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consideration in literature. Thus far, previous research works have not paid much attention to the
circularity, roundness and solidity of pozzolanic materials including waste brick powder (WBP).
This research makes a significant contribution on identification of circularity, roundness and
solidity of WBP particles under milling conditions using quantitative image analysis. In particular,
the goal was to interrogate the ball milling treatment variables for generating WBP using scanning
electron microscopy (SEM) and image analysis. Under the milling conditions of changing sample
masses introduced in ball mill, the average circularity values for the specimens were approxi-
mately 0.6 whilst the average solidity values for the specimens were approximately 0.71.
Moreover, the average roundness values for the specimens were nearly 0.51. It was shown that
the trends of shape parameters of WBP under changing fineness levels were not significant. The
values of circularity, solidity and roundness in this study therefore collaborate to support the
discoveries of hidden shape characteristics of WBP specimens and can tackle the overall behav-
iour of cement-based composites containing WBP. Quantitative image analysis was therefore
observed to be capable of inheriting detailed information from SEM micrographs and remains one
of the most outstanding approaches of generating shape parameters.

1. Introduction

In these recent years, the particle shapes of pozzolanic materials have attracted the increasing interest of researchers due to their
influence on the behaviour of cementitious composites [1]. The field of cementitious composites, which considers the reaction between
pozzolanic materials and cement, is undergoing active developments. This field aims at understanding the roundness of particles which
is accompanied with the smoothness of corners or angles of the particles [2]. The particle shape characterisation activities of
pozzolanic materials have focused on the spherical particles of fly ash, which in turn affect the workability of concrete and grout and
have significant influence on hot mix asphalt applications [3]. The characterisation activities of particle shapes also focus on appli-
cations such as influence of particle shape and fineness of metakaolin on water demand of cementitious composites [4-7], dependency
of workability properties on incorporation of silica fume in cement-based composites [8-10], correlation between surface areas of rice
husk ash (RHA) and ground granulated blastfurnace slag (GGBS) and their particle shapes [11] and changes of particle shapes of GGBS
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using varying grinding conditions [4]. At the moment, this area of study is very extensive and the afore-stated references and examples
might not give an exhaustive overview. While grinding essentially dictates the shape particles of pozzolans such as GGBS, the rela-
tionship between grinding of clay bricks using different masses and particle shapes of the generated WBP remains relatively
unexplored.

The quantitative characterisation of shape parameters of pozzolanic materials is a key step in fundamental challenges for char-
acterisation of solid powders. This has been a topic of substantial attention in several problems of material characterisations in
literature [2,12-17], to cite a few. Most of these studies deal with general properties of powders generated after grinding. Only few
studies are available on characterisation of particle shapes of pozzolanic materials using various grinding conditions. Examples include
the analysis of grinding on particle morphological shapes of fly ash and GGBS [4,18]. It is known that the morphological properties of
particles are established based on various scales including surface texture (small scale) and shape (medium scale) [2]. Although
scanning electron microscopy (SEM) is increasingly becoming a prominent method for identifying the morphology of materials
including pozzolans [19-26], the predicted data of surface texture and shape using SEM can be inaccurate and its use has been faced
with drawbacks [26]. Quantitative estimation of shape and surface texture using SEM is even more problematic when material
characteristics are complex [26]. In several real applications, the material properties are usually complex, thereby requiring other
methods that can couple with SEM. Alternatively, quantitative electron count method in SEM has opened the way for evaluating
quantitative information of morphology of particles but magnification and small sized particles would oblige to conduct additional
techniques for generating morphology of particles [26]. Fortunately, SEM images can be exploited further for easing the identification
of shape parameters (e.g. roundness, circularity, solidity etc.) [1]. In this paper, the analysis of milling conditions of clay bricks is
addressed around the shape parameters of roundness, circularity and solidity of waste brick powder (WBP).

