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Abstract: Concrete has served an essential role in many infrastructural projects. Factors including
pore percentage, pore distribution, and cracking affect concrete durability. This research aims to better
understand pore size distribution in cement-based materials. Micro-computed tomography (micro-
CT) pictures were utilised to characterise the interior structure of specimens without destroying
them. The pore dispersion of the specimens was displayed in 3D, utilising the data and imaging
techniques collected, and the pore volume dispersion was examined using a volume-based approach.
Another way to describe heterogeneous pore features is the chord-length distribution, which was
calculated from three-dimensional micro-CT scans and correlated with the traditional method. The
collected specimens were subjected to physical and mechanical testing. In addition, image processing
techniques were used to conduct the studies. The results showed that the chord-length distribution-
based pore size distribution is very successful than the traditional volume-based technique. The
acquired data could be used for research and to forecast the characteristics of the materials.

Keywords: image processing; pore microstructure; multiphysics concrete model; SEM

1. Introduction

Concrete is one of the most extensively utilised building materials in the world. Aggre-
gates, cement, water, and any other additives required to achieve the specified specification
of concrete. C2S, C3A, C3S, C4AF, and CSH2 are the five major components of cement which
determines the strength of concrete. In concrete, porosity is one of the important charac-
teristics that directly affects the strength and durability of cement-based materials [1,2].
Gel pores, capillary pores, and air Voids make up the pore structure of cement-based
materials, and the pores are randomly sized, organised, and connected [3]. Two- and
three-dimensional (2D and 3D) imaging methods were used to compare the pore volume
dispersion of concrete with varied air entraining admixture doses to anticipate the material
characteristics. The relationship between the pore features of the specimens and their
mechanical properties was investigated. As concrete buildings are subjected to a variety of
hazardous conditions, research into the long-term durability of cementitious composites
has attracted much interest. Concrete is prone to degradation during freeze/thaw cycles [4],

Crystals 2021, 11, 1476. https://doi.org/10.3390/cryst11121476 https://www.mdpi.com/journal/crystals

https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0002-4434-6295
https://orcid.org/0000-0002-2279-1240
https://orcid.org/0000-0002-1196-8004
https://doi.org/10.3390/cryst11121476
https://doi.org/10.3390/cryst11121476
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/cryst11121476
https://www.mdpi.com/journal/crystals
http://www.mdpi.com/2073-4352/11/12/1476?type=check_update&version=2


Crystals 2021, 11, 1476 2 of 16

and as a result, it can degrade visibly in the winter. The hazard of concrete degradation due
to freeze-thaw cycles is significant in critical applications, including foundations, dams,
pavements, and bridges [5–10]. Xie et al. [11] investigated the high-temperature resistance
of carbonise concrete and proposed a constitutive equation for predicting the compressive
properties of concrete during high-temperature exposure. The air-void system of concrete
determines how well it performs under freezing and thawing situations. Furthermore, in
terms of longevity and the mechanical/ physical characteristics of concrete buildings, it is
essential to determine the distribution of air holes and pore volume [12].

The interquartile range between a point in concrete mixture and the nearest void’s
edge is determined by spacing factor, L. It is the essential defining characteristic required
for safeguarding concrete against thawing and freezing activities. Furthermore, air pore
concentration, size, and distribution are important for longevity and concrete buildings’
physical/mechanical characteristics [13]. For appropriate design and evaluation of concrete
durability and performance in an open environment, accurate measurements of void
characteristics and microscope-based standard are required as per ASTM C-457 [14]. ASTM
C-457 [14] and its European counterpart EN 480-11 [15] are the most frequently utilised
methods for assessing the air void arrangement in concrete at present.

The use of destructive testing procedures to determine compressive strength reduces
the cross-section of structural components due to spalling, lowering load bearing capability.
These methods are also time-consuming and costly. Instead, quicker and more cost-effective
methods for estimating concrete’s compressive strength are required. Non- destructive
testing like pin penetration, ultrasonic velocity, and pull-off provide estimated findings on
concrete compressive strength using numerical formulae involving a series of experiments
conducted in a laboratory setting [16–20].

