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Abstract

The objective of this work was to develop a more and better understanding of the strength devel-
oping in clay-andesite fired brick. The purpose was to improve the quality of the clay bricks that
are handmade in the southern region of Ecuador to make them suitable for more widespread use
in the local construction industry. To achieve our goal, we first physically, chemically, and me-
chanically characterized the “clayey” and “sandy” materials used in the fabrication of handmade
bricks in the region. Second, the optimal mixture (OM): the optimal proportion between the amounts
of “clayey” and “sandy” material was sought. Third, clay bricks were prepared using the OM, baked
at 950°C, and characterized. In addition, bricks produced by regional artisans were characterized,
and the results were compared with the results obtained for the bricks prepared using the OM.
Our data reveal that the optimal mixture is 50% “clayey” material and 50% “sandy” material and
that with this mixture, an average improvement in brick quality of 300% can be achieved; thus,
the use of the OM makes it possible to expand the use of these bricks in the local construction in-
dustry and enables an environmentally friendly production process by reducing the intensive ex-
ploitation of regional clay deposits. This improvement is achieved by virtue of the anorthite enrich-
ment that occurs in the solid solution, which results from the evolution of andesine. The anorthite
contributes to the formation of a stronger matrix among the different grains of the material. Con-
ditions are favorable for this enrichment process to occur when “sandy” materials with high con-
tents of andesite, which is common in Ecuadorian soils, are used.
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1. Introduction

Solid clay bricks are one of the oldest and most extensively used construction materials in human civilization.
Clay bricks are formed through a simple manufacturing process (mixing, kneading, drying, and baking) and are
an affordable product that is created using non-renewable resources, such as clay, which exists in abundance in
diverse regions of the planet. Clay bricks offer solidity, durability, and compactness, among other potentially
beneficial physical, mechanical, and thermal properties. However, clay brick technology has evolved very little
throughout history, and efforts to improve its technological performance have received little attention. However,
due to their low production costs and wide range of properties, clay bricks offer remarkable potential for tech-
nological development, although there is little fundamental knowledge available regarding the relationship
among the composition, microstructure, and mechanical performance of such bricks [1]. For this reason, there is
considerable interest in using technology to develop a new type of clay brick with improved performance in re-
sponse to the technological challenges posed by the modern construction industry. However, the production of
clay bricks has a high environmental impact in terms of the consumption of non-renewable resources (materials),
energy, and water as well as the emission of greenhouse gases and the generation of waste, among other aspects
[2]-[4].

The materials used in the clay brick industry are dispersed throughout the earth’s surface and have their natu-
ral origins in complex geological processes that occurred during the formation of the earth’s crust. The possibil-
ity of using these materials in the manufacture of clay bricks depends primarily on the geological and geochem-
ical conditions in which the materials are formed, as well as on their mineralogical composition. The environ-
mental impact due to the consumption of non-renewable resources is related to the availability of these clayey
materials and to the exploitation of areas that must remain available for the conservation of biodiversity. Thus,
the intensive exploitation of clay deposits poses a threat to environmental sustainability and also threatens the
development of a sustainable construction industry. The mitigation of the environmental effects of clay brick
production and the technological development of optimized clay bricks begins with the formulation of an OM,
considering the compositions of both the “clayey” material and the available “sandy” material. The dominant
component in an OM is quartz, but the most important ingredients are hydrated silicates or clay minerals, which
endow the mixture with viscosity and plasticity once it is hydrated. Other ingredients include carbonates, iron
oxides, and other minerals and their mixtures, which are used as fluidifiers or degreasers, among other purposes.
The mineral compositions of these clayey minerals vary greatly. The amounts and compositions of these miner-
als directly influence the molding and drying of a brick before it is placed in the oven as well as its behavior
during baking and the color and quality of the finished product.

However, the most suitable proportion of “clayey” and “sandy” materials depends, to a large extent, on the
nature of the available materials. In addition, we must consider that the requirements for environmental preser-
vation are continuously increasing [2]. Therefore, the optimization of the ratio of “clayey” material to “sandy”
material represents an effective and important means of mitigating the environmental impact [5]. At the Andes
mountain range, “sandy” material is found in surface deposits that usually have good amount of andesite. Ac-
tually, andesite most commonly denotes fine-grained and typically consist essentially of andesine (a plagioclase
feldspar). Crystal of andesine lies in a finer groundmass, usually crystalline, but sometime glassy. Andesine
consists of 70% to 50% albite and 30% to 50% anorthite. Andesine can decompose into anorthite and albite, as
occurs in the regional model of thermal metamorphism [6] [7]. However, studies of the formation of anorthite
and their effects on the increase in strength during sintering of clay based material are rare in the literature [8].

The objective of this work was to develop a more and better understanding of the strength developing in
clay-andesite fired brick. The purpose was to improve the quality of the clay bricks that are handmade in the
southern region of Ecuador to make them suitable for more widespread use in the local construction indus-
try.

To achieve our goal, we first physically, chemically, and mechanically characterized the “clayey” and
“sandy” materials used in the handmade production of bricks in the region. Second, the optimal proportion
between the amounts of “clayey” and “sandy” materials was sought and determined. Third, clay bricks were
prepared using the OM and sintered at 950°C, and these bricks were then characterized. In addition, bricks
produced by seven major artisanal producers from the region (with production capacities greater than 10,000
units) were characterized, and the results were compared with the results obtained for the bricks prepared using

the OM.
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2. Materials and Methods
2.1. Characterization of Raw Materials (“Clayey” and “Sandy” Materials)

a) Granulometric analysis was performed using number 20, 40, 60, 100 and 200 mesh sieves to determine the
particle size distribution [9].

b) The geotechnical properties of the prepared pastes were then determined. The plastic limit (PL) was deter-
mined using the 3-mm-thread method, and the liquid limit (LL) was determined using a Casagrande device [10].
The plasticity index (PI) was calculated based on the arithmetic difference between the LL and the PL. For brick
preparation, the mixture was moistened to five percentage points above its LL.