Huge efforts have been undertaken by researchers in order to determine the shape parameters of particles. This has opened doors to
several methods which are available for analysis and quantification of shape parameters. Some of these methods include the use of
commercial image processing software programmes (e.g. Aphelion and Image-Pro Plus®) and use of advanced programming languages
or software (e.g. Visual Basic, C++ and Matlab) [27-29]. By these approaches, the basic characteristics of particle shapes are suc-
cessfully analysed. Note that the free and open source image analysis has for example increasingly been considered as a formidable
contender to the aforesaid methods, where ImageJ was used for identification of food grains elsewhere [30]. Literature shows that
ImageJ is commonly implemented software in image processing and it uses vital components such as histogram manipulations (see
Refs. [1,15,29-37] and the references therein). In some cases, it calculates the extents of dispersions of nanomaterial particle sizes and
silicate layers [33,38]. Representative examples of independent shape parameters are solidity, axial ratio, sphericity, roundness and
circularity. Research on particle shapes of materials is aimed at classifying the particles by differentiating the morphological types and
constituents [39]. Circularity is a parameter that is generated from 2-d microscopic views and has been regularly computed instead of
sphericity as its measurement is easier [40]. The outcome of circularity of 1 indicates a perfect circle while a circularity of approxi-
mately 0 shows increasingly elongated shapes. On the other side, solidity values quantified as the ratios of particle areas to the values of
convex hull, investigate the whole particle concavity [41]. A solidity value of nearly 1 indicates a particle with smooth outlines whilst a
solidity value that is approximately O shows a particle with rough outlines.

In earthen construction and concrete production, the use of pozzolanic materials is attractive due to their low costs and pozzolanic
properties which control the partial replacements of cement [42-44]. The predominant advantages of the use of pozzolanic materials
in cement-based composites emerge from the readily availability of the materials in many countries. The other important driving factor
for use of pozzolans in cement-based composites is the massive production of cement which is accompanied by challenges of envi-
ronmental pollution [45]. While material compositions of pozzolans dictate the overall behaviour of cement-based composites [46,
471, their morphology and shapes also contribute to the performance of pozzolans in cementitious composites [11]. This explains why
examinations of mineral compositions, morphology and shapes of pozzolans have been at the forefront of various research works [11,
48-55]. In these cited studies, the different properties of pozzolans were used to engineer the different mechanical properties of
cement-based composites. Regardless of methods used in characterising pozzolans in literature, the underlying goal of such charac-
terisation is to promote the performance of cement-based composites containing pozzolans. This research fills some gaps in literature
by showing that particle shapes of WBP under grinding conditions can be identified with SEM, but this does not offer significant
quantitative data on circularity, roundness and solidity. In this case, the solution could be to employ quantitative image analysis and
illustrate such particle shapes explicitly. Likewise, the study demonstrates that extending the charaterisation of WBP particle shapes
such as circularity, roundness and solidity is a significant advancement since properties of cement-based containing pozzolanic ma-
terials also rely on such particle shapes [4,18,56].

It is known that the particle sizes and morphology of pozzolanic materials have been well studied, as discussed previously.
However, much less is known on the particle shapes of circularity, solidity and roundness for WBP particles under conditions of
grinding. Building upon the earlier research works, the goal of this research is to learn about the approach of quantifying shape pa-
rameters of WBP generated using varying milling conditions. The studies of shape parameters of pozzolans in literature [4,7-9,11],
have brought about considerable information on characterisation of pozzolanic materials. In some cases, the shape parameters of
pozzolanic materials have turned out to be very significant in cementitious composites, thus influencing the behaviour of cementitious
composites [4,18]. Yet up to now the study of circularity, roundness and solidity of WBP particles under milling conditions does not
exist. This paper intends to make one step in this direction by first presenting how the circularity, roundness and solidity properties of
WBP change under milling conditions. As another important practical outcome, this study emphasises heavily on results from com-
bination of SEM and quantitative image analysis. It becomes very clear that the presentation of this approach, like other shape
identification methods, should be economical without violating the validity of the results.
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2. Materials and methods
2.1. Materials

The specimens used in this research were ordinary Portland cement (OPC) CEM I with specific gravity of 3.12 and WBP with a
specific gravity of 2.69. Fragmented clay bricks used for generating WBP were collected from Kenya Clay Products factory. Clay bricks
at this factory were burnt at 950 °C. OPC used in this study was class 42.5 in conformity with the British standard specification [57].
Generating WBP encompassed grinding of clay bricks with a ball mill using changing masses of clay bricks (8, 9, 10, 11 and 12 kg). The
grinding speed and grinding time were maintained as 1260 rpm and 1 h, respectively. The ground WBPs were sieved and the specimens
that passed through 0.075 mm sieve were used for scanning electron microscopy experiments.

2.2. Methods

2.2.1. Chemical compositions

X-ray fluorescence (XRF) test is implemented to evaluate the elemental compositions of materials. Information of elemental
compositions is generated using an XRF gun and it is frequently employed because of its excellent characterisation approaches apart
from its economic benefits [58]. The fundamental ingredients of XRF tests are voltage and current ranges of 30-60 kV and 0-100 mA,
respectively. In this work, a bruker spectrometer gun was employed for quantifying the elements available in WBP. For the sake of
comparisons, the chemical compositions of OPC were also determined. Moreover, the loss on ignition (LOI) values were determined
after burning the specimens at 800 °C for 45 min in conformity with the code [59].

2.2.2. Scanning electron microscopy

SEM was introduced to address the morphology and shape parameters of OPC and WBP. The process of scanning the specimens
employed JEOL NeoScope JCM-7000 SEM equipment (Fig. 1). SEM allows the assessment of powders and solid objects and has been
considered as the most extensively utilised method in material characterisation [60,61]. To reach this goal, SEM uses electron beams to
obtain morphological details of the surface. For this application, the samples were dried and cleaned before SEM assessment to increase
the exposure of the surfaces. After this preliminary step, the specimens were sprinkled on the conductive adhesive tape and positioned
appropriately in the sample chamber. Afterwards, the micrographs were generated using electron beam which scanned the surfaces of
the specimens.

2.2.3. Quantitative image analysis

The functions of solidity, roundness and circularity were built from the knowledge of SEM micrographs and these were evaluated
using ImageJ. Since it is challenging to obtain quantitative information of shape parameters of specimens using SEM alone, quanti-
tative image analysis ensured the fulfilment of such details. To run ImageJ, Java runtime environment (JRE) and additional functional
programmes such as macros and plugins are needed [32]. Comprehensive procedures required during generation of shape parameters
are presented elsewhere [32,62,63]. The shape descriptors including their mathematical expressions and sensitivity are exhibited in
Table 1. The abbreviations summarising the shape descriptors are presented in Table 2. Throughout the manuscript, the shape pa-
rameters are constantly referred to circularity, solidity and roundness. The values of circularity, solidity and roundness evaluated in
this research were less than 1.

Fig. 1. A scanning electron microscope.
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Table 1
Shape descriptors, sensitivity and mathematical expressions.
Shape descriptor Mathematical expression Sensitivity Reference
Circularity Pp Form and roughness [64,65]
2,/nAp
Roundness 4Ap Form [66]
Dmaxferet?
Solidity Ap Roughness (morphological) [67]
Ach
Table 2
Summary of abbreviations.
Symbol Definition
Pp Particle perimeter
Ap Particle area
Ach Convex hull area
Daxferet Maximum Feret diameter

3. Results and discussion
3.1. Chemical compositions

The results obtained with the approach of chemical composition tests for OPC and WBP are shown in Table 3. This section explores
if the pozzolanic properties of WBP complied with specifications in the standard [68]. In this case, the required pozzolanic properties
specified in the code [68], are reachable. This is justified by the fact that the sum of compositions of SiO5, Fe5O3 and Al,Os5 is greater
than 70% as required in the code [68]. On the other hand, the lack of MgO in OPC in this work proves excellent soundness charac-
teristics [69]. It is shown that, with the content of magnesium oxide being less than 5% as specified in the standard [57], no failure of
OPC in soundness can be provoked.

