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ABSTRACT

In the present work, bricks were made on a real 1:1 scale for the construction of housing. For
the preparation of the mixtures, raw materials such as clay, sand and glass obtained from the
recycling of brown beer containers were used, applying the method plastic molding for the
preparation of the semi-products. It has been established that the addition of sand contain-
ing a small amount of montmorillonite to such clay enabled to realization of plastic molding.
The incorporation of glass into the clay provided to substantially reduce the sintering time of
the bricks up to 8 h and to vary their strength properties. Sintering was carried out at 800°Cin
an air atmosphere. The results of X-ray diffraction (XRD), X-ray fluorescence (XRF) and field
emission scanning electron microscopy (FESEM) and EDS microanalysis have shown that the
raw materials and ceramic bricks contains quartz and feldspars. Low-temperature sinter-
ing has made it possible to obtain high-quality, high-strength building bricks in accordance

with standards.
© 2024 The Author(s). Published by Elsevier Espana, S.L.U. on behalf of SECV. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).

Sinterizacion a baja temperatura de ladrillos ceramicos a partir de arcilla,
residuos de vidrio y arena

RESUMEN

En el presente trabajo, se elaboraron ladrillos a una escala real 1:1 para la construccién
de viviendas. Para la preparacién de las mezclas se utilizaron las materias primas como,
arcilla, arena y vidrio obtenido del reciclaje de envases de cerveza color marrén aplicando
el método de moldeo plastico para la preparacién de los semiproductos. Se ha establecido
que la adicién de arena que contiene una pequeiia cantidad de montmorillonita a tal arcilla
permitio realizar el moldeo plastico. La incorporacién de vidrio en la arcilla permitié reducir
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0366-3175/© 2024 The Author(s). Published by Elsevier Espana, S.L.U. on behalf of SECV. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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sustancialmente el tiempo de sinterizacién de los ladrillos hasta 8 h y variar sus propiedades
de resistencia. La sinterizacién se ha realizado a 800°C en una atmésfera de aire. Los

resultados de los andlisis de difraccién de rayos X (DRX), fluorescencia de rayos X (FRX)

y de microscopia electrénica de barrido de emisién de campo (FESEM), y microandlisis
EDS, han demostrado que las materias primas y los ladrillos cerdmicos contienen cuarzo
y feldespatos. La sinterizacién a baja temperatura ha hecho posible obtener ladrillos de
construccién de alta calidad y resistencia de acuerdo con las normas.

© 2024 El Autor(s). Publicado por Elsevier Espafia, S.L.U. a nombre de SECV. Este es un
articulo Open Access bajo la CC BY-NC-ND licencia (http://creativecommons.org/licencias/

by-nc-nd/4.0/).

Introduction

For many years, the manufacture of bricks has been a sig-
nificant building material widely used around the world. Its
production requires the firing of clay in a kiln at high tem-
perature over 1000°C. The high temperature kiln firing not
only consumes significant amount of energy but releases large
quantity of greenhouse gases [1,2]. The purpose of firing is to
improve durability gaining process of the clay brick, and that
is succeeded through sintering [3]. Sintering is the heat treat-
ment process in which a powder or porous material, already
formed into a required shape, is converted to a useful solid
[4]. Clays have been a material of great importance in the
manufacture of ceramics, they are made up of various clay
minerals (hydrated silicates, with ions mainly Mg, Fe, K, and
Na) and other minerals such as quartz, feldspars, carbon-
ates, final products of the destruction (weathering) of rocks
under the influence of a complex set of processes: mechanical
(water, wind, glaciers), physical (heating, cooling), chemical
(exposure to moisture, oxygen, and carbon dioxide), bacte-
riological (decomposition of organic impurities) [5-15]. Clays
contain mainly clay minerals, which are small silicates with
a hydrated layer and are part of the phyllosilicate family. The
term phyllosilicate is called “physics” in an abbreviated way
to the word and has no connotations of particle size [6,16,17].
Clay minerals refer to a group of hydrated aluminosilicates
that predominate in the clay fraction (<2 pm) of soils, these
minerals are similar in chemistry and structure [17]. Clay
refers to a naturally occurring material composed primarily of
fine-grained minerals whose plasticity index (PI) is equal to or
higher than the ratio of the liquid limit divided by two (LL/2), so
that a clay is plastic or highly plastic at those water contents
located between the liquid (LL) and plastic limit (PL) [18]. A
moderately or slightly clayey material is a naturally occurring
material composed primarily or partially of fine-grained min-
erals, whose plasticity index (PI) value is between the liquid
limit divided by three (LL/3) and the ratio of the liquid limit
divided by two (LL/2), so that a clayey material is slightly or
moderately plastic at those water contents located between
the liquid limit (LL) and plastic limit (PL). Both clays and mate-
rials with lower plasticity will harden when dried or fired,
being this effect more pronounced as the value plastic index
to liquid limit (PI/LL) ratio increases [18].

Nowadays, environmental problems have been considered
as a serious situation due to the increasing amount of indus-
trial waste such as glass bottles. One technique used to reduce

Table 1 - Proportions of mixes.

Mix ID Content, wt.%

Clay Glass Sand =
M1 85.7 9.5 4.8 100
M2 81.8 9.1 9.1 100

such wastes is by recycling [19,20]. Using waste glass in brick
manufacturing is a good way to keep waste glass out of
landfills because they protect natural resources from further
depletion, reduce greenhouse gas emissions, and lead to a
more sustainable environment [21]. Today, environmentally
friendly material recycling and energy saving are very impor-
tant research fields [22]. One of the most common issues for
Mexico and other countries is saving on the energy and the
used raw materials in the production of construction materials
such as brick [3]. In southern Mexico, specifically in the state
of Guerrero, the brick making is still an artisanal activity that
traditionally has been modified very little, the semi-products
are sintered with temperatures greater than 1000°C for 24h
or more sintering time in artisan kilns with high-energy con-
sumption, mainly wood as fuel [23]. The peculiar problems
of energy saving and the rational management of nature are
of importance, in the case of wood there is no reforestation
process [24].

The main objective of this study was the production of low-
temperature sintered ceramic building bricks from clay, glass
waste and sand.

Experimental procedure

The raw materials used to make the bricks were clay, sand,
and ground cullet that after mixing were sintering at 800 °C,
for 8 h. The clay was collected from the town of Changata, and
the sand from the deposits of the Balsas River in the town of
Villa Nicolas Bravo. As well as the glass bottles, these localities
belong to the municipality of Ajuchitlan del Progreso in the
state of Guerrero, Mexico. The mixtures were prepared by the
powder method (grinding process), and the particle size of the
sand and glass was 120 mesh (125 pm). For the preparation of
the bricks, two mixture compositions were used (denoted as
M1 and M2). These are presented in Table 1.

To prepare bricks with mixture M1, 13.5 kg of clay, 1.5kg of
glass and 0.75 kg of sand were used, 5.41 of water were added.
Finally, for manufacture bricks with mixture M2, 13.5 kg of clay,
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1.5kg of glass and 1.5kg of sand were used, 5.41 of water were
added. The preparation of the paste to the elaboration of the
semi-products, a Blakeslee Mod. F30 mixer was used, capacity
28.391. The mixing time of the mixer was 14 min where after
7 min it was turned off to remove the material from the bottom
for 10 min manually and then it was mixed with the mixer for
7 min with a mixing speed of 1725 RPM. The components were
homogenized until reaching a dough consistency, the dimen-
sions of the wooden molds were a length of 28.5 cm, a width of
14.5cm, and a height of 7.5 cm, for the elaboration of the semi-
products the plastic molding method was used subsequently
they were dried at room temperature for 20 days.

The clay sample was characterized by thermogravimet-
ric (TG) analysis using LINSEIS STA PT 1600 equipment. The
26.042mg aliquot was measured using an alumina crucible
and sweep ramp of 10°C/min. The temperature range was
30-1000°C.

To calibrate the thermogravimetric curves, monohydrate
calcium oxalate (CaCy04 - H;0) was used because this
substance presents three very well-defined mass losses in
the analyzed range. The curves were smoothed using the
Savitzky-Golay routine. The Savitzky-Golay method is a filter
used for smoothing functions. It is based on the calculation
of a local polynomial regression (of degree k), with at least
k+1 equally spaced points, to determine the new value of each
point by obtaining a smooth function of the input data. This
approximation preserves the characteristics of the initial dis-
tribution such as the relative maximums and minimums or
the width of the peaks [25].

The whole-rock samples were ground to powder (finer than
75 pm) using a mortar and pestle. The powdered samples were
mounted into back side aluminium sample holders. For clay
separation, samples were gently disaggregated to avoid artifi-
cial grain size reduction of rock components, then broken into
small chips (*1 mm) using a porcelain crusher and dispersed
in deionized water. Clay size fraction (<2 pm) was separated
in distilled water according to Stokes’ law using the most
unaggressive method. Air-dried oriented preparations were
obtained from the <2 pm fractions by pipetting some drops
of the suspensions onto a glass slide and then drying at 30°C
for a few hours [26]. Ethylenglycol solvation of the slides was
achieved by exposing them to ethylenglycol vapour at 70 °C for
24h.

The whole-rock and clay fraction measurements were
made using an EMPYREAN XRD diffractometer operating with
an accelerating voltage of 45kV and a filament current of
40mA, using CuK, radiation, nickel filter and PIXcel 3D detec-
tor. All samples were measured with a step size of 0.04°
(2theta) and 40s scan step time. Clay samples were examined
by XRD in the air-dried form (AD), saturated with ethylene
glycol (EG) and after heating (550°C). The preparations were
measured over a 26 angle range of 2-80°.

The quantification was obtained using the RIR (reference
intensity ratio [27]; and Rietveld [28]) methods, implemented
in the HIGHScore v4.5 software and using the ICDD (Interna-
tional Center for Diffraction Data) and ICSD (Inorganic Crystal
Structure Database). The refined specimen-dependent param-
eters were the zero error, displacement error, polynomial
fitting for the background with six coefficients, cell param-
eters, and atomic coordinates. The quality of fitting by the

Table 2 - Heating cycle.

Time (min) Temperature (°C)
to1 =30 Co1=0

toz2 = 10 Co2 =300

to3 =20 Co3 =300

toa =10 Cos =500

tos =30 Cos =500

tos =10 Cos =800

to7 =480 Co7 =800
tog=—121 Cog =25

Rietveld method has been controlled by the GOF index (good-
ness of fit) with values always less than 1.5. Based on the
measurement of NIST standards, a maximum error of 10% is
estimated in the quantitative analysis.

For X-ray fluorescence analysis of the raw materials a
WD-FRX RIGAKU PRIMUS Il sequential spectrometer equipped
with rhodium (Rh) tube to be driven up to a maximum power
of 4000 W and handling detection limits down to 1png/g was
used. Microanalysis system with spot beam of 500 pm diam-
eter (0.5mm). The plasticity index was determined by the
Atterberg method [29-31].

The YR series muffle was used for the sintering of the
semi-products. Table 2 shows the values used to reach the
temperature ramp of 800°C for 8h, the average heating rate
is 10°C/min, where tp;-to7 is the ramp time increment and
Co1-Co7 is the temperature increment value. The value of
tog = —121 which means the end of the program, out-put power
off and Cog is the cooling of the furnace to an average ambient
temperature of 25°C.

Ceramic micrographs were analyzed by field emission
scanning electron microscopy (FESEM) and EDS microanaly-
sis, Schottky FESEM unit, model JEOL 7600F. For the FESEM
investigation, the samples were prepared with the following
dimensions 5mm x 5mm x 1mm. The specimens were not
plated with gold, the surfaces were analyzed directly.

The moisture of the specimens made with the M1 and
M2 mixtures was calculated with the loss of moisture of the
known mass after kiln drying at a temperature of 105 °C to con-
stant weight. The apparent density py, of the ceramic samples
M1 and M2 were evaluated as the weight/volume ratio of paral-
lelepiped samples of known dimensions. The true density ps,
was calculated by the helium gas pycnometry method using a
micromeritics brand displacement pycnometer, model Accu-
Pyc II 1340 [32,33]. From the apparent and true densities, the
total porosity (dr) of the ceramic bricks was calculated as:

@r = [1 - ”—b} x 100% (1)

Ps

Ten measurements were made to analyze the actual den-
sity and porosity of the specimens at the same time.

The shrinkage of the specimens was determined in two
stages: drying shrinkage of the semi-product (£:%) and
shrinkage after sintering (£,%) [34]. The total shrinkage was
calculated by the formula:

ET%:21+22 (2)
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where ¥4 is the contraction during the drying process of the
semi-products, ¥, is the contraction during sintering process,
=7 is the total shrinkage of the sample.

Mechanical testing of the bricks was performed on a
2500kN load frame, model 312.31, serial 1088. The compres-
sive strength of the bricks was tested with a load applied at
a speed of 156.91kN/min (16 ton/min) based on the Mexican
standard NMX-C-404-ONNCCE [35]. The compressive strength
was calculated using the formula:

f, = P/A (MPa) )

where f;, is the compressive strength (MPa), P is the maximum
load (N), indicated by the testing machine, and A is the average
of the areas of the upper and lower bearing surfaces of the
specimen (mm?).

In the study of the flexural strength, the brick was subjected
to a point load with a speed of 8.89kN/min (0.91 ton/min) in
the center of the piece, recording the failure to breakage, these
tests were carried out considering the standard norm ASTM
C1161-02c [36]. The flexural strength was calculated by the
formula:

Rfex = 3W1/2bd? (MPa) (6)

where Rgey is the flexural strength, W is the maximum load
indicated by the machine test (N), I is the length of the sup-

Results and discussion
Characterization of raw materials

Thermogravimetric analysis

Thermogravimetric analysis (TG) shows (Fig. 1) three main
steps of mass loss. The mass loss below 500 °C measured con-
stitutional waters and organic matter in the clay material. A
value of 9.81% (5.96 +3.85) +0.30% was obtained. Mass loss is
much lower from 500°C to 700°C (2.21+0.30%). The lowest
mass loss is at high temperatures (700-1000°C) with a value
of 1.124+0.30%). The values of mass loss are low because the
proportion of clay minerals in the sample is also low (%). The
most abundant minerals in the sample are quartz (29.20%) and
feldspars (41.20%), anhydrous primary silicates that decom-
pose at higher temperatures.

In Fig. 2, according to the first derivate of TG analysis (DTG),
the presence of three clays was confirmed: kaolinite, illite, and
smectite. For kaolinite in the temperature range 50-400°C the
first peak at 48.50°C due to loss of adsorbed water, for the
range 400-750 °C the second peak at 565.80 °C due to dehydrox-
ylation of kaolinite, the third peak at 941.60°C due to phase
transition [37,38] to crystalline phases. In illite clay, the first
peak at 268.30°C end of the escape of adsorbed water and
interlayer water, and the second peak (not well defined) at
452.60-565.80 °C belongs probably to dehydroxylation of illite
[38-40]. Above 900 °C, the destruction of the crystalline lattice
of this mineral occurs [40].
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Fig. 2 - DTG curve of clay sample.
For smectite clay the first peak at 268.30°C due to dehydra-
tion, for the second peak at 769.20°C due to dehydroxylation — —
and formation of amorphous phase. Above 900 °C, the decom- HEES ) géi
position of this mineral occurs [41]. § = § § E‘“E 5
EEE 2 3B E
X-ray diffraction of raw materials by T | s
|

Table 3 and Fig. 3 show the quantitative results of the anal-
ysis obtained by X-ray diffraction technique (XRD) of the raw
materials by Rietveld method [28]: clay, glass and sand, it was
observed that the composition of the main crystalline phases
of the clay used that predominate the most are plagioclase
(31.00%), quartz (29.20%) and sanidine (10.20%). The clay itself
is a mixture of kaolinite (10.10%), illite (12.30%) and smectite
(7.20%) (see Table 3 and Fig. 3a). The content of phyllosili-
cates did not exceed 29.60% among them, but a negligible
amount of smectite (7.20%) is present. Fig. 3b shows the X-ray
diffraction pattern of the glass used in the preparation of the
mixtures, which presents a halo due to its amorphous struc-
ture. In the sand used, the crystalline phases are plagioclase
(33.40%) and quartz (26.70%), which constitute the bulk of the
material. However, phyllosilicates are also present in the sand
(see Table 3 and Fig. 3c), with a content of 13.80% and in smaller
amounts are found the crystalline phases of sanidine (15.40%),
enstatite (9.00%) and hematite with 1.80%. The clay and sand
samples analyzed for this investigation are quite similar. This
mineralogical composition of the components corresponds to
the early fracture stages of volcanic rocks [42].

Fig. 4 shows the main mineralogical components character-
ized by the X-ray diffraction technique in the clay fraction, the
main phases identified were smectite, mica-illite and kaolin-
ite. The presence of the smectite in the samples was confirmed
by a very strong reflection (dpo1) approximately at 26 angle of
6° in the condition with untreated (oriented) peaks 13.16 A,

== =

Intensity, arb.un.

2 Theta Ko Cu

Fig. 3 — X-ray diffraction patterns of raw materials. Pl:
plagioclase; ill: illite; Mont: smectite type montmorillonite;
Qz: quartz; Kao: kaolinite; Ens: enstatite; Hem: hematite.

the smectite changed approximately at 20 angle of 5.2° in the
sample with ethylene glycol (glycolated) 16.93 A and collapsed
to 9.84 A heated to 550°C. For the mica-illite with untreated
(oriented) peaks was identified at peak 10.30 A, peaked with
ethylene glycol (glycolated) 9.89 A and heated at 550°C, 9.84 A.
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Table 3 - Mineralogical composition (%) of the used components.

Group Phase composition Raw materials
Clay Glass Sand
Quartz 29.20 - 26.70
. Plagioclase 31.00 - 33.40
Silicates Sanidine 10.20 - 15.40
Enstatite - - 9.00
Oxides Hematite - - 1.80
Kaolinite (structure 1:1) 10.10 - 4.20
Phyllosilicates Smectite (structure 2:1) 7.20 = 2.80
Ilite (structure 2:1) 12.30 - 6.80
Amorphous - 100.00 -
Total 100.00 100.00 100.00
% phyllosilicates* 29.60 13.80

* This column is the sum of kaolinite, smectite and illite.

16 A

3

1
103
718 A

1600 —

400

Oriented Untreated

1600 -

Intensity, arb.un.

400

Oriented Glycolated

1600

400

Oriented Heated 550 °C

10 20 30

Position [*20] (Copper (Cu))

~1
=

T
0 60

th

80

Fig. 4 - X-ray diffraction patterns of the oriented, glycolated, and heated clay fraction at 550 °C.

For its part, the kaolinite has similar peaks without treatment
(oriented) and peaks with ethylene glycol (glycolated) at 7.18,
7.12 A and collapsed completely when heated to 550°C.

X-ray fluorescence analysis

Table 4 shows the chemical composition of the results
obtained from the X-ray fluorescence analysis (XRF) of the raw
materials. The main predominant chemical components of
the clay were SiO, (61.42%), Al,03 (17.54%) and Fe,03 (6.35%),
being the components with the lowest content TiO; (1.01%),
MnO (0.09%) and P,0s (0.05%). In the sand used, the chemi-
cal composition with the highest content was SiO, (67.69%),
Al,03 (14.69%) and Fe,03 (4.54%), and in lower concentra-

tions TiO, (0.79%), P20s (0.17%) and MnO (0.06%). In both
samples, a high proportion of quartz stands out. The alu-
minum contents are related to the presence of anhydrous
aluminosilicates (feldspars) and hydrated aluminosilicates
(clay minerals). Calcium and sodium are found mainly in
the structure of plagioclases (andesite), and potassium in
sanidine and illite. Iron in the sand sample is associated
with pyroxene-type mafic minerals (enstatite) and hematite.
Enstatite also contains magnesium. For the clay sample, no
iron or magnesium-rich minerals are found in XRD analysis,
so these elements are contained probably in non-crystalline
phases. In the case of glass, the main highest concentra-
tions were SiO, (73.07%), CaO (13.03%) and NayO (9.71%). At
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Stage of

Sample

preparation

M1 M2

I stage
water introduction

11 stage
suspension introduction
in wooden molds

II1 stage
blanks extrated from
wooden molds
after 20 days of air drying

Fig. 5 - Different stages of preparation of semi-products.

Table 4 - The chemical composition (%) of raw materials
analyzed by XRF.

Composition Raw materials

Clay Sand Glass
SiO, 61.42 67.69 73.07
Fe,03 6.35 4.54 1.03
Al,04 17.54 14.69 171
K,0 2.18 2.81 0.93
Cao 1.74 1.30 13.03
Na,O 111 4.08 9.71
TiO, 1.01 0.79 0.13
P,0s 0.05 0.17 0.02
MgOo 1.34 1.44 0.14
MnO 0.09 0.06 0.01
SO; = = 0.08
PxC* 7.17 243 0.16

* PxC is the loss on calcination (PxC) and was determined with1g
of ground sample powder calcined at 950°C for 1h and subse-
quently determining the mass loss by weighing. There is a good
correlation between these values and the clay content of the sand
and clay samples obtained by X-ray diffraction.

lower concentrations were SO3 (0.08%), P20s (0.02%) and MnO
(0.01%).

There is a very good agreement between the phase data
obtained by X-ray diffraction and the X-ray fluorescence data.
The theoretical composition of the sample has been recalcu-
lated based on the quantitative analysis of phases obtained
by XRD and very good agreement (maximum error 8%) was
obtained for all phases in both samples except for iron and
magnesium, which in the clay sample appear to be in poorly
crystalline phases not identified by XRD.

Plasticity

According to the results obtained by the Atterberg method, the
clayey soil used showed a plasticity coefficient of 12.60. It was
classified as low plasticity clay (CL) according to ASTM D2487
[43-45].

M1

O319nr?1[‘i}éns})

0-43-nm (Qz)
0.33nm (Qz

=
~

---1-0nm{illy

018 nm{Qz)

Intensity, arb.un.

2 Theta Ka Cu

Fig. 6 — XRD patterns of the bricks made from the mixtures
M1 and M2. Tgy, : 800 °GC; tgine. : 8 h; Pl: plagioclase; ill: illite;
Qz: quartz; Kao: kaolinite; Ens: enstatite; Mull: mullite.

Characteristics of the molding preparation

For the preparation of the semi-products, the plastic molding
method was used, 5.41 of water were added to the mixtures
and the wooden molds were filled with paste, then the sam-
ples were dried at room temperature for 20 days (see Fig. 5).

Characterization of ceramic bricks materials

X-ray diffraction

Fig. 6 shows the XRD patterns of the bricks made from the
mixtures M1 and M2. The results obtained from the X-ray
diffraction of the bricks made with the mixture M1 showed
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Fig. 7 - Micrographs of fractures of bricks made with mixtures M1 and M2 (a and b) and contents of elements at different
places of the ceramics indicated in (a’, b’). Tgjnt.: 800 °C, tgine : 8h.

that the composition of the main crystalline phases identi-
fied in the respective diffractograms are andesine (52.80%),
quartz (43.10%), illite-smectite (2.60%) and enstatite, ferroan
(1.40%) (see Fig. 6a). The bricks made with the mixture M2,
its main crystalline phases are andesine (61.60%), quartz
(33.30%), illite-smectite (4.2), enstatite, ferroan (0.50%) and
mulite (0.30%) (see Fig. 6b).

FESEM analysis

In Fig. 7, the micrographs obtained by FESEM are presented,
it was observed in Fig. 7a and b, the ceramic material con-
sists of large particles embedded in a finer-grained material.
In all ceramic materials, pores are present. EDS results (Fig. 72/,
b’) showed similar percentages SiO, (55.67-54.87%), Al,O3
(21.31-14.93%) and FeO (12.2-11.44%) in the bricks made with
mixtures M1 and M2, record solidified melt areas of different
sizes, which bind grains of more refractory material. While
other oxides, as CaO (2.83-5.14%), Na,O (4.12-3.06%), K,0
(2.73-2.28%), MgO (1.82-2.19%) and Cl are less represented.
The chlorine (Cl) was found in the bricks of the mixture M2
in less percentage, i.e. approximately 0.81% (see Fig. 7b’). The
presence of Clin the analyses implies that in the composition
of the ceramic body there are not only oxides, but also chlo-
rides, given the heterogeneous distribution of the materials
that make up the ceramic body. The EDS analysis showed that
both bricks M1 and M2 contain the main oxides.