¢) The raw material samples were subjected to differential scanning calorimetric-thermo gravimetric analysis
(DSC-TGA) using an SDT Q600 device (manufactured by the Thermal Analysis Company) equipped with a
platinum-platinum/rhodium thermocouple. The analysis was performed between room temperature and 1000°C
at a heating rate of 20°C/min and under an oxygen flow. To achieve better peak resolution, a small amount of
each sample was used (approx. 46 mg) and rapid heating was applied.

d) Chemical analysis (oxide percentage (wt %)) of the samples was performed using X-ray fluorescence (XRF)
spectroscopy (S1 TURBO®® handheld XRF analyzer, Bruker). For this analysis, the samples were mechanically
ground in a planetary mill and reduced to powder in an agate mortar.

e) The crystalline phases were analyzed via the powder method using an X-ray diffractometer (D8 Advance,
Bruker) equipped with a copper anode (4 = 1.5418 x 10 ' m) and a linear detector (LYNXEYE compound sili-
con strip detector, Bruker). The diffractograms were collected in a range of 5 to 70 degrees using a step size of
0.02 degrees and a measurement time of 2 seconds per step. The diffractogram analysis was performed through
a comparison with the Joint Committee on Power Diffraction Standards spectra using the DIFFRAC.SUITE
EVA software from Bruker.

f) The porosity, density, amount of water absorbed, and dimensional variation of the samples were determined
as follows.

The shrinkage of each sample after being dried (DS) in an oven was determined using Equation (1):

DS%:%MOO%. (1)

In Equation (1), L, represents the length of the specimen after drying under ambient conditions, before being
placed in the oven. The shrinkage of each sample after being baked and sintered in the oven (FS) was deter-
mined using Equation (2):

FS%:LZL;LGXIOO%. )

2

In Equation (2), L, represents the length of the specimen after drying in the oven, before being placed in the
baking oven. L; represents the length of the specimen after being baked or sintered in the oven. The total shrin-
kage (TS) was calculated as follows:

TS=FS+DS. 3)

The density and porosity were determined using the gravimetric method based on Archimedes’ principle. The
specimens were saturated with water for 24 h and were then weighed while immersed in water (W;) and in air
after the surface water had dried (W,). Subsequently, the samples were oven-dried for 6 h at a temperature of
105°C to completely remove the water, after which the dry specimens were weighed (W5).

The amount of water absorbed (WA) was determined using Equation (4), following the American Society for
Testing and Materials (ASTM) standard [11]. This amount corresponds to the relative amount (by weight per-
cent) of WA by the specimen while immersed under the prescribed conditions with respect to the weight of the
dry specimen:

wa(%) =22 1009 | 4)
W,

3

The fraction of open pores (f,), or the apparent porosity [12], was calculated using Equation (5):
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g o Ws 100% - (1—&j x100% . )
W, Ps
The density of the solid phase (ps) and the apparent density (p,) were calculated using the ratios given in Equ-
ation (6) below [13]:

2 1

_ W3 x . _ W3
W3 —Wl pw ’ pb W2 _Wl

Ps X Py - (6)

In Equation (6), p,, = 997.04 kg/m® is the density of water at 25°C. The percentage of mass lost during baking
and sintering was estimated using the following Equation:

W, —W,
LOS =——2x100 %. @)
W3

In Equation (7), W, represents the weight of the dry specimen before being placed in the oven for baking and
sintering.

g) The indirect tensile (IT) test (the Brazilian test) was performed on the baked and sintered disks at various
temperatures. In this test, the disk is vertically compressed to indirectly generate a tensile stress in the horizontal
direction. The maximum value of the applied load (P..x) is recorded when the failure of the disk occurs, and the
indirect tensile strength (oy7) is calculated using Equation (8):

2 Pma)(
o= o ®)

In Equation (8), D represents the disk diameter, and | represents its thickness. The IT test offers several ad-
vantages with respect to other methods. The test configuration is simple, and cylindrical or disk-shape speci-
mens are used. A large sample volume can therefore be tested using this method, and it is not sensitive to sur-
face defects [14].

h) The compressive strength of the bricks was determined following the ASTM standard [11], and the tests
were performed in quintuplicate. For these tests, a universal testing machine was used (Versa Tester, Soil Test
Inc., USA), and the compressive strength was determined by dividing the maximum applied load by the area of
the brick face subjected to the load.

i) For the drying of the bricks and disks, the samples were left in the molds for 12 h and were then dried for
72 h under ambient conditions. Subsequently, they were oven-dried at 105°C for 24 h. The samples were heated
at a heating rate of 0.08°C/min from room temperature to 60°C (approx. 8 h) and were then maintained at that
temperature for 3 h; subsequently, the temperature was further raised at the same heating rate to 105°C, at which
they remained for 4 h. The oven was disconnected, and the samples were allowed to cool inside the oven until
they reached room temperature.

j) In the baking and sintering of the bricks and disks, the disks were baked and sintered at 500°C, 700°C, and
950°C, whereas the bricks were baked only at 950°C. The baking and sintering were performed in an electric
oven at a heating rate of 1.66°C/min until the final temperature was reached, and this temperature was then
maintained for 3 h. Finally, the samples were allowed to cool freely via natural convection until they reached
room temperature.