As shown in Table 3, all the oxides estimated in OPC are also noticed in WBP and are in conformity with the observations of other
researchers [70]. As clearly shown in Table 3, the outcomes of (SiO; + Fe;03 + Alp03) of greater than 70% indicated in the standard
[68], are confirmed here thanks to burning the clay bricks at 950 °C. The consideration of LOI of WBP can also be traced from Table 3
which indicates the value less than 10% as a limit in the standard [68]. The findings in Table 3 therefore confirm that WBP attains the
pozzolanic state and can participate in pozzolanic reaction once blended with OPC. Since this work concentrates on shape parameters,
comprehensive discussion on pozzolanic reactivity of WBP is left out in the rest of the paper. The interested reader is referred to
detailed discussion in literature [71,72].

3.2. Scanning electron microscopy

Fig. 2(a—f) reports the micrographs of OPC and WBP specimens generated using SEM. The reason for introducing SEM was to
explore the particle surface texture and particle shapes from the visual assessment point of view. The method is particularly important
in exploring the size, morphology and formation of specimens after probing them on fine scaling [73,74].

As depicted in Fig. 2(a—f), the surface textures and particle shapes of the specimens are noticed. In this work, detailed discussion
about surface texture is left out for the sake of brevity. Such discussion can be found in literature [51,72,75]. Only detailed discussion
of particle shapes of the specimens is presented. It is important to highlight that it is difficult to estimate the shape parameters of WBP
using SEM only in Fig. 2(a—f). In order to enhance the quantitative information of the specimens, quantitative image analysis was
employed and discussions on findings from such method are presented in the subsequent sections. Quantitative image analysis will
investigate the significance of changing masses of clay bricks introduced in ball mill, both in terms of advantages and disadvantages of
such method.

Table 3

The chemical compositions of OPC and WBP.
Material Si0, Fe,03 Al,03 CaO MgO Na,O K20 TiO, MnO P,0s Ba S LOI
Cement 15.45 4.55 2.81 62.45 - 0.48 1.01 0.47 0.12 1.29 0.05 2.75 7.47
WBP 64.36 12.86 8.71 2.00 - 1.82 3.05 2.13 0.68 1.18 1.18 - 0.97
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(k) WEP-3

(d) WBP-10 (e) WBP-11 (f) WBP-12

Fig. 2. Generated SEM micrographs of OPC and WBP specimens. Note that X in WBP-X specimens denotes the mass of clay bricks used during
grinding to obtain WBP. Adapted from Ref. [75].

3.3. Shape parameters

3.3.1. Circularity

Fig. 3(a-f) reports the frequency distributions of the circularity characteristics of the specimens. Data in Table 4 indicate the means,
standard deviations and confidence intervals of the circularity values of the specimens. Unlike Fig. 3(a-f), Fig. 4 shows the average
circularity values of the specimens. Estimation of circularity of particles is vital in the evaluation of grain shape and this could provide
significant insight on roundness of particles [15]. Generally, all the specimens illustrate the mean circularity values of higher than 0.59
suggesting that the majority of the particles of the specimens are approximately circular.

From Fig. 3(a-f), it is clear that most particles are characterised by circularity values ranging from 0.7 to 0.8 with the exception of
WBP-11. For all the specimens, the lowest counts of circularity values are noticed with the range of 0-0.1. Quick visual impression of
the frequency distributions illustrates that few particles are characterised by lower circularity values. It is important to mention that
recognising the shape of the distribution is a vital technique in the evaluations of histograms of numerical values [76]. Using the
constructed Gaussian distributions, it is explicit that all the frequency distributions illustrate that the average circularity values fall
near to 0.6 for all the specimens. This observation is confirmed with values in Table 4. The fact that the histograms are skewed to the
left seems to justify the validity of observing mean values of circularity of higher than 0.5. While not explicitly in agreement with the
constructed normal distributions, the frequency distributions are seen not to be very far from the normal distributions. Although the
Gaussian distributions used in this study are not very efficient in fitting the generated histograms, other distributions are proposed. It
should also be noted that comprehensive statistical and probabilistic results in relation to Gaussian distributions have been deliberately
avoided. Only simple statistical discussions have been thrown in for the sake of brevity.