Moisture, density and porosity of ceramic bricks

Table 5 shows that the values of apparent and true density
of the specimens made with the M1 and M2 mixtures stud-
ied do not differ significantly from the ceramic. This is due to
the fact that the mineralogical composition of clay and sand
are similar to each other, plagioclase, quartz and phyllosili-
cates present in clay and sand, as well as glass are melting
agents. In the case of moisture, the bricks made with the M2
mixture have higher moisture of content of 1.29% compared to
the bricks made with the M1 mixture that contain lower mois-
ture of 0.06%, to explain this result the bricks made with the
M2 mixture contain higher amount of sand and therefore have
higher porosity than the bricks made with the M1 mixture (see
Table 5).

Shrinkage

Brick shrinkage occurs as a result of the evaporation of water
from during both drying and firing processes of the semi-
products [34,46]. Fig. 8 shows the percentage of shrinkage of
the ceramic bricks made with mixtures M1 and M2. Column
1 represents the drying shrinkage of the specimens (20 days),
column 2 the shrinkage when the semi-products were sin-
tered at a temperature of 800 °C for 8 h and column 3 the total
shrinkage of the bricks. As can be seen, the total shrinkage of
the bricks made with mixture M2 was 10.55%, the shrinkage of
these bricks is similar to the bricks made with mix M1, whose
total shrinkage was 10.19%. This is because that both samples
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Table 5 - Ceramic bricks properties.

Mix ID Moisture Apparent density Real density gas Total porosity
% g/cm3 pycnometry (helium) (P1), %
g/cm?
M1 0.06 1.79 2.55 29.80
M2 1.29 1.90 271 29.89
3 3
12 . 3 1 7 s :
1 -
10 6 AT A
&
~ >
S = °
- =
) B a4 -
< 6 [
e £
8 = 3
o I
s * :
2
=
2 2 2 1
0 0
M1 M2 M1 M2
Shrinkage of various mixtures Flexural strength of various mixtures

Fig. 8 - Shrinkage mechanism analysis of bricks made with
mixtures M1 and M2. For shrinkage in the sintering regime
Tsint.: 800°C, tgine : 8h.
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Compressive strength of various mixtures

Fig. 9 - Column 1 corresponds to Mexican standard
NMX-C-404-ONNCCE, column 2 corresponds to the studies
of the mechanical properties of the handmade bricks in the
State of Guerrero, Mexico and column 3 corresponds to the
experimental data of the bricks made with mixtures M1
and M2.

have similar concentration of phyllosilicates and M1 sample
has more while its shrinkage is less.

Mechanical properties of ceramics

Compressive strength. The compressive strength is highly
important, because the function of the ceramic brick is basi-
cally to support compressive stress. Fig. 9 shows the results of
the compressive strength of the bricks made with mixtures
M1 and M2 (see Fig. 9, column 3). Table 6 shows the mini-

Fig. 10 - Column 1 corresponds to the ASTM C1161-02c,
column 2 corresponds to the studies of the mechanical
properties of the handmade bricks in the State of Guerrero,
Mexico and column 3 corresponds to the experimental data
of the bricks made with mixtures M1 and M2.

mum compressive strength according to different standards
of different countries based on bricks classification [47-58].
The results in Fig. 9 show that the bricks made with mix-
ture M1 presented lower compressive strength of 38.98 MPa
by adding 4.8wt.% sand of sand and 9.5wt.% of glass (see
Table 1) compared to the bricks made with mixture M2 pre-
sented the maximum compressive strength of 43.55MPa by
adding 9.1wt.% sand and 9.1wt.% glass (see Table 1). To
explain this result, the composition of the clay and sand used
must be taken into account, which contains a large amount
of feldspars and quartz and a smaller amount of clays. The
ceramic bricks obtained from mixtures M1 and M2 have good
compressive strength properties due to the devitrification of
the glass from a solid phase to a liquid phase. Filling the
open pores, i.e. it binds all the refractory particles of quartz
and feldspar together. The compressive strength of the bricks
made with the M1 and M2 mixtures are higher than the min-
imum compressive strength specification of 11 MPa required
by the Mexican standard NMX-C-404-ONNCCE (see Fig. 9, col-
umn 1) and by the standards presented in Table No. 6 [47-60]. It
was also compared with the studies of the mechanical proper-
ties of the handmade brick produced in the state of Guerrero,
Mexico (see Fig. 9, column 2), whose strengths are lower in
compared with the compressive strengths of the bricks made
with the M1 and M2 mixtures.