Image processing is the computer-assisted replication of human vision-based activi-
ties. Many techniques, like image generation, image digitalisation, categorisation, image
augmentation, classification, recording, and imagining, are included in image process-
ing methods [21]. Several studies have been published in the literature that use image
processing techniques to analyse concrete’s physical and mechanical characteristics. Jen-
nings et al. [22] employed a range of image processing approaches to determine the type
of pore structure in back-scattered electron pictures containing bright sections. Two-point
correlation and fracture analysis are two image-processing techniques they utilised for
dimensioning. Gaydecki et al. [23] employed a portable scanning device with an inductive
sensor to identify steel bars embedded in concrete. With this technique, it is able to generate
16-bit gray-leveled images and it is able to extract numerous characteristics about the steel
bars buried in concrete using image processing techniques on these pictures. To investigate
the mechanical behaviour of concrete, mortar and high-performance concrete specimens
under semi-static stress, Huon et al. employed infrared thermography and digital image
correlation [22]. Surface polishing, cutting, surface contrasting, and drying take time
in the preparation of samples for testing [24–26]. The incorporation of 2D based image
techniques using a linear traverse method may not be as representative as the predicted
air-void system, since in this method, measurements are limited to one dimension (1D),
while air-voids are actually distributed in a three-dimensional (3D) space in hardened
concrete. To overcome the limitations mentioned above and to more effectively investigate
target materials, a different non-destructive approach which can describe both 2D and 3D
objects is needed. X-ray microcomputed tomography (micro-CT) can be used for further
investigation of the pore structure of concrete without damaging the material [27–30].

Microcomputed tomography produces a sequence of cross-sectional pictures of the
desired material, from which a 3D image is created by stacking 2D images. The three-
dimensional dispersion of concrete substances, such as aggregates and pores, may be
characterised and analysed in 3D using the micro-CT image produced. The data acquired
can be used to explore more complicated studies, like those involving component size and
morphology distributions, qualitatively and quantitatively. Micro-CT has been utilised to
examine the pore volume of cement composites because of these benefits [31–34].
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Most research has utilised volume-based measurement to investigate pore properties
using microcomputed tomography, notably pore volume distribution, where the diam-
eter/radius of pores is estimated using the volume of the particle and the formula for
estimating sphere volume [10,35–38]. The pore volume distribution of a focused mate-
rial has been described using the volume-based method by utilising the maximum ball
algorithm. Traditional volume-based measurements, presume that pores are completely
spherical, limiting their ability to describe anisotropy or variability in pore properties. As a
result, a complementary method for characterising pore structures in 3D is required [39].
Several characterisation approaches have been utilised to measure the porous properties of
cement-based materials [40–45]. Chord length dispersion is a way to express the geometric
features of composite material that may be used to analyse material pore size distribution.
Chords are indeed the distances of line crossings with the interfaces, and chord information
may be used to calculate the diameter of a pore in a particle. This method allows for
a more precise description of particle size properties and pore since it is based on the
measured length. Despite its advantages for characterising material properties, chord
length distribution has seldom been used to examine the pore architectures of concrete due
to its computational difficulty when compared to traditional approaches [46–48].

The pore volume dispersion of concrete specimens of varied air-entraining doses
was investigated in this work by utilising varying water/cement ratios. Concrete com-
pressive strength values rise in tandem with the amount of cement in the mix, as is well
known. The 2D pore volume dispersion was calculated according to EN 480-11 [49]. The
specimens were imaged using micro-CT to produce a series of cross-sectional pictures
without causing damage [50]. The specimens’ pore volume dispersion was calculated by
volume-based technique and the chord-length distribution in 3D using microcomputed
tomography images. As a result, grey colour values in concrete pictures are projected to rise.
However, this research aims to better understand pore size distribution in cement-based
materials. The acquired samples were subjected to mechanical, and durability tests and
image processing techniques were employed on samples with identical mixes. Doing so
attempted to discover if image analysis may be utilised as an auxiliary approach to dis-
ruptive and non-disruptive procedures, as well as the connections between image analysis
findings and concrete mechanical strength values. The porosity in concrete samples is the
one of the important factor influencing concrete strength character, however pores with
diameters smaller than 10 mm has modest effect on the ultimate strength [10]. Due to
the specific surface area, there is no discernible influence on strength. The distribution of
air-voids in concrete specimens predicted using 3D image technique has excellent precision.
Thus, by utilizing the technique of image processing the pore structure of concrete can be
investigated without damage to the specimen.