The closeness of the circularity values to the mean can be obtained from the standard deviation and confidence interval values in
Table 4 and the error bars in Fig. 4. The standard deviations are noticed to be high for the circularity values. The source of the high
standard deviations, explaining the behaviour of high standard deviation, has been observed in the frequency counts in Fig. 3(a—f)
where the frequency counts span from 0 to 1. From these findings, it can be noticed that the frequency counts’ range of 30-350 is
visible for circularity values ranging from 0.1 to 1. This is the reason why the solutions of standard deviations of circularity were able to
attain increased values with the range of standard deviation values being 0.21-0.23. It should also be noted that the confidence in-
terval values for the specimens are also high. Therefore, the high values of standard deviation and confidence interval both share the
same vision that increased error bars could be produced for the circularity values.

Next, the performances of grinding conditions using changing masses of clay bricks introduced in ball mill are investigated in terms
of their influence on circularity. Although grinding WBP using different masses of clay bricks occasioned significant changes in particle
sizes, it is difficult to conclude from Figs. 3 (a-f) and 4 hat such milling conditions caused significant influence on circularity. It is
suspected that even such changes in milling conditions may not bring benefits to the significant changes of particle shapes. These
observations of insignificant effects of masses of clay bricks in ball mill run contrary to the observations of fineness levels of the
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Fig. 3. Frequency distributions of circularity values of the specimens. Note that the green curve reports the Gaussian distribution for circularity
counts. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

generated WBP. However, close examination of the values in Table 4 shows that the differences in the mean circularity values are not
substantial. The small range of average circularity values of 0.0121787 suggests that the average circularity values of the specimens are
barely different. Other researchers [77], reported that milling will likely influence the shapes of the particles. In spite of this reported
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Table 4
Generated statistical parameters of circularity values of the specimens.
Parameter Specimen
OPC WBP-8 WBP-9 WBP-10 WBP-11 WBP-12
Mean 0.6044504 0.5975659 0.5973857 0.5996719 0.6000065 0.6095645
Standard deviation 0.2240501 0.2287273 0.2243069 0.2221938 0.2176232 0.2132140
Confidence interval 0.0111554 0.0102966 0.0116316 0.0109058 0.0121888 0.0110140
0.63
0.62
2061
£
5 06
3
§° 0.59
2
<058
0.57
0.56
OPC WBP-§  WBP-9  WBP-10 WBP-11  WBP-12
Specimen

Fig. 4. Average circularity values of the specimens.

influence of grinding on particle shapes, the results of circularity of the specimens indicated in Fig. 4 do not differ much and no
significant trends have been established. There is a high possibility that grinding in this study was not translatable to significant
differences in particle shapes. The findings in this research may also explain why direct interpretation of particle shapes of specimens
from changing milling conditions has not been straightforward in literature [78,79].

From Fig. 4, the specimen exhibiting the highest mean circularity value is WBP-12 while the specimen illustrating the lowest mean
circularity value is WBP-9. The values of mean circularity in Fig. 4 seem to fail to give any indication of significant influence of grinding
conditions on shapes of the particles. Such outcomes are also confirmed in Table 4. The question is if introductions of increasing masses
of clay bricks in ball mill affected the circularity values of the WBP specimens. It is reasonable to presume that such insignificant
variations illustrate that the findings of shape parameters are minimally sensitive to the masses of clay bricks introduced in ball mill. In
fact, in Fig. 4, the average circularity values first decrease from WBP-8 to WBP-9, then slightly increase until WBP-11 and finally
steeply increase from WBP-11 to WBP-12. Another case study is considered in Table 4 which reports the average circularity value of
OPC. This average circularity value of OPC is less than that of WBP-12 but higher than the remaining specimens investigated. In truth,
it is difficult to compare the circularity values between OPC and WBP considering the different generation approaches used for the two
materials. However, as shown in Fig. 4 and Table 4, it is clear that OPC particles can recover average circularity values higher than 0.59
as is the case with the WBP specimens.

When developing shape parameters of pozzolanic materials, it is also important to mention their significance in cement-based
composites. One crucial advantage of shape parameters is that they can influence the properties of cement-based composites [11].
Most notably, the particles of pozzolans that are not circular have been noticed to influence the water demand of cementitious
composites [4]. The significant changes of water demand of cement-based composites incorporating WBP generated in this study can
be inferred from the fact that the particles of WBP are not circular.

3.3.2. Solidity

Fig. 5(a—f) shows the frequency counts of the solidity values for the WBP specimens and cement. The analysis of the generated
frequency counts is conducted with the accompanying details in Fig. 6 and Table 5. The adopted strategy of embedding the frequency
count approach within the frameworks of data in Fig. 6 and Table 5 has been utilised in several applications because of its effectiveness
in data evaluation. The findings on solidity demonstrate that they are similar to those for circularity previously presented, both not
being able to generate significant trends among the specimens.

With respect to the normal distributions in Fig. 5(a—f), they are approximated representations of the frequency distributions. In the
illustrated distributions, the mean solidity values are nearly 0.7. Such information has been inherited from Table 5 where the mean
solidity values of the specimens are also noticed to be approximately 0.7. All these approaches are the basis of the fact that grinding
clay bricks generated the particles of high solidity values. The high values of solidity for the specimens are therefore the consequences
of grinding clay bricks using different masses but do not necessarily mean that such grinding conditions ensured the significant in-
fluence on solidity. In passing, it is noted that the highest counts of solidity values are observed with the range of 0.65-0.7 for all the
specimens, thereby confirming the reason why the mean solidity values are approximately 0.7. It should be remembered that the clay
bricks with changing masses introduced in ball mill spent the constant residence time of 1 h in ball mill. This condition reinforces the
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Fig. 5. Frequency distributions of solidity values of the specimens. Note that the green curve reports the Gaussian distribution for solidity counts.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Table 5
Generated statistical parameters of solidity values of the specimens.
Parameter Specimen
OPC WBP-8 WBP-9 WBP-10 WBP-11 WBP-12
Mean 0.7170060 0.7151664 0.7054987 0.7074541 0.7142480 0.7180530
Standard deviation 0.1223028 0.1221161 0.1168080 0.1181949 0.1174433 0.1180895
Confidence interval 0.0055798 0.0050508 0.0057567 0.0054654 0.0061507 0.0056866

belief that there was no interference of milling time on the properties of the generated WBP. It is also important to mention that the
standard deviations of the solidity values are less than those for circularity values previously explained. The same holds true for the
error bars of average solidity values in Fig. 6 and those for circularity in Fig. 4. This seems to be due to the fundamental role of reduced
range of solidity values (i.e. 0.3-1) compared with the range of 0.1-1 for circularity. This appears to be relevant and it seemed to have
allowed the standard deviations to benefit from such reduced range.

It is important to highlight that shape descriptors if chosen wisely, present quantitative, reproducible and significant details of the
particle morphology [39]. Circularity and solidity characteristics of particles are known to be the most significant morphological
attributes [41]. Before moving on to other details of solidity values of the specimens, it is important to compare findings of solidity with
circularity values previously presented. It is clear that the values of average solidity in Fig. 6 are greater than those for circularity in
Fig. 4. Despite these differences, the findings of solidity are considered to be coherent with circularity findings. Noteworthy is the fact
that the computations use the areas of the specimens. The distinctions are noticed with the remaining parameters which are perimeter
for circularity and convex area for solidity. As clearly shown in the findings, the increments in the particle perimeters and convex areas
during the computations of circularity and solidity respectively, led to the reductions of values for both shape parameters. Such
conditions are encapsulated in Table 1. The findings seem to suggest that the increments in convex areas of particles caused minor
deviations from solidity value of 1, in contrast with increments in perimeter values which resulted in higher deviations from circularity
value of 1. In addition, the use of similar specimens during the computations in this study can the basis of the conclusions drawn
between circularity and solidity values. Such consideration of same specimens opens doors to validity of comparisons among the shape
parameters.

Interestingly, Table 5 illustrates that the standard deviations are not very high. Using the standard deviation values, it is easily
noticed that the data sets of solidity values for the specimens are closer to the associated mean values. These outcomes are due to the
increasing counts of solidity values close to the mean values, as it can quantitatively be noticed in Fig. 6. Again, the fact that the range
illustrating the highest frequency counts in Fig. 5(a—f) is 0.65-0.7 seems to validate the findings on standard deviations. However, the
influence of grinding clay bricks using different masses does not predict very well the statistical values of solidity. As it can be observed
in Table 5, no significant trends are noticed with the values of mean, standard deviation and confidence interval under consideration of
changing masses introduced in ball mill. This casts some doubts on the significant influence of increasing the masses of clay bricks
introduced in ball mill on solidity values of WBP. As previously noted with circularity, less obvious is if changing the sample masses of
clay bricks plays a significant role on the particle shapes of the generated WBP. Although previous study [75], captured significant
reductions of fineness levels and grinding outputs of WBP following increments in the masses of clay bricks introduced in ball mill, this
strategy has not influenced the solidity values in this study. For the former findings, these have been attributed to reductions of
grinding impacts associated with increased masses of clay bricks introduced in ball mill [75]. For the latter findings, literature on the
influence of these grinding environments on shape parameters is very scarce.

Whether the presented solidity findings of WBP particles can predict the behaviour of cementitious composites was also
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Fig. 7. Frequency distributions of roundness values of the specimens. Note that the green curve reports the Gaussian distribution for roundness
counts. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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investigated in this study. The findings indicate that the solidity values deviate from 1, meaning that rough particle outlines were
generated for the WBP particles. These findings and their explicit sensitivity to rough particle outlines, indicate that it would not be
difficult for WBP to influence the workability properties of cement-based composites. The significant impact of particle shapes of
pozzolans on properties of cement-based composites has been reported elsewhere [56].

3.3.3. Roundness

Fig. 7(a-f) shows the frequency counts of the roundness values for WBP and cement. In order to demonstrate the versatility of the
frequency count approach, the Gaussian distribution is conceived for obtaining the distributions of the roundness values. The Gaussian
distribution investigates the significance of the components of the histograms, both in relation to the accuracy of the distribution and
computational outputs of the frequency counts. In Table 6 and Fig. 8, the generated data from the distribution and average roundness
values are exhibited respectively. The considerations of insignificant trends traced for roundness values of the specimens from
changing masses of WBP are also confirmed as were the cases with solidity and circularity values, although some distinctions arise
because of computational differences for the shape parameters.

The results on roundness values of the investigated specimens in Fig. 7(a-f) assess the influence of grinding clay bricks using
changing specimen masses. In all the reported cases in Fig. 7(a-f), the trends of histograms seem to obey the Gaussian distribution.
From the numerical point of view, the range of mean roundness values of 0.510-0.525 provides evidence for the excellent agreement
with the Gaussian distribution. As reference, the results are also compared with solidity and circularity values previously presented.
The average roundness values are noticed to be the lowest among the three investigated shape parameters. Although roundness is
reported to be similar to circularity [80], significant differences between average values of roundness and circularity are noticed.
Between the average circularity and roundness values, never are the differences less than 0.07. Addressing the significant differences
between roundness and circularity lies in the variable of perimeter for circularity and major axis for roundness. Significant differences
between perimeter and major axis values of the particles might have probably led to the significant differences in circularity and
roundness values. Again, such differences are encapsulated in Table 1.

It is shown in Table 6 that, with the reduced standard deviations of roundness values, the reduced standard error bars could be
realistically obtainable in return. The range of standard deviations is noticed as 0.145-0.149 and it seems highly probable that this
resulted in reduced error bars in Fig. 8. All the standard deviation values for roundness values are noticed to lie between the afore-
discussed circularity and solidity values. However, the range of roundness values is still very high (i.e. 0 — 1) similar to that of
circularity values. Although the high range of circularity values resulted to increased standard deviations, this was not the same with
roundness values. Therefore, the strategy of using high range of roundness values should not be trusted in interpretation of roundness
values. This strategy can still be relevant in other applications like those of circularity but it is not very accurate. The condition of
roundness values would oblige to use confidence interval values. Since the confidence interval values of roundness are less than those
for circularity values, the reduced standard deviation values for roundness are justified.