2.2. Experimental Design

The raw “clayey” and “sandy” materials used to produce the handmade bricks were obtained from the natural
deposits at “La Vega (LVG)” and “Indiucho (IND)”, respectively. Both deposits are located in the Catamayo
Canton of Loja Province in Ecuador. The LVG deposit is located at a southern latitude of 4°00'39.7" and a west-
ern longitude of 79°22'43.51", and its geomorphological structure belongs to the Gonzanama Formation. The
IND deposit is located at a southern latitude of 4°01'47.4" and a western longitude of 79°21'54.5", between the
Sacapalca and Loma Blanca Formations. The Gonzanama Formation dates from the Paleocene and rests discor-
dantly on the Sacapalca Formation; it predominantly consists of sedimentary volcanic rocks such as dark-brown
clays, gray lutites, tuffaceous sandstones, and tuffs. It is believed that this formation has a thickness of approx-
imately 1000 meters. The Sacapalca Formation dates from the Paleogene and exhibits a lithology of andesitic
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lavas and pyroclastic rocks. The lavas are resistant to erosion and are located in the highest parts of the Cata-
mayo Basin, whereas the pyroclastic rocks correspond to andesitic tuffs, agglomerate tuffs, and subordinate ag-
glomerates. The lavas are brown or gray andesitic porphyry, with a high content of mafic minerals, including
enstatite, hornblende, and augite. The Loma Blanca Formation dates from the Oligocene-Miocene and rests dis-
cordantly on the Gonzanama Formation; it essentially consists of an agglomerate basal portion followed by a
sequence of stratified medium-grain white tuffs, whose layers have an inclination angle of approximately 124
degrees in the SE direction. The rocks of this formation are wrapped in a silty matrix containing clasts of mainly
variegated tuffs with sizes ranging from millimeters to centimeters. The formation is superimposed with a se-
quence of agglomerate tuffs, tuffs, and pyroclastic flows, whose deposition environment is of the continental
type [15] [16].

The samples were sieved (sieve #18) to remove the inert components of the material, thereby obtaining grains
of less than 1 mm. No specialized treatment, such as those reported by Kornilov and Luzin [17], was used for
the activation of the clays. We characterize the clayey (from LVG deposit) and sandy materials (from IND de-
posit) by doing granulometric analysis, XRF, differential thermo gravimetric analysis, X-ray diffraction and the
geotechnical properties of the 90/10 mixture. The optimization of the mixture and its characterization were per-
formed following the procedure outlined in Figure 1.

To determine the OM, a simplex-reticular method was used, and mixtures were prepared with the following
ratios of clayey/sandy materials, expressed in terms of the total weight percentage of the mixture: 30 - 70, 40 -
60, 50 - 50, 60 - 40, and 70 - 30. The materials were carefully aerated and manually mixed. Water was added to
each mixture until a uniform consistency was achieved. Then, the pastes were allowed to rest for 24 h in sealed
bags (maturation process) to achieve the maximum possible plasticity. Subsequently, portions of each paste
were placed in circular molds of 75 mm in diameter and 20 mm in thickness to obtain disk-shaped samples.
Three replicates were prepared for each formulation, yielding a total of fifteen samples. To achieve soft extru-
sion, a weight of 500 g was placed on each sample for 60 min while it was in the mold. Subsequently, the fifteen
samples were dried at 105°C and then baked and sintered at 950°C. The disks were subjected to the IT test at a
loading speed of 0.010 mm/min. To determine the OM, we defined the optimization factor (foy) in a manner
similar to the structural efficiency factor defined in [18]. Thus, we defined the optimization factor as the ratio of
the maximum stress supported by the sample under indirect tension (oyr), expressed in MPa, to the sample
weight (p), expressed in kg. Thus,

La Vega Deposit Indiucho Deposit
(Clayey Material) (Sandy Matelzial)

> Mixtures < ‘

|
, { ! ]

30-70 40-60 50-50 60 - 40 70 - 30

\

Preparation and maturation of the paste

Geotechnical
Properties of the OM

Molding of each

mixture into 3 disks Paste preparation and

molding into 9 disks
Drying at 105°C
Drying at 105°C
Baking and sintering at 950°C
IT test Baking ang sintering at

500°C, 700°C and 950°C

OM determination 5
‘ IT test, XRD

Figure 1. Methodology implemented to determine and characterize the OM. IT test represents

the indirect tensile test.
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O,
fopt = % ) (9)
2 P
w=o p (10)

In Equation (10), D represent de diameter of the sample and I is its thickness. The OM was defined as the
composition of the disk that exhibited the highest value of the optimization factor. Once the OM was identified,
additional paste was prepared using that formulation. The geotechnical properties of the paste were determined,
and it was used to prepare nine disk-shaped samples following the procedure described above. Once the samples
were dried, they were divided into three sets of three. One set was baked and sintered up to a temperature of
500°C, the second was sintered at a temperature of 700°C, and the third was sintered at 950°C. The sintered
disks were subjected to the IT test, and their chemical compositions were analyzed via X-ray diffraction.