Furthermore, we attempted to determine the cement matrix and ratio of aggregate.
The results of the micro-CT scan were compared to the outcomes of the experiment. The
efficacy of the investigations employed in this study was proven by demonstrating a link
between the pore features acquired and the mechanical strength of the samples. The
research findings of Arularasi et al. [51] show that paste and mortar rheological behaviour
is identical in the presence of a mineral combination of fly-ash and GGBS

Both cement–fly ash and ternary combinations have relatively better shear and impact
resistance as compared to OPC fly-ash based composites [51–57]. Siva et al. [50] conducted
experiments to overcome the limitations mentioned above and to more effectively investi-
gate target materials a different non-destructive approach which can describe both 2D and
3D objects is needed. X-ray microcomputed tomography (micro-CT) can be used for further
investigation of the pore structure of concrete without damaging the material [24–27]. The
work of Jarosław Michałek et al. focuses on methods for evaluating the internal structure
of spun concrete that can be used in practise to ensure that the spinning parameters chosen
are correct. Following that, imaging techniques and appropriate image processing were
used to assess the spatial distribution of pores, aggregate, and cement matrix based on early
results reported in [58,59]. Images were used to examine the microstructure of concrete
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and forecast its interior properties. For the cost-effective rehabilitation of ageing and disin-
tegrating concrete structures, new approaches for precise and timely condition evaluation,
performance prediction, and maintenance management are continually being developed.
To this purpose, imaging techniques are becoming more popular due to their high potential
for providing accurate information on a structure’s viability. To obtain concrete imagery,
non-destructive testing techniques such as optical images, which present surface image
data, infrared thermography and acoustics, which are used for subsurface conditions, and
ground penetrating radar, which is used to obtain below-surface information of a structure,
are used. This study provides a technical overview of imaging principles and potential
methodologies for the automated identification, measurement, and characterization of
pores in concrete.

2. Materials and Methods
2.1. Materials Preparation of Test

This study employed aggregate and sand ingredients to make the concrete sample.
The aggregates came in two kinds (sandstone and limestone) and were in their original,
undisturbed state. Table 1 shows the chemical properties of the cement used in concrete.
According to ACI 2111-91 [60], the volumetric technique developed and produced concrete
mixes in the laboratory. Tables 1–5 shows the properties of cement, fly-ash and aggregates
obtained from Astra Chemicals.

Table 1. Properties of cement.

Material Physical Properties Test Result

Ordinary portland cement
53 Grade

Consistency (%) 26
Initial Setting Time (min) 179
Final Setting Time (min) 289
Fineness dry sieving (%) 5.1

Compressive Strength N/mm2
18.2 MPa (3 days)
37.5 MPa (7 days)
56.8 MPa (28 days)

Table 2. Properties of coarse aggregate.

Material Physical Properties Test Result

Coarse Aggregate

Specific Gravity 2.80
Soundness 2.58

Moisture Content 0.11
Water Absorption (%) 0.56

Bulk Density Loose (kg/m3) 1506
Bulk Density Rodded (kg/m3) 1750

Table 3. Properties of crushed stone aggregate.

Material Physical Properties Test Result

Crushed Stone Aggregate (FA)

Specific Gravity 2.72
Bulking (%) 9.55

Moisture Content 0.31
Water Absorption (%) 2.07
Bulk Density (kg/m3) 1668

Silt Content 1.34
Soundness 1.13
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Table 4. Properties of fly-ash.

Material Physical Properties Test Result IS 3812:2017

Fly-ash

Normal Consistency, (%) 30.5%
Initial Consistency Setting Time, (min) 193

Final Setting Time, (min) 429
Strength Index with Cement 54.2

Dry Density (g/cc) 1.4
Plasticity Non-Plastic

Table 5. Oxides of cement and fly-ash.

Oxides Al2O3 CaO SiO2 Fe2O3 K2O MgO SO3 Cl TiO2

Cement % 3.2 71.1 15.8 5.4 0.8 0.7 2.15 0.25 0.6
Fly-ash % 28.9 1.8 57.4 5.8 2.1 0.6 0.9 0.27 2.21

The coarse aggregate size chosen was 20 mm. The fine aggregate particle size distri-
bution is shown in Figure 1. The mix FA5C95 denotes 5% of fly-ash and 95% of cement.
The M20 concrete mix was manufactured according to IS10262:2009, with a mix design
ratio of 1:1.5:2.9 and a w/c ratio of 0.47. The flow table test was used to measure the
consistency of fresh concrete, and the findings showed that it was within the specified
range of 390–440 mm. Density of concrete increases as fly-ash content increased. The fresh
density of the reference mix (without fly-ash) was 2083.4 kg/m3, which steadily increased
to 2325 kg/m3 as the amount of fly-ash in the mixture was increased. The moulds were
placed on a vibrating table, the produced new concrete was poured in two layers of 50 mm
thick in cubic moulds of 100 × 100 × 100 mm3 in accordance with ACI 2111-91 [60] and
in cylindrical moulds of 100 × 200 mm2 in consonance with ASTM C-192 [61]. After 24 h,
the samples were demolded and kept underwater for curing at a constant temperature
(20 ◦C) until the testing day. Hardened concrete parameters, such as dry state density,
compressive strength, water porosity, and water permeability (EN 12390-8), were deter-
mined after 28 days the results are shown in Table 6. Four cubic concrete specimens were
prepared for 28-day mechanical strength testing, and one specimen was utilized to create
computed tomography pictures. The fine and coarse aggregates were first placed into the
mixer, followed by the water and cement, and then combined for five minutes. The cubic
specimens were subjected to uniaxial compressive strength testing in compliance with the
British standard.
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Table 6. Properties and compressive strength of test specimens.

Mixes

Dry
Density

Water
Porosity

Water
Penetration Compressive Strength (MPa)

Kg/m3 Vol.% mm 7 days 14 days 28 days

Control
Sample 2083.4 9.9 ± 0.3 52 12.99 19.17 20.14

FA5C95 2137 9.8 ± 0.3 39 12.51 19.31 20.3
FA10C90 2197.9 9.7 ± 0.3 31 12.19 20.03 20.98
FA15C85 2269 9.7 ± 0.3 25 11.71 20.03 20.78
FA20C80 2325 9.6 ± 0.3 16 11.63 19.46 20.17

To assess the pore size distribution and pore properties of materials [33,62] a stan-
dardised 2D SEM imaging approach was used. Two-dimensional projections were used
to determine the 2D morphological properties of concrete. Reconstructed multiphysics
models were used to obtain 3D morphological properties. A JOEL scanning electron micro-
scope was used to take the SEM images (JSM-IT800). The image processing method was
modified to examine the percentages of air gaps, cement matrix, and aggregate dispersion
in concrete. To construct 2D and 3D multiphysics model images, a succession of 2D X-ray
photographs was used. The inner structure of a specimen can be studied using 2D and
3D images [5]. The Weibull [63,64] and lognormal [26] fits were used to describe the pore
size distribution. The test sample images are shown in Figure 2, and a high-definition
camera with a range of 12.2 pixels was used to image cut concrete surfaces. After taking
the specimens from the water, the surfaces were dried and shot in RGB colour mode with a
4272 × 2848-pixel resolution. All photographs of concrete samples were taken at the same
distance from the sample surface and with the same light intensity.
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Figure 2. Two-dimensional (2D) image of concrete specimens. (a) Concrete surface original image,
(b) sample surface 3D structure.

2.2. Measurement Tools

The image data were processed using MATLAB, (MathWorks, Natick, MA, USA).
First, the 16-bit images are transformed to an 8-bit TIFF format to minimize computational
complexity, because the square matrix provides the foundation for image creation.