The analysis of influence of reduced particle sizes of WBP on roundness of the particles has been conducted and no significant trend
has been established. It seems that the grinding conditions used in this study had negligibly little impact or no impact on the shape
parameters of WBP. However, the grinding outputs and fineness levels of WBP have been noticed to benefit from grinding using
reduced masses of clay bricks introduced in ball mill [75]. This has been attributed to the increased forces from the grinding media
associated with reduced masses of clay bricks introduced in ball mill [75]. In another study [81], reduced particle sizes of magnetite by
ball milling was noticed to decrease the relative width and roundness of the particles. In this cited study, it was indicated that particle
shapes do not only depend on grinding technique but also the crystal lattice and material specifications of the specimens. To thor-
oughly investigate the reasons for insignificant influence of grinding conditions on roundness values in this study, the individual
average values of roundness have been shown in Fig. 8 and Table 6. First of all, it can be noticed that there is a decreasing trend of
roundness values for WBP-8, WBP-9 and WBP-10 and this runs contrary to the observation in the previous study [81]. After WBP-10,
the trend tends to increase and finally decrease. This could be an indication that the trend of roundness of the WBP did not perform well
using changing milling treatments, despite the significant reductions of grinding outputs and fineness levels as the masses of clay bricks
introduced in ball mall increased. Secondly, it is extremely important to notice that contradicting information does exist on the effect of
grinding on particle shapes in literature and this makes it challenging to understand the importance of the phenomenon. For instance,
other researchers [82], noticed that particle shape was not very important during the maximum recoveries of fluorite ore samples
irrespective of grinding conditions. On the other hand, roundness seemed to be important than size for the recovery of scheelite ore
samples. The selectivity of the importance levels of the samples led to the recommendation of avoiding general conclusions on the
subject. Based on the findings in this research, it seemed unlikely that the grinding conditions led to significant trends in roundness of
WBP specimens. It is important to mention that this research could have benefited from other charaterisation methods of shape de-
scriptors instead of 2-d shape parameters used in this study. As a final remark, the research community can therefore use such
characterisation methods to broaden the understanding of shape parameters under changing milling conditions.

4. Conclusions
This research has presented quantitative image analysis approach that leverages data from scanning electron microscopy to

generate the shape parameters of waste brick powder specimens subjected to changing milling treatments. This study has therefore
identified the following important conclusions.
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Table 6
Generated statistical parameters of roundness values of the specimens.
Parameter Specimen
OPC WBP-8 WBP-9 WBP-10 WBP-11 WBP-12
Mean 0.5153868 0.5256305 0.5163384 0.5101682 0.5201008 0.5125620
Standard deviation 0.1464841 0.1451669 0.1484079 0.1461254 0.1485122 0.1449381
Confidence interval 0.0056949 0.0051472 0.0063180 0.0058045 0.0068182 0.0059278
0.54
0.53
2 0.52
Qo
=]
E
g 0.51
o
b
%]
e 0.5
—
>
< 0.49
0.48
0.47

WBP-8 WBP-9  WBP-10 WBP-11  WBP-12
Specimen

Fig. 8. Average roundness values of the specimens.

1. The findings in this study seem to indicate that quantitative image analysis strategy is robust and versatile in generating infor-
mation of shape parameters of WBP. This strategy is capable of inheriting detailed information from scanning electron microscopy
micrographs. These capabilities provide insights for predicting the influence of WBP on cement-based composites.

2. Theresults of average circularity, solidity and roundness values of greater than 0.5 indicate the likelihood of WBP in influencing the
properties of cement-based composites.

3. The quantified values of circularity, solidity and roundness collaborate to support the discoveries of hidden shape characteristics of
WBP specimens and can potentially tackle the overall behaviour of cement-based composites containing WBP.

4. It was shown that no significant trends in the investigated shape parameters could be developed under different milling conditions.
In this regard, other approaches should be incorporated in future to better predict the impact of the varying milling conditions.

5. Some general conclusions generated in this study could be applied as the basis for further studies on particle shapes of WBP under
changing conditions of milling.
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