Flexural strength. Fig. 10 shows the results of the flexural
strength of the bricks prepared with M1 and M2 mixtures (see
Fig. 10, column 3). The results of flexural strength of the bricks
prepared with the M1 mixture were 5.93 MPa and for the bricks
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Table 6 - Standard minimum compressive strength requirement as per different standards.

International standard Designation

Brick classification Minimun compressive

strength (MPa)

Building bricks ASTM C62-13a, 2013 [48]
Solid Masonry Unit ASTM C126-16, 2011 [49]
Facing bricks ASTM 216-16, 2013 [50]

China National Standard CNS382-R2002, 2007 [51]

Brazilian Standard

Common burnt clay bricks
Hollow clay bricks

Burnt clay fly ash bricks
Calcium silicate bricks
Pulverized fuel ash lime bricks
Hollow concrete blocks

IS 1077, 2007 [53]
IS 3952, 2006 [54]
IS 13757, 1993 [55]
IS 4139, 2004 [56]
IS 12894, 2002 [57]
IS 2185-1, 2005 [58]

NBR 6064 (ABNT 1983a) [52]

Severe weathering 20.7
Moderate weathering 17.2
Negligible weathering 10.3
Vertical coring 20.7
Horizontal coring 13.8
Severe weathering 20.7
Moderate weathering 17.2
First degree 14.71
Second degree 9.81
Third degree 7.35
Pavement bricks 49.03
Clay bricks 1.5
Burnt clay bricks 3.5-35
Hollow bricks 35
Fly ash bricks 3.5-30
Calcium silicate bricks 7.5-20
Fuel ash lime brick 3.5-35
Grade A 3.5-15
Grade B 3.5-5
Grade C 4-5

made with the M2 mixtures 6.69 MPa, exceeding the specifi-
cations of the ASTM C1161-02c standard (see Fig. 10, column
1) [36] and the studies of the mechanical properties of the
handmade brick produced in the state of Guerrero (see Fig. 10,
column 2).

Conclusions

According to the results, obtained in this research, it was ver-
ified that the selected raw material, i.e., clay, belongs to a
siliceous clay with small amounts of kaolinite and montmo-
rillonite. The sand that was added to the clay also contains
small amounts of montmorillonite and kaolinite. It should
be noted that siliceous clays are used to produce refractory
ceramics by a process that is fundamentally different from the
usual process of producing bricks from plastic clays. Thus, as
a result of this research, the approach we have developed for
low-temperature sintering of siliceous clays was added ground
glass for the production of building ceramics by plastic mold-
ing, thus solving the problem of energy saving as well as the
problem of glass waste disposal (ecological problem).

The physical and mechanical properties of the ceramic
brick with the addition of waste glass and sand were studied.
The results showed that the compressive strength of the bricks
made with the M2 mixture increased with the addition of
9.1wt.% sand and 9.1 wt.% glass. The compressive strength of
the bricks made with the M1 and M2 mixtures are higher than
the minimum compressive strength specification of 11 MPa
required by the Mexican standard NMX-C-404-ONNCCE.

The values of apparent and true density of the specimens
made with the M1 and M2 mixtures studied do not differ sig-
nificantly from the ceramic. This is due to the fact that the
mineralogical composition of clay and sand are similar to each
other, feldspars, quartz and phyllosilicates present in clay and
sand, as well as glass are melting agents. In addition, it was
possible to reduce the sintering temperature and time in an

air atmosphere to 800°C for 8 h. The simultaneous improve-
ment of the mechanical properties allows the application of
these ceramic materials in load-bearing masonry walls for the
design of sustainable buildings. The south Mexico is located
in a highly seismic zone of the country. For these reasons, this
material has relevant importance.
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