2.3. Porosity Measurement by Image Processing Technique

The surface of the material was analysed and characterised using a standardized 2D
SEM image-based method. The scanning electron microscope (SEM) is a non-destructive
microscopy solution technique that creates images by interacting with atoms on the sam-
ple’s surface and a beam of electrons [65]. This aids in the provision of information on
the sample’s surface properties and composition. It also aids in the reconstruction of the
surface morphology of a sample [65]. The scanning electron microscope (SEM) is the only
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direct observational approach that gives high-resolution pictures that may be used to anal-
yse the differences between pore space features and mineral matrix details [66]. Despite
the fact that there are three types of signal available, secondary electrons, backscattered
electrons and X-rays, the backscattered electron detector is chosen in this investigation since
it eliminates any errors in porosity estimation [67]. To prevent the sample from charging
during analysis, the surface of the rock sample was coated with gold [68]. With a 5.00 kV
accelerating voltage, SEM imaging was performed. X-rays were used in a radiographic
imaging approach to study the material’s interior structure; X-rays were used in a radio-
graphic imaging approach. A pixel in a 2D SEM picture is made up of 8- to 16-bit grayscale
digital image, which creates deep map-based image and binary segmented image. For a
clear description of single pore colour, a modified deep mapping technique was applied,
which yielded a value multiplied by 100%. These computations were carried without
taking into consideration the areas that were exposed in the segmented pictures, as shown
in Figure 3.
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Because the SEM images were grayscale, the pore regions were revealed by the black
spots of the binary segmentation picture, and a frequency plot of pore volume distribution
was created. The pore volume distribution of the specimen was investigated using a 2D
SEM image technique, with the pore size distribution being quantified by volume-based
methods integrated into the picture. The MATLAB imaging toolbox was used to do all of
the picture processing.

Figure 4 shows the binary image of sample images with only two possible intensity
values are known as binary images. In terms of numbers, black is usually 0 and white is
usually 1 or 255. Binary pictures are particularly valuable in the field of image processing
because they make it simple to distinguish an air pores from the materials surrounding. The
segmentation method allows each pixel to be labelled as “background” or “object”, with
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black and white colours assigned to each. The chord length function may be used to de-
scribe the properties of random heterogeneous materials in 2D in general. However, merely
using 2D pictures to describe a target material’s general properties has limits, especially
for samples with specialized components like anisotropic pores. As a result, 3D pictures
are required for a more detailed and precise characterization of a target material. In this
work, 3D micro-CT images using SKYSCAN 2214 were used to evaluate the pore volume
dispersion of air-entrained concrete specimens by both volume-based approach and chord
length distribution. The three-dimensional pore volume dispersion was then compared.
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3. Results and Discussion
3.1. Compressive Strength

Table 5 and Figure 4 illustrate the influence of fly-ash on concrete’s mechanical prop-
erties after 7, 14, and 28 days. At later ages, the usage of fly-ash for cement as a binder
produces higher mechanical strength values than the control specimen. The compressive
strengths of specimens containing fly-ash were compared to the control Specimen in Table 3.
Figure 5 shows that after seven days of curing, the compressive strengths of the concrete
specimen containing fly-ash were lesser than those of the control specimen. FA5C95 seemed
to have the maximum mechanical strength after 7 days of curing, whereas FA20C80 had the
lowest. The quantity of fly-ash added to the mix increased, but the compressive strength
drops, this the trend pattern continues linearly till 7 days.
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Figure 5. Comparison of specimen compressive strength.

The compressive strengths of concrete mixes containing various percentages of fly-
ash were typically greater than those of the control specimen after the curing of 28 days.
FA10C90 had the highest compressive strength in this group, whereas Control specimen
had the lowest compressive strength. The compressive strength of FA20C80 was similar to
control specimen when the fly-ash ratio was greater than 10% by weight of cement. Fly
ash-containing concrete mixes had higher compressive strengths than the control sample.

After 28 days of curing, the FA10C90 specimens had a high mechanical strength than
the other specimens, whereas the control specimens had less mechanical strength. The
mechanical strength of the FA20C80 specimens decreased after 28 days at the fly-ash ratio
was more than 10%. When the observations were investigated, it was revealed that the
compressive strengths at 7, 14, 28 days of age were decreasing at all ratios. The quantity of
fly-ash in concrete enhanced the mechanical strength of all mix combinations. Since the
size of the particles of fly-ash is relatively small than that of cement, it fills the void at the
aggregate–cement interface. In contrast, the hydrates of oxides in fly-ash accelerate the
pozzolanic reaction [69–71].

3.2. Material Properties

Concrete mixes are produced and evaluated in this research to investigate the mi-
crostructure and porosity of concrete using various assessment methods. The fresh concrete
properties were determined from consistency, fresh density, and air content. The properties
of hardened concrete, including dry density, open porosity (water porosity), water penetra-
tion depth, and 28-day compressive strength, were determined from experimental results.
The findings of water porosity and permeability show that a high air content in concrete
has a detrimental influence on its transport characteristics. Differences between optimal
moisture content samples and oven-dried samples were utilised to calculate water porosity.
Because the air bubbles injected had the properties of closed pores, which did not actually
assist in the capillary transmission of liquid water under normal conditions, there were no
significant variations between specimens in terms of water porosity. Compressive strength
tests were conducted to assess the impact of rising air concentration on the mechanical
characteristics of concrete. The data show that when the air content increased, strength
decreased substantially. Compressive strength was shown to be reduced when the fly-ash
ratios were increased in our study. This is because surface morphology, comprising porosity
and pore size distribution, can substantially impact mechanical properties.

Two-dimensional and three-dimensional methods were used to analyse the specimens’
pore size distributions. The chord-length-based and volume-based techniques integrating
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micro chromatography images were used to measure the pore volume dispersion in 3D.
Chord length distribution [72] is a method for characterising the morphological information
of material properties that can be used to analyse the pore size distribution of materials.
Chords are the distances between line intersections with the interface [48], and chord
information can be used to calculate the radius of a target pore. Most investigations
employing micro-CT to investigate pore features, notably pore size distribution, have used
volume-based measurement, in which the radius (or diameter) of pores is estimated from
the particle volume and the sphere volume formula [35]. The pore size distribution of a
target material has been described using volume-based techniques such as the Weibull
and lognormal maximum ball algorithm [39]. Figure 6 shows the 3D pictures of the pore
structures for each specimen. The grey coloured particles in this picture indicate the
pores within the samples, and the pore structure analysis was undertaken using this data.
From the porosity values of the specimens in Table 7, it can be deduced that the porosity,
average pore radius, and fracture surface of the sample are comparable, as validated
by image processing. The pore volume dispersion of the specimens are compared, with
pore volume dispersion produced using various methods superimposed. Because the
equipment meets the applicable requirements, the data were used as a reference. The pore
size distributions of the specimens are shown in Figure 7, with the pore size distributions
obtained overlaid. The frequency of pore size in the specimens is shown on the y-axis.
The regions of the graphs tended to grow as the air content of the specimen increased.
The pore volume dispersion in Figures 6 and 8 demonstrate that the main patterns in all
surface measurements instances were comparable. The areas of the graphs tended to rise
with an increase in the air gap content of the specimen for all measurement techniques.
When compared to the micro-CT method, the size dispersion of tiny holes revealed a
similar pattern in all cases. The dual-modal distributions were not clearly seen in the
volumetric measurement. Because all holes are assumed to be spheres in volume-based
measurements, heterogeneous or anisotropic pores might look smaller than they are in
some directions; the micro-CT revealed a similar pattern, suggesting it could contribute to
a greater understanding of material properties.

The applicability of estimating concrete pore dispersion using microstructure images
analysis was investigated in this study. The compressive strength of concrete structures
is substantially determined by the thickness of the interfacial transition zone, as well as
the presence of micro-cracks and pores. This indicates that the microstructure pictures
of concrete and compressive strength are interrelated. As a result, by evaluating images
of the concrete microstructure, this study sought to determine pore volume of concrete.
The validity of the air-void parameters obtained from micro CT imaging is assessed in this
section. Air content and spacing variables are inversely proportional to one another [73].
Despite the fact that the relationship is not highly connected, it can be used to validate the
values of the parameters acquired in this study. The link between air content and spacing
parameters derived from this study was superimposed on data from the literature [73–75]
and the results demonstrate high quantitative agreement with previously reported data.
By reconstructing sliced images and determining the pore spacing factor in 3D space, as
described by Powers [76], the characterization of 3D air-void configuration may be done.
The equations proposed in ASTM C457 were created using the stereology principle, which
seeks to estimate 3D properties based on a 2D inspection when 3D information is unavail-
able. The pore spacing factor was described as half the distance between two diagonally
adjacent voids in an assembly, assuming all voids are mono-sized spheres evenly scattered
across the volume [76]. Due to the fact that this distance cannot be determined using
traditional optical methods, the stereology-based linear-traverse approach or modified
count methods have been commonly utilised to estimate the spacing factor. Unlike optical
technologies, however, micro CT allows for the identification of air gaps and the calculation
of the pores in 3D space.
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Table 7. Confirmation of concrete crack by porosity measurements.

Parameters Fly-Ash FA20C80 FA5C95 Cement

Porosity (%) 0.5602 0.3384 0.2699 0.2528
Average pore radius (µm) 37.7422 24.9382 12.8812 27.1833

Standard deviation of pore radius 40.4022 24.4782 9.9723 20.9451

4. Conclusions

Micro-CT is a reliable method for determining the microstructural configuration of
materials in a non-destructive, high-resolution way. The use of X-ray CT imaging to de-
termine the air-void characteristics of cement-based materials has been discussed in this
work. The following are some of the benefits of micro-CT imaging. This approach does
not necessitate any physical preparation of the specimens, such as cutting and polishing.
Second, by limiting sampling effects, the approach can improve the representativeness
of the parameters, allowing for quantification of air-void distribution heterogeneity. Im-
age processing techniques were utilised to describe the pore volume dispersion of the
sample, revealing that range of pores in concrete specimens. The experiment’s efficiency
was demonstrated by the relation between the pore characteristics determined and the
compressive strength of the specimens.

Chord-length-based pore size characteristics are nearly equivalent to those determined
using the traditional 2D technique. The incorporation of 3D microstructure chromatography
in this study helps to describe the pore size distribution more effectively.

– Although the Weibull and lognormal distributions have been used to characterise pore
size distributions, both techniques are limited when a material possesses a substantial
percentage of larger pores.

– Pore volume dispersion has been described using the Weibull and lognormal distri-
butions, but both approaches are restricted when a material has a high proportion of
relatively large pores. A bimodal (or multimodal) normal distribution can be used to
characterise the pore size distribution of a material with peak intensity produced by
big pores.
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– When compared to the standardised method, the systematic evaluation method
developed and verified in this research revealed good accuracy and correlation, and
this methodology can be used to manufacture advanced construction materials with
specific pore parameters.

– It is also found that the compressive strength of FA20C80 was similar to control
specimen when the fly-ash ratio was greater than 10% by weight of cement. Fly ash-
containing concrete mixes had higher compressive strengths than the control sample.

– The investigation’s accuracy was observed by the relationship between the pore
characteristics discovered and the compressive strength of the specimens.

– In addition to the study’s concluding observations, more parametric studies with
various fly-ash dosages and formulations need to be conducted to gain a better
knowledge of pore size distribution and its relationship to material factors.

Furthermore, it can be clarified that the next phase of this research is to use waste
materials/filler, to predict the pore volume dispersion and microstructural characteristics
of concrete using an image processing technique.
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75. Łaźniewska-Piekarczyk, B. The influence of selected new generation admixtures on the workability, air-voids parameters and

frost-resistance of self compacting concrete. Constr. Build. Mater. 2012, 31, 310–319. [CrossRef]
76. Powers, T.C.; Willis, T.F. The Air Requirement of Frost-Resistant Concrete; Portland Cement Association: Chicago, IL, USA, 1949.

http://doi.org/10.1016/j.mechmat.2005.06.027
http://doi.org/10.1016/j.jsb.2015.06.010
http://doi.org/10.1016/j.cageo.2015.08.016
http://doi.org/10.1016/j.sedgeo.2017.01.007
http://doi.org/10.1016/j.conbuildmat.2021.124850
http://doi.org/10.3390/cryst11040399
http://doi.org/10.1016/j.conbuildmat.2020.121333
http://doi.org/10.1002/aic.15338
http://doi.org/10.1016/S0958-9465(00)00079-2
http://doi.org/10.1016/0008-8846(87)90078-0
http://doi.org/10.1016/j.conbuildmat.2011.12.107

	Introduction 
	Materials and Methods 
	Materials Preparation of Test 
	Measurement Tools 
	Porosity Measurement by Image Processing Technique 

	Results and Discussion 
	Compressive Strength 
	Material Properties 

	Conclusions 
	References