Subsequently, sufficient paste to make five bricks was prepared by hydrating the OM paste to five percentage
points above its LL. The paste was allowed to rest and then used to fill wooden molds of 270 x 140 x 80 mm. A
weight of approx. 3 kg was placed on each mold to achieve soft molding or extrusion. The bricks were allowed
to dry following the protocol described in section (2.1.i). Afterward, the bricks were baked and sintered follow-
ing the method presented in section (2.1.j). Then, following the protocol described in section (2.1.f), conven-
tional characterization (dimensional variation, water adsorption, density, and porosity) of the bricks prepared in
the laboratory and the brick produced by the regional artisans was performed. Subsequently, the bricks were
subjected to the direct compression test in accordance with the methodology defined in section (2.1.h).

The results obtained in the tests of the bricks prepared in the laboratory were compared with those obtained in
the tests performed on the handmade bricks from the regional producers.

3. Results and Discussion
3.1. Chemical Composition and X-Ray Diffraction

The chemical compositions of the LVG and IND samples are shown in Table 1. The analysis results are ex-
pressed as the percentages of oxides present, where the main chemical elements are Si, Al, Fe, and Ca. These
oxide contents can be summarized as 56% to 61% SiO,, 19% to 24% Al,O3, 3% to 8% CaO, 8% to 9% Fe,O; +
TiO,, and 4% to 8% RO + R,0. The diffractograms of the LVG and IND samples are presented in Figure 2, in
which several of the most intense peaks are marked. A semi-quantitative analysis of the diffractograms shown in
Figure 2 reveals that the LVG sample contained a mixture of illite (8%); muscovite-2 M (4%); kaolinite
(18.3%); several plagioclases, such as sodium anorthite (3.6%), albite (5%), and andesine (7.56%); and quartz
(41.76%). Meanwhile, in the IND diffractogram, the plagioclases sodium anorthite (3.22%), albite (5.81%), and
andesine (62.70%), as well as diopside (9.97%) and quartz (15.78%), predominate.

Table 1. Chemical compositions of the LVG and IND samples determined via XRF.

LVG (%) IND (%)
Si0, 56.52 60.02
Al,O; 23.08 19.28
CaO 351 764
Fe,0s 8.07 7.33
MgO 459 3.24
K,0 242 0.82
MnO 0.17 0.20
Tio, 075 0.77
Sb,0; 024 0.25

408



V.]. Garcia et al.

LVG Q
111
111
Mus
Q
Anr
1] . Alb
Mus Mus . Anr Mus
k : I . And And  Mus
; otV g fym
’ X (I And
\
M
Alb
IND
T T I T T T T I L) L} : ] T I T T T T I L) T T T I 1
10 15 20 25 30

20

Figure 2. Diffractograms of the LVG and IND samples. Illite (1ll); muscovite-2M (Mus);
kaolinite (k); anorthite (Anr), albite (Alb), and andesine (And); and quartz (Q).

Adequate baking and/or sintering of a mixture used for brick fabrication requires knowledge of the thermal
behaviors that the raw material can exhibit when subjected to a heating program. Such knowledge allows the
changes in volume, phase, and crystallization, among others, that can occur during the heating process to be un-
derstood and anticipated. In addition, the most suitable baking temperature prior to vitrification can be deter-
mined. The thermal phenomena exhibited by a material as its temperature is increased, until it decomposes, de-
pend to a large extent on the material’s purity, its chemical composition, the nature of the bonds between its
constituents (binding energy between atoms and/or molecules), and its surface properties. For example, clays
with fine grains tend to decompose more readily than clays with coarse grains [19].

3.2. Thermo Gravimetric Analysis

The temperatures at which the different thermal phenomena occur can be studied using thermal analysis me-
thods such as differential thermal analysis, thermo gravimetric analysis (TGA), and differential scanning calo-
rimetry (DSC). However, for samples that are a mixture of diverse materials, such as the materials used to pre-
pare clay bricks, the interpretation of the data is complicated by the simultaneous occurrence of thermal pheno-
mena of different origins. To facilitate the interpretation of the thermograms, we can use the first (D1) and
second (D2) derivatives of the thermogram with respect to temperature to more clearly or explicitly visualize the
occurrence of thermal events. The D2-DSC curve represents the changes in the heat flow rate of the sample
during a range of diverse thermal processes, such as endo-and exothermic decomposition. The D2-DSC curve
provides complementary information to facilitate better evaluation of the simultaneously occurring thermal
processes recorded in the TGA and DSC thermograms. The thermograms of the LVG and IND samples are pre-
sented in Figure 3.

In the DSC curve shown in Figure 3(a), it can be observed that during the initial heating period, the sample
released water in an endothermic reaction up to a temperature of approximately 120°C. In this process, the sam-
ple lost 4.58% of its mass, probably as a result of the removal of hygroscopic water from the clayey material
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Figure 3. TGA, DSC, and D2-DSC thermograms of the LVG (a) and IND (b) samples. The
dotted lines represent the final sintering temperatures.

