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Abstract: At an international level, enormous volumes of construction and demolition wastes are
generated: 170 million tons/year in the USA, 500 million tons/year in the European Union (EU)
and 12 million tons/year in Mexico. Alternative uses for these heterogeneous materials, such as the
manufacture of sustainable bricks, are potential solutions to this growing environmental issue. Based
on previous studies, and in compliance with Mexican standards, four different types of secondary
materials were utilized in the composition of a sustainable brick matrix. Temperature and solar
radiation used for drying purposes were determined, as well as weight loss, resistance and initial
maximum absorption. In order to characterize the resulting matrix, observations were made with
a scanning electron microscope, and the chemical composition of the samples was determined
by detecting basic compounds using mapping through SEM-EDS microanalysis, connected to
the SEM unit. Finally, thermogravimetric analyses were performed to correlate mechanical and
chemical behavior, and resistance to high temperatures of the mixtures. The results obtained showed
that all-in-one (AiO) is the most appropriate material for brick manufacturing, Opuntia ficus-indica
mucilage improves physical properties, such as increased compressive strength and reduced water
absorption, while wood residues, clay minerals and illite enhance mechanical properties.
Keywords: bricks; construction waste; mineralogical; physical properties; thermogravimetric analyses

1. Introduction
Bricks, especially the various types of conventional ceramic bricks [1], are the elements most
commonly used in the construction of exterior and interior walls [2–4], and the demand for them in the
building industry is expected to grow considerably leading to large manufacturing increases with the
corresponding expansion of virgin raw materials extraction [5]. Their production requires the baking
of virgin clay in an oven at high temperature (of the order of 1000 ◦ C), affecting the environment in
two ways: the use of non-renewable materials and the release of a significant amount of greenhouse
gases—averaging 0.41 kg of carbon dioxide (CO2 ) per brick [6,7].
Therefore, the search for alternatives that can reduce the environmental impact of the ceramic
brick industry, such as the use of recycled second generation [8] materials from construction and
demolition (CD) and processes that do not require baking, is a priority. The so-called second generation
materials, particularly CD in view of the enormous quantities that are generated, represent a sustainable
source of materials that is ready to be used. Staggering CD figures are reported in the United States
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(170 million tons/year [2,9]), the European Union (500 million tons/year [3]) and Mexico (12 million
tons/year [10]). Taking into account the population [11], the global figures corresponding to the three
countries mentioned above [2] are equivalent to 0.53, 0.98 and 0.09 ton/year per capita, respectively,
(these figures must be taken with caution in countries lacking legislation, or where uncontrolled landfill
is common practice).
The incorporation of CD recycled aggregates (up to 25% or 50% maximum contents), together
with Ordinary Portland Cement (OPC) or Fly Ash (FA), does not significantly affect the compressive
strength of concrete bricks; and even bricks manufactured exclusively with replacement materials
(100% CD aggregates) show resistance values of up to 49 at 28 days [12]. In a similar study, CD wastes,
wood residues, and water with a cactus pulp extract (Opuntia ficus-indica) were used to manufacture
an unbaked clay brick having compressive strength and water absorption characteristics appropriate
for use as a non-structural adobe [13]. Finally, the use of clays and stabilizing lime in the manufacture
of unbaked bricks has also been investigated, showing that these materials can be energy and cost
efficient (no baking requirement) [14].
As to the use of second generation materials from other industries for the production of
bricks, previous studies have focused on the use of FA [5] in an 84:6:10 (residue:FA:clay) ratio and
12.5 to 15% water; [15], with FA making up, in some cases, up to 40% [16] or even more [17]. In the
literature, abundant itemized information regarding various properties (linear shrinkage, apparent
density, apparent porosity, water absorption, compressive strength and flexural strength) of bricks
manufactured with FA, is available [18]. On the other hand, the use of additives has also been studied
with encouraging results [19]. The manufacturing processes usually include a phase of pressure
compaction—of the order of 20–25 MPa [14]—and subsequent baking in oven at temperatures between
980 and 1050 ◦ C [14,20]. Compressive strength [14,16] up to 12.4 MPa [16] or even 40 MPa [19]; water
absorption [14,19,21] of the order of 13.8% [16]; apparent [22] density [14,23] up to 28% below reference
bricks [19], porosity, and fissures and cracks expansion [16] have been determined. In all cases, the
properties studied have been considered acceptable [14,16,19].
Blast-Furnace Slag (BFS), as well as kaolin, and granite-basalt residues [24], have also been used
as a replacement clay to manufacture baked bricks [25]. Physical, mechanical, leaching [25,26] and
chemical [24] tests have been conducted, concluding that heavy metal concentrations (determined by
leaching) are acceptable, establishing a direct relationship between the increase in BFS content and
the compressive strength; and an inverse relationship as regards absorption [25]. Similarly, it was
discovered that the ratios of the different components making up the matrix of the bricks have a relevant
impact on the various properties studied [21]. Finally, it was evidenced that a baking temperature
ranging from 1000 to 1250 ◦ C was appropriate to obtain bricks of acceptable quality [24,25].
Similarly, soil and sand (SS) of petroleum effluents mixed with stone materials have been used
to make baked bricks. In a study [27], the results of the physical, chemical and mechanical tests led
to the conclusion that the use of SS in brick manufacturing reduces water and fuel requirements,
generating a product that complies with all the regulations and “encapsulates” toxic metals through
vitrification (leaching studies validate compliance with the requirements of the US Environmental
Protection Agency).
Some special cases have also been studied, such as the use of a mixture of organic materials, for
example sawdust (5%), oil polluted soils (15%), compost (10%) and marble (15%) in the manufacture of
light bricks baked at 1050 ◦ C, that achieved compressive strength, porosity and absorption appropriate
for use in construction [28,29].
Likewise, the use of paper waste as an additive in the manufacture of porous and lightweight clay
bricks has led to the obtainment of bricks showing adequate thermal conductivity and compressive
strength [28,29].
Ceramic bricks and tiles manufactured using quarrying and mining materials, for example granite
rock cutting residues, have also been studied. Their physical and mineralogical characteristics can
be considered comparable to those manufactured with conventional materials, and can therefore
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partially replace them [28]. In another study, tailings from gold mills mixed with red soils were used
to make bricks. The different replacement percentages suitable to obtain compressive strength, water
absorption and shrinkage equivalent to the reference bricks were determined [30].
Dredging sediments have also been used as a base material for baked bricks (replacing the usual
clay) and, in this case also, the ASTM criteria were met [22,31].
Finally, residues that could be considered inappropriate for use in construction, such as cigarette
butts, have also been investigated as materials to be potentially incorporated in baked clay bricks. The
density, strength, thermal conductivity and leaching values of the bricks obtained with this material
have demonstrated that this material can also be considered suitable for use in the manufacture of
light bricks [32].
Therefore, it is clear that the search for new alternatives of secondary materials to replace the
usual non-renewable materials for making bricks or blocