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Abstract

Aiming to reduce the resources invested in the laboratory assessment of un-
fired clay bricks incorporating natural wastes as additives, this paper proposes an
evaluation of the surface porosity of unfired clay bricks with almond husk powder
using processing of the SEM (Scanning electron microscope) images of represen-
tative cubes and its relationship with the bricks’ strength. Used clay is extracted
from Bensmim red soil in Ifrane - Morocco and determined as an Illite. One
control specimen with pure clay and four specimens were prepared using the pro-
portions 2, 5, 10, and 20 wt.% of almond husk powder. After drying, SEM anal-
ysis is done on the specimens. The processing of the issued images is done using
Image] software. The results show, in general, an increase in the surface porosity
with the increase of almond husk powder in the matrix. This is reported due to
the formation of coagulant volumes that generates a porous network depending
on the size and the amount of the additive. However, a considerable decrease in
the porosity is shown using 2 wt.% additive which is reported to the fiber bridg-
ing mechanism. The increase in the surface porosity was followed by an increase
in strength. Theoretical models are evaluated for the best fit in the relationship
between strength and porosity. Nevertheless, the polynomial modeling of degree
3 is considered the most adequate. The findings in this research establish a po-
tential road to predict unfired clay bricks quality using the processing of SEM

images of only representative specimens of the surface porosity.
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Introduction

Hundreds of works are investigating the physicochemical, thermal, and me-
chanical properties of unfired bricks made from earth and waste materials as
additives. In a global context of the increase in the cost of production of con-
struction materials energy and increase of its carbon dioxide emissions [1], this
old alternative is considered an interesting approach to follow, especially with the
coming expected housing need. 96,000 new affordable homes need to be built
every day to cover the need by 2030 [2]. Governmental and non-governmental
organizations are putting together strategies based on last scientific findings to
overcome these challenges. However, this global dynamism must be accompa-
nied by innovative laboratory experimental techniques. In fact, testing undried
clay bricks incorporated requires massive resources: depending on the adopted
international standard, it is demanded to evaluate several samples for each spec-
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imen to have representative results; unfiring the bricks means
time-consuming and storing them in adequate conditioning
environments. This implies money, effort, and time spending.

The literature shows three approaches aiming to suggest
prediction methods for various technological properties
of construction materials: first, using methods of artificial
intelligence. Compressive strength prediction models of
alkali-activated construction demolition waste geopolymers
were constructed based on three machine learning algorithms;
the results applicability was confirmed with high precision [3].
Limami et al. analyzed the modeling of a forecasting technique,
through machine learning and linear regression, intending
to predict bricks’ thermal, mechanical, and physicochemical
properties at different HDPE and PET plastic waste additive
percentages. A good correlation was found between the
suggested models and the experimental findings [4]. Secondly,
experimental approaches that are based on rheological
measurements. In a previous study, a linear correlation was
found between the compressive strength of unfired clay bricks
with almond husk powder and the storage modulus in the
linear viscoelastic range of suspensions made from the same
raw materials. The correlation showed strong coeflicients of
determination (R? > 0.92). This demonstrates the possibility
of assessing and estimating unfired bricks’ strength behavior
using only rheometry measurements [5]. The third kind
of attempt to predict the behavior of bricks’ strength is the
investigation of the inter-relationships to the physicochemical
properties; in particular, the porosity. In various studies [6], the
porosity level in bricks is found a crucial parameter to define
the compressive strength of bricks. For instance, in Limami et
al’s study about the reinforcement of unfired bricks using 20
wt.% typha fiber as an additive in bricks, apparent porosity goes
to 14.95%, compared with control brick (1.14%) [7]. Pores are
voids created in the matrix due to the creation of interlayer
spacings between constituted flocculants and/or clay particles
and/or any additive materials [7, 8]. Thus, the particles size and
proportion of each material define a porosity level, therefore
bricks’ strength. Theoretical mathematical models that were
formerly developed have been reported in the literature.