(see the TGA curve in Figure 3(a)). The wet mass exhibited a dimensional change during drying at tempera-
tures in the range of 0 to 150°C takes because of the loss of water from its pores [20]. Above 120°C and up to
approximately 200°C, a turning point appears in the DSC thermogram of Figure 3(a), probably related to the
removal of hygroscopic water from the illite and other minerals, which caused the sample to lose approximately
0.75% of its weight. In the literature, it has been reported that the effect associated with kaolin in this tempera-
ture range is very small compared with that associated with illite [21]. At 200°C, a sharp endothermic peak is
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evident, probably due to the thermal desorption of weakly absorbed (physisorbed) water adhered to the particle
surfaces through a van der Waals-type attraction. Such water is adsorbed at active sites associated with defects
in the structure and is typically observed to be present in amounts directly proportional to the number of par-
ticles. In the range from 200°C to 500°C, the oxidation of organic matter typically occurs, and the loss of energy
due to the loss of organic mass associated with the clay particles is relatively low [21]. In fact, the combustion of
organic matter depends on the size of its constituent particles and on their distribution in the sample, which gives
rise to small but wide peaks during heating. In the range of 300°C to 350°C, a maximum can be observed in the
DSC curve in Figure 3(a), probably related to loss of water from the hydrated iron oxide [22]. In fact, a maxi-
mum can be observed in the D2-DSC curve in Figure 3(a) in the range of 304°C - 315°C, where the thermal
energy flow remains constant over a small temperature range before it begins to decrease once again [21]. In the
D2-DSC curve of Figure 3(a), between 380°C and 480°C, several events can be observed that are not visible in
the DSC curve because they overlap with the organic matter decomposition; these events correspond to the de-
hydroxylation of the clay. Dehydroxylation is a thermally activated reaction and depends on many factors, of
which time and temperature are the most important variables. This dehydroxylation is a process in which water
molecules form and is removed from the structure of the clayey minerals, following the reaction

OH™ +OH™ — H,0+0” [23]. The dehydroxylation activation energies of the minerals decrease in the fol-
lowing order: illite, muscovite, montmorillonite, and kaolinite [24]; this process is not clearly observed in other
minerals, so it is not discernible in the curve in Figure 3(a).

Kaolinite is characterized by a prominent endothermic effect in the range of 450°C to 570°C, followed by the
destruction of the mineral crystalline network and the formation of metakaolin accompanied by the release of
water, following the reaction described in Equation (11) [25]-[27]. The formation of the water molecules gene-
rates voids in the crystalline network, and when sufficient voids have formed, the structure deforms, producing
metakaolin:

AL,Si,0, (OH), — Al,Si,0, +2H,0.. (11)

The maximum of this endothermic event depends on the heating rate, occurring at 443°C when the heating
rate is 1°C/min and at 527°C when the heating rate is 40°C/min [28]. The recrystallization of kaolinite occurs
between 950°C and 1000°C, accompanied by a considerable release of energy, which should be observed in the
thermogram as a sharp exothermic peak [20] [29].

The loss of water from the illite results in an initial endothermic peak between 100°C and 150°C due to dehy-
dration, followed by a second endothermic peak near 460°C - 470°C due to dehydroxylation and a third peak
near 900°C that is associated with the final dehydroxylation stage [20] [30]. However, Gualtieri and Ferrari re-
ported the existence of at least two endothermic peaks in the range from 600°C to 700°C in the dehydroxylation
process of illite [24] [29]. In its final state, the onset of the dehydroxylation process occurs before the decompo-
sition of the original silicate structure. The thermal decomposition of illite begins at 800°C, and as the tempera-
ture increases, hematite is formed at the expense of silicate [31]. At 910°C, the illite recrystallizes in an exo-
thermic process [29].

Muscovite-2M1 exhibits a significant phase change at approximately 800°C, which is attributed in the litera-
ture to a dehydroxylation process. The dehydroxylation of muscovite-2M1 occurs in the temperature range be-
tween 700°C and 1000°C and is accompanied by the nucleation and growth of the dehydroxylated phase at high
temperatures [32]. Two thermal processes have been associated with the dehydroxylation of muscovite-2M1.:
one at 475°C and another at 750°C [33]. The process involves the condensation of two hydroxyl groups to form
a water molecule via the following reaction:

KA, (Si,Al)O,, (OH), — H,0+KAL, (Si,Al)O,, . (12)

Anorthite (Anr), with the formula CaAl,Si,Og, and albite (Alb), with the formula NaAlSi;Og, lie at the ex-
tremes of a continuous series of reactions in a solid solution of plagioclases, as described by Bowen. The inter-
mediate members of the series are homogeneous mixtures of the products at the extremes and include albite,
which consists of 100% to 90% Alb and 0% to 10% Anr; andesine, which consists of 70% to 50% Alb and 30%
to 50% Anr; labradorite, which consists of 50% to 30% Alb and 50% to 70% Anr; and anorthite, which consists
of 10% to 0% Alb and 90% to 100% Anr. This series of plagioclases forms a solid homogenous solution at high
and low temperatures, and it arises through the complete substitution of sodium and silicon with calcium and

aluminum.



V.]. Garcia et al.

_Pure anorthite (Anryo) exhibits a reversible structural phase transition (a primitive structure of space group
P1 to a body-centered structure of space group 11) at approximately 237°C [34].

Albite exists in two crystalline forms: a completely ordered form that is stable at low temperatures, called
“low albite” or simply albite, and a disordered form that is stable at high temperatures, called “high albite”. The
transformation from albite to “high albite” occurs in the temperature range of 490°C to 670°C [35].

Andesine can decompose into anorthite and albite, as occurs in the regional model of thermal metamorphism.
Its homogeneous superstructure with periodic boundaries and non-periodic anti phase boundaries (APB) is lo-
cally distorted because of the energy accumulated along the closely spaced two-dimensional defects. Thus, the
APB recombine in one region of the crystal to form anorthite (Anrgs), and in another region of the same crystal,
the structure is transformed into albite (Anr.s), without generating a superstructure [6] [7].

At 573°C, alpha trigonal quartz transforms into beta hexagonal quartz. This transformation can be explicitly
observed in the D2-DSC curve in Figure 3(a). The quartz content can be determined from the change in enthal-
py, which, for pure quartz, is on the order of 7.5 J/s [33]. It can be expected that at 870°C, the beta quartz must
irreversibly transform into beta tridymite, undergoing a significant change in volume (approximately 14.4%),
but the kinetics of this reaction is very slow, and it never occurs below 1250°C. A gradual decomposition of
quartz can also be expected in the range of 800°C - 1100°C, with a significant decrease in its content at 1100°C
[21]. However, when impurities are present, the beta quartz can instead irreversibly transform into alpha cristo-
balite at 1050°C or 1250°C [36].

All peaks related to the release of carbonate in the D2-DSC curve of Figure 3(a) must appear as narrow peaks
in the temperature range of 640°C to 740°C [21]. Several processes occur in the range of 700°C to 900°C that are
more visible in the D2-DSC curve in Figure 3(a) and are associated with the decomposition of the clays and of
the calcite. Calcite can decompose over a wide temperature range, from 650°C (decarbonation of polycrystalline
calcite) to approximately 850°C, at which the decomposition of monocrystalline calcite occurs. At 810°C, the
decarbonation of carbonates with particle sizes similar to those of the clays occurs [29].

The thermograms collected for the IND samples are shown in Figure 3(b), in which thermal events similar to
those observed for the LVG sample are evident, particularly those in the temperature range between 120°C and
200°C. The endothermic peak at 573°C is related to the transformation of alpha quartz into beta quartz. However,
in contrast to the thermograms of the LVG sample, Figure 3(b) exhibits a prominent endothermic peak at ap-
proximately 835°C, which can be attributed to sodium anorthite or K-feldspar [4].

Finally, in Figure 3(a), it can be observed that at 976°C, vitrification of the clay occurred in the LVG sample,
turning it into a fragile material. Therefore, we concluded that the most suitable baking temperature for clays of
this type must lie between these last two temperatures, and thus, we selected the samples that were baked at
950°C for further examination.

3.3. Indirect Tensile Test and Structural Evolution

The IT test results for specimens with different proportions of IND and LVG materials baked at 950°C are
summarized in Table 2. In the presence of a tensile stress, the disks prepared using the various mixtures be-
haved similarly to somewhat fragile materials such as concrete and rocks. The tensile strength of such materials
is very low compared with the compressive strength and is frequently ignored. The tensile strength depends
primarily on the strength of the mineral grains and on the matrix that holds them together. In addition, there is
also some dependence on the chemical composition, the presence of inclusions, and the quality and dimensions
of the pores. For this reason, the strength of such a material strongly depends on the strength of its weakest

Table 2. Results of tests performed to optimize the proportions of LVG and IND materials in the mixture using specimens
sintered at 950°C.

LVG (%) IND(%) P (qg) D(em)  1(cm) Puex(KN) o (MPa) fox (MPa/kg) LOS (%) DS (%)  FS (%)
30 70 118.81 6.94 1.70 0.56 0.40 3.24 5.27 0.30 10.71
40 60 147.95 6.85 2.24 1.33 0.55 3.75 5.75 0.29 2.36
50 50 117.29 6.79 1.84 1.42 0.73 6.20 6.33 0.24 152
60 40 137.66 6.71 221 155 067 4.90 6.90 043 2.98
70 30 139.64 6.66 2.28 1.68 071 5.12 761 0.49 463




V.]. Garcia et al.

regions; the homogenous clayey material used as one of the raw materials, with its low content of impurities,
provided a high tensile strength [37].

Figure 4(a) shows the values of the optimization factor defined in Equation (10) for each of the tested sam-
ples. The mixture with a ratio of 50 - 50 exhibited the highest optimization factor (6.20 MPa/kg) and also the
lowest dimensional variations after drying (0.24%) and after baking and sintering (1.52%). Based on these re-
sults, we defined the OM as a mixture containing 50% of LVVG material and 50% of IND material, or, in other
words, with a proportion of 50 - 50. Figure 4(b) shows the diffractograms corresponding to three samples with
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Figure 4. (a) Values of the optimization factor defined in Equation (10) for
the various mixtures tested. (b) Diffractograms corresponding to samples with
three different proportions of LVG and IND, sintered at 950°C. Illite (1l1);
muscovite-2M (Mus); kaolinite (k); anorthite (Anr), albite (Alb), labradorite
(La), and andesine (And); and quartz (Q).
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different proportions of LVG and IND materials sintered at 950°C, in which it can be observed that the evolution
kinetics of the three mixtures are complex and distinct. The diffractogram of the sample with a proportion of 30
- 70 suggests a predominance of andesine, albite, and quartz, whereas in the diffractogram of the sample with a
proportion of 50 - 50, a predominance of labradorite, andesine, and quartz is observed. Finally, the diffractogram of
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Figure 5. (a) Variation in the indirect tensile strength (o;7) of the OM as a function
of the final sintering temperature. Also shown is the variation in the loss on sinter-
ing (LOS) as a function of the final sintering temperature. (b) Diffractograms of
samples prepared using the OM and sintered at 500°C, 700°C and 950°C. Illite (111);
muscovite-2M (Mus); kaolinite (k); anorthite (Anr), albite (Alb), Labradorite (La),
and andesine (And); and quartz (Q).
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the sample with a proportion of 70 - 30 indicates the presence of albite, labradorite, and quartz.

Figure 5(a) shows the variations in the indirect tensile strength and the loss on sintering for the OM as func-
tions of the final sintering temperature. Figure 5(b) shows the diffractograms of samples prepared using the OM
and sintered at 500°C, 700°C and 950°C. For a sintering temperature of 500°C, a predominance of andesine, al-
bite, and anorthite is observed, whereas for 950°C, there is a predominance of labradorite, anorthite, and albite.
Thus, anorthite plays a very important role in the consolidation of the solid brick matrix because the decomposi-
tion of andesine into anorthite and albite contributes to the emergence of labradorite and the enrichment of the
matrix with anorthite. As was mentioned, in one region of the andesine crystal, the APB recombines to form
anorthite, whereas in another region of the same crystal, the structure transforms into albite without a super-
structure [6] [7]. Smith and Brown 1988 reported that in an Anr-Alb-SiO,-H,O system, a viscous solution can be
readily obtained as the temperature is increased, and it is detected when the quartz diffraction peak begins to
disappear; in addition, the plagioclase chemical composition changes very slowly. This dissolution process oc-
curs through a surface-controlled reaction [38]. It is also important to keep in mind that anorthite can be formed
at a temperate of approximately 1000°C in a viscous solution of alumina, following the reaction:

Ca0 +Al,0, +Si0, —» CaAl,Si,0, or CaO+AlSi,0, — CaAlSi,0,. (13)

However, studies of the formation of anorthite crystalline nuclei and their effects on the increase in strength
during sintering are rare in the literature [8] [39]. According to Abdrakhimova and Abdrakhimov, the addition of
alkaline oxides to kaolinite and kaolinite-montmorillonite delays the crystallization of cristobalite and lowers the
temperature at which the formation of mullite begins [40]. Meanwhile, the eutectic reaction between quartz and
albite intensifies the formation of the vitreous phase at low sintering temperatures [41].

3.4. Prognoses for Molding and/or Extrusion

Figure 6(a) shows the mean granulometry of the LVG and IND materials as well as that of the OM. It also
presents an evaluation of the potential uses of the OM in the fabrication of clay products. The IND sample was
found to correspond to 8.63% gravel, 79.65% sand, and 11.71% silt plus clay, whereas the LVG sample exhi-
bited a granulometry of 0% gravel, 3.55% sand, and 96.45% slit plus clay. The results for the OM indicated 0%
gravel, 45.92% sand, and 54.08% silt plus clay. With this granulometry, and in accordance with the predictions
performed with the aid of the diagram of granulometric domains, the OM has the potential for use in the fabrica-
tion of clay materials for the construction of hollow products. The characterization of the geotechnical properties
of the OM reveals that the OM presented a behavior consistent with that of a low plasticity clay, similar to a
sandy or silty clay (Pl = 7%; LL = 27% and PL = 20%), whereas the LVG sample exhibited a behavior lying on
the boundary between medium and high plasticity (Pl = 27%; LL = 50% and PL = 17%) (see Figure 6(b)).

Figure 6(c) presents the workability diagram [42]. In this figure, the prognoses for the molding and/or extru-
sion of the LVG and OM materials are illustrated in terms of Atterberg limits. From this diagram, it is apparent
that the LVG sample exhibited plastic properties that are considered acceptable for molding, whereas the plastic
properties of the OM are close to the boundary between acceptable molding and very plastic behavior, with low
cohesion. The addition of “sandy” material up to a proportion of 50% in the OM increases the fine sand content
and results in a higher content of degreasing material and, consequently, lower plasticity.

3.5. Strength and Durability

Table 3 presents the characterization results for the bricks produced by seven regional artisans and for those fa-
bricated in the laboratory using the OM. In general, clay bricks exhibit several properties that are important for
the evaluation of their strength and durability. These properties are related to the quality of the raw material and
are directly associated with the manufacturing conditions.

The baking and sintering of clay bricks produce a series of mineralogical, textural, and physical changes that
depend on many factors that influence the porosity. The porosity is defined as the ratio of the empty volume in
the specimen (pores and cracks) to its total volume. The porosity is an important parameter for clay bricks be-
cause of its influence on properties such as chemical reactivity, mechanical strength, durability, and general
brick quality. The dimensions and distribution of the pores are influenced by the quality of the raw material, the
presence of additives or impurities, the amount of water in the material, and the maximum sintering temperature.
The total relative volume of pores that are in contact with the atmosphere, either directly or through other pores
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Figure 6. (a) Granulometry of the LVG, IND, and OM samples. The segments proceeding from the sand side to the silt side
correspond to the sum of the slit and clay fractions. The segments with arrows point the OM granulometry. The spaces out-
lined inside the diagram represent the granulometric domains and their corresponding prognoses for use. Conventional brick
(CB). Vertical perforated brick (VPB). Roofing tiles and masonry brick (RT & MB). Hallow products (HP). (b) Geotechnical
properties of the LVG and OM materials. The two letters used to indicate each subgroup are derived as combinations of the
following letters: clay (C), silt (S), organic (O), high plasticity (H), and low plasticity (L). (c) Prognoses for molding and/or
extrusion in terms of Atterberg limits.

(see Equation (5)), is represented by the fraction of open pores (f,) or the apparent porosity. The handmade
bricks exhibited apparent porosities of between 25 and 34%, whereas the bricks produced in the laboratory ex-
hibited a value of only 21.93%.

The apparent density describes the relationship between the weight of a dry brick and the volume occupied by
the brick; thus, it serves as a measure of the proportion of matter that is present in that volume. From this de-
scription, it is evident that a higher value of this measure indicates a denser brick, with better mechanical prop-
erties and higher durability. Typical values of the apparent density (o) are between 1.20 and 1.90 g/cm®. The
apparent densities of the handmade bricks varied between 1.42 and 1.53 g/cm?, whereas for the bricks produced
in the laboratory, this value was 1.85 g/cm®. The solid phase densities (ps) of the handmade bricks varied be-
tween 2.02 and 2.27 g/cm®, whereas the value for the bricks fabricated in the laboratory was 2.37 g/cm®.

Pores constitute a large proportion of the volume of a brick, and when the brick is exposed to rain or washing,
water penetrates into these pores. The water absorption behavior reflects the brick’s water storage capacity and
the ability of water to circulate inside the brick, the latter of which can promote deterioration and a reduction in
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Table 3. Characterization results for the bricks produced by seven regional producers and the bricks fabricated in the labora-
tory using the OM.

P1 P2 P3 P4 P5 P6 P7 Lab
W, (g) saturated in water 2187 2371 2105 2071 2230 2342 2416 3305
W, (g) saturated in air 5068 5277 4975 4785 5070 5115 5305 6388
W, (g) oven-dried 4122 4459 4068 4094 4134 4243 4323 5712
W, (g) green - - - - - - - 6091
WA(%) 22.97 18.35 22.31 16.88 22.65 2053 22.72 11.84
f,(%) open pores 32.85 28.16 31.62 25.47 32.97 3142 33.99 21.93
p,(g/cm’) 143 153 1.42 151 1.46 153 150 1.85
p.(g/cm’) 2.13 214 2.07 2.02 217 2.23 2.27 2.37
LOS (%) - - - - - - - 6.64
o, (MPa) 5.53 4.78 3.21 6.23 4.22 3.02 5.23 13.89
Std. dev. of o 0.63 0.27 0.71 047 116 043 1.05 0.54
f..(MPa/kg) 1.34 1.07 0.79 152 1.02 0.71 121 243

*W; represents the weight of a saturated brick in water, W, represents the weight of a saturated brick in air, W5 represents the weight of a brick after
drying in an oven, and W, represents the weight of a green brick. WA represents the relative amount of adsorbed water. f, is the fraction of space oc-
cupied by open pores. py, represents the apparent density, and ps represents the density of the solid phase. LOS indicates the relative mass losses after
baking and/or sintering. oc represents the compressive strength. Std.dev. of oc is the standard deviation of the compressive strength values. fop
represents the optimization factor.

mechanical strength. At temperature below 0°C, the water in the pores freezes, leading to delamination, disinte-
gration, or “cracking”. In the presence of soluble salts, the water tends to react with the brick, generating efflo-
rescence. The increase in volume caused by the crystallization of salts can cause severe damage [43] [44]. In
Table 3, it is reported that the water absorption (WA) in the handmade bricks varied between 16.88% and
22.97%, whereas that in the bricks fabricated in the laboratory was only 11.84%. The absorption remained be-
low the limit established by the relevant standard; see ASTM standards [3]. However, the absorption of water is
an important factor that affects brick durability. Lesser infiltration of water into a brick means that it remains
harder and is more resilient to environmental damage. Therefore, the internal structure of a brick should be suf-
ficiently compact to resist the intrusion of water. The nature of the pore network depends not only on the mass
loss during baking and sintering but also on the proximity of the particles during the sintering process; closer
particles result in a smaller pore size. In general, it is recommended for the water adsorption coefficient to be
below 15% [44] [45].

The compressive strength of a brick provides a measure of its quality. The reported results represent the av-
erage values for tests performed on five samples. For the handmade bricks, values ranging from 3 to 5 MPa were
recorded, whereas the average value for the brick fabricated in the laboratory was 13.5 MPa; these findings
suggest that the bricks fabricated in the laboratory using the OM exhibit a reasonably high compressive strength,
corresponding to an improvement of 300% in this parameter. The compressive strength of a material is strongly
influenced by the characteristics of the raw materials used and by the production process.

4. Conclusions

The optimization of the proportions of “clayey” and “sandy” materials used in handmade clay bricks has led to a
substantial improvement (300%) in their quality. This improvement should facilitate the more widespread use of
these handmade bricks in the local construction industry of southern Ecuador. Clayey materials tend to form
solid solutions during baking. The anorthite enrichment of these solid solutions that results from the evolution of
andesine contributes to the formation of a stronger matrix among grains of different materials. This can be
achieved by using “sandy” materials with high andesine content, which is a common feature of Ecuadorian soil.
The results of IT test performed on disk-shaped samples produced using different mixtures of “clayey” and
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“sandy” materials enabled the determination of the OM in terms of the value of the optimization factor defined
in Equation (10). This is a suitable means of evaluation because the tensile strength primarily depends on the
strengths of the mineral grains and of the matrix that binds them together. In addition, there is also a dependence
on the chemical composition, the presence of inclusions, and the number and dimensions of the pores. Thus, the
IT test has proven to be very sensitive to the strength of the brick binder matrix. The next natural step in this in-
vestigation will be to further improve the brick technology; to this end, we are studying the effects of organic
additives such as sawdust, rice straw, and cane bagasse on the quality of bricks produced using the OM. It will
be necessary to perform additional studies on the effect of anorthite on the increase in strength during sintering
and on its behavior in the temperature range between 950°C and 1050°C, in which we can expect to observe the
early formation of mullite, among other phenomena.
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