implemented around each aggregate particle to determine the
interaction limit between air voids and aggregates, whose thickness varied between 0 pm and
150 pm. Then, the group of resulting images was visually evaluated to identify which values
eliminated the air voids touching the coarse aggregates. The 150-pm envelope eliminated all
AVs touching the coarse aggregates. The FAM AV was between 18.5% and 36.1% of the total
AV in the corresponding AC mixtures. Furthermore, a strong correlation was identified
between air voids in AC and its corresponding FAM, as illustrated in Figure 14. This
correlation can be helpful in the fabrication of FAM samples with volumetric characteristics
similar to those of FAMs that compose the corresponding ACs (Enriquez-Leon et al,, 2021).

a) b) Coarse aggregate
Fine aggregate
Air voids (AVs)
Mastic

C) Coarse aggregate d) e) Coarse aggregate
Air voids (AVs) FAM AVs within AC mixtures
Fine aggregate + mastic AV of coarse aggregate

Figure 13. a) Cross section image of an AC, b) segmented image of coarse aggregates, fine aggregates, AVs, and
mastic, c) AVs around coarse aggregates particles, d) details of AVs touching coarse aggregates, and e) different
types of AVs in the microstructure of the AC
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Figure 14. Correlation between total AC AV and FAM AV contents

6. SUMMARY AND CONCLUSIONS

This article presents recent advancements in the characterization of asphalt materials
using the X-ray microtomography (micro-CT). Appropriate resolutions and representative
volume element (RVE) were identified for micro-CT testing of these composites. In addition,
a digital image processing (DIP) procedure recently developed by the authors and results
from the application of micro-CT in volumetric evaluations of asphalt materials were
presented. The main conclusions are indicated below.

e Resolutions of 10 to 13 um/pixel were identified as suitable for performing micro-CT
of asphalt materials.

e The U-Net convolutional neural network proved a powerful tool for segmenting images
of asphalt materials acquired from micro-CT.

e The representative volume element (RVE) for volumetric analysis of asphalt materials
was characterized as the central third portion of the samples, which represents 33% of
their total volume. Additional studies should be carried out to characterize RVEs for
other properties of asphalt materials, such as stiffness, moisture-induced damage,
fatigue, and permanent deformation.

e The determination of air voids (AVs) by micro-CT and the laboratory conventional
method (LCM) showed a high correlation, indicating that both methods can quantify
the air voids of asphalt materials. LCM is recommended for expedited analyses, while
micro-CT is recommended for detailed evaluations of asphalt materials.

e The AVs in the fine aggregate matrix (FAM) is strongly correlated with the AVs of the
corresponding asphalt concrete (AC), that is, for the manufacture of isolated FAMs, the
volumetry of the corresponding AC must be considered.
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