The most famous relationship is Balshin model which is
applicable in ceramics with very high silicon dioxide quartz
content. Balshin model is expressed with the relation [9]:

b
o =0, (1 - p)
Where, o is the compressive strength, o, is the compressive
strength of the brick at a non-porous (zero porosity) state; o, is
obtained using a statistical regression of experimental strength
measurements, and p is the measured porosity points. Finally,
represents an empirical constant.

In the case of low porosity materials rich in Al,O,, Rysh-
kewitch suggests the equation [9]:

—k
oc=o0, "
Where, 4 represents an empirical constant.

In the case of materials rich of calcium, Schiller is
considered the best fitting model with the logarithmic equa-
tion [9]:

o=nIn(p,/p)

Where, p, is the porosity of the brick at zero strength; p, is
obtained using a statistical regression of experimental porosity
measurements. 7 represents an empirical constant.

The simplest model is Hasslman’s, which linearly links the
bricks’ strength to the porosity by the equation [9]:

c=0,—cCp
Where, ¢ represents an empirical constant.

The most reliable method to evaluate the apparent po-
rosity is using the gravimetric Archimedes model that is de-
scribed in the ASTM C20-00 standard. The latter consists of
submerging the test specimens in boiling water for a two-hour
period and measuring the corresponding weights to make the
calculations according to the standard. However, this method
is not suitable for unfired bricks because their matrix is more
water-absorbent which leads to the complete destruction of
the brick. This is one of the weakest properties in unfired clay
bricks that restrict their usage. SEM Images analysis for po-
rosity calculation is a recent approach to overcome the incon-
veniences of water testing. Chinchillas-Chinchillas et al. used
the NI Vision Assistant software to analyze the percentage of
porosity and representative results were achieved [10]. Zeil et
al. evaluated SEM images with a Leica Quantimet 500 im-
age analysis system and were able to calculate the ‘porous area
fraction’defined as the ratio of the area of the pores to the total
area of the analyzed image [11].

'This paper synthesizes the just introduced approaches and
findings through a study of the feasibility of using SEM im-
ages processing as a means to predict the compressive strength
of unfired clay bricks with almond husk powder as an additive.
'The novelty in this work is the evaluation of different theoret-
ical models of the porosity-compressive strength relationship
using the surface porosity issued from SEM images of the
studied bricks.

Materials and Method
Materials

The clay is extracted from Bensmim red soil in Ifrane
— Morocco. Previously used in several research, this clay
showed its suitability for earthen construction materials [12-
14]. In conformity with ASTM D5357, X-ray diffraction is
performed on the studied clay. The mineralogical composition
is shown in figure 1. Quartz of silicon dioxide predominates.
The used clay is considered non-swelling with low plasticity
nature due to the presence of Illite/Muscovite [15, 16]. The
X-ray fluorescence analysis performed on Bensmim soil,
in previous studies, proved the presence of aluminum oxide
(ALO,) confirming the clayey portion [17]. Calcite and
Dolomite are present with low content. Used materials are
nanomaterials.

Almond husk was collected and used as an additive in
the manufacturing of specimens. According to the literature
[18], the husk is constituted of various elements that made
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Figure 1: X-ray Diffraction of extracted soil: (M) - Muscovite, (I) - Illite,
(C) - Talcite, (Q) - Quartz, and (D) - Dolomite.

it suitable as feed for animals. The composition is as follows:
Cellulose (20.6 - 35.2 wt.%), hemicellulose (about 10 wt.%),
lignin (7.5 - 15.6 wt.%), an important portion of soluble sugars
(18.0 - 30.0 wt.%) and protein content (2.1 - 8.8 wt.%). The
used almond husk was tested for its density at 0% moisture
contents according to ASTM D2395 - TestMethod B and
found to be 0.725 g/cm?®.

Method

Raw materials were prepared to form cube specimens of
10 mm in the edge. The soil was cleansed, dried to eliminate
moisture, crushed, and then sieved at 100 pm. Equally, the al-
mond husk is ground and sieved at 100 pm. 2, 5, 10, and 20
wt.% almond husk is incorporated into clay, then mixed for
5 minutes using an electric mixer that animates Blade rota-
tive movements (140 rpm) and planetary rotative movements
(62 rpm). 16.5% water content was added to the mixture. This
optimum moisture content is found using the proctor com-
paction test following the ASTM D698 standard, at 5 MPa
applied pressure. The mixing continued for an additional 5
minutes. The specimens were finally molded and went into the
drying process. The latter consists of three-phase drying. The
first is in a 25 "C £ 1 °C control room for 18 days. The second
is in an oven at a temperature starting from 30 °C to 60 °C
with a 5 °C/h increment factor; making it 6 hours, then cooled
in a 25 °C = 1 °C control room for 3 days. This intermediate
drying aims to mitigate moisture content that weakened the
resistance specimens [19]. The final drying is in an oven, for 24
hours, at a temperature starting from 50 °C to 105 °C with a
10 °C/h increment factor, then cooled in a 25 °C +1 °C control
room. A control specimen was prepared as a reference.

For the specimens’ surface observation and analysis, a
high-vacuum mode is applied in JSM-IT500HR SEM. The
SEM images processing is done using Image] open-source
software. The analysis consists of first adapting the images.
'The threshold intensity is defined for each image. The software
calculates then the fraction of area showing pores, thus the
surface porosity.

Corresponding bricks were prepared according to the same
procedure, tested for their compressive strength conforming to
ASTM C1314 and presented in an earlier study [5]. Figure
2 shares the results where it was found a slight enhancement
in the bricks’ strength when incorporating 2 wt.% of almond
husk powder. The reached gain at this optimum content was

20
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Compressive strength [MPa]

0% 2% 5% 10% 20%
Waste percentage by weight

Figure 2: Compressive strength of unfired bricks with almond husk
powder for different weight percentages.

estimated to be 8.98% compared to the control specimen. It
was reported that this increase is due to the phenomenon of the
fiber bridging mechanism which is responsible for increasing
the friction between fibers and clay [20]. The compressive
strength of the bricks dropped after the incorporation of
additional amounts of almond husk content.

Results and Discussion

The performed SEM images on representative cubes
of unfired clay bricks with 0, 2, 5, 10, and 20 wt.% almond
husk powder as an additive are shown in figure 3. Different
information could be determined using the images. The
microstructure is constituted of irregular plate clay particles.
'The platelets are oriented parallelly in a way to form aggregates
that are domains with irregular sizes due to the interaction
effects of clay-hull and clay-shell [21]. Despite they are not

shown in the image, almond husk granular particles are

Figure 3: SEM images of prepared specimens with (a) 0, (b) 2, (c) 5, (d)

10, and (e) 20 wt.% additive and (f) image (e) processing using Image].
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Figure 4: Surface porosity of representative cubes of unfired bricks with

almond husk powder for different weight percentages.

responsible for creating these flocculating volumes. This was
observed during the preparation of the specimens. Each
almond husk proportion incorporated into the mixture,
there were produced coagulant particles of distinct volumes.
Consequently, a distinct porous network is generated for each
almond husk proportion. In fact, the higher the proportion
of additives, the higher the number of coagulants, producing
more pores [17].

To confirm this, micro-superficial porosity is evaluated
using Image] processing images software (Figure 3f). The
surface porosity as a function of the almond husk content
is presented in figure 4. The pores are at their highest level
(21.254%) in the specimens incorporating 20 wt.% additive,
which complies with the latter explanation. However, the
lower surface porosity level is recorded at 2 wt.% almond
husk (11.296%), then it increases with the incorporation
of the additive. The obtained minimum porosity is due to a
phenomenon called the fiber bridging mechanism. It occurs in
the of case randomly oriented soft fiber in a clay matrix [20]
and it binds soil grains together more rigidly leading to less
porosity creation up to an optimum content of the additive (2

wt.% in this study) [22].

The porosity evaluation by SEM (Figure 3) is found
in accordance with the results from the bricks’ strength
testing (Figure 2). Table 1 shows a summary of the results.
Pores creation is the main reason for the strength decrease
in materials. At the minimum obtained surface porosity, the
bricks are at their optimum strength. Similar conclusions are
found in the literature. Limami et al. observed the relationship
between porosity and compressive strength of unfired clay
bricks incorporating typha fibers [7]. The reviews of Jannat et
al. [6, 23] and Al-Fakih et al. [24] reported the same behavior
of bricks’ strength with respect to the pore’s creation.

Table 1: Summary table of the results according to the composition of the bricks.
Waste percentage by | Surface porosity | Compressive strength
weight [%] [MPa]
0% 11.998 19.49
2% 11.296 21.24
5% 16.745 17.56
10% 18.244 13.43
20% 21.254 5.99

Figure 5: The compressive strength-porosity dependence. Representation
of the Balshin, Ryshkewitch, and Hasslman models.

'The collected findings from the surface porosity evaluation
by SEM images processing are used to correlate between
these experimental findings and theoretically predicted
results of compressive strength. Balshin, Ryshkewitch, and
Hasslman are the three best-fitting models found in the
literature and are initiated in the introduction of this article.
Figure 5 presents the experimental findings on compressive
strength-porosity dependence with the representation of the
three models. The compressive strength of the brick at a non-
porous (zero porosity) state o, is obtained using a statistical
linear regression of the experimental strength measurements.
Hasslman model shows the most accurate prediction since it
shows a correlation of R* = 0.943 compared to Balshin and
Ryshkewitch (R? = 0.902 and R?* = 0.887, respectively). The
constants in each of these models represent a specific meaning
and contribute primally to the construction of the equation.
For instance, in the model of Balshin, fixing the empirical
value of 4 is a way to have the best fit and it is related to the
stress concentration factor around pores in the materials. It
depends on the pore geometry and orientation in relation to
the direction of application of the stress [9]. The Hasselman
model assumes that the continuous phase of materials contains
a dispersed phase of spherical particles, which is exactly our
case where the dispersed phase consists of pores. The porosity
in unfired bricks is considered high compared to the other
porous materials. Therefore, pores acquire elastic properties to
be equal to zero [25]. This makes the Hasselman model able to
describe the most compressive strength in relation to porosity.
For our particular case, it a behavior of inflection point curve
was observed on the plotted data. This made us think to use a
cubic polynomial regression with the equation mentioned in
figure 5. The equation shows a very strong correlation of R? =
0.983.The detected inflection point behavior of the results of
this study may be reported to a specific capacity of the brick,

when exceeding it a catastrophic failure is triggered.

Conclusion

A new approach is introduced in this article of the eval-
uation of the compressive strength of unfired clay bricks with
waste materials as additive. Specimens are prepared and ana-
lyzed in terms of microstructure using SEM images. The latter
are processed using Image] software to quantify the surface
porosity which is a key factor to define the bricks strength.
The results showed less pores creation when incorporating
2 wt.% additive into the clay which was due to interarticu-
lar phenomena. The pores forming reduced the compressive
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strength of the bricks. Using three of the most know models -
Balshin, Ryshkewitch, and Hasslman models, correlations are
established to the experimental findings. Very satistying model
fittings are obtained. However, a cubic polynomial regression
is considered the most adapted to this case. The present study
will contribute highly to the construction of a suitable predic-
tion model for the strength of unfired clay bricks incorporat-
ing various natural additives. This is achievable through SEM
images of only representative specimens and polynomial re-
gression. As per recommendation, more studies need to focus
on further verification of the direct match of this application
and on defining the constants parameters of the regressions
able to predict the unfired clay bricks’ behavior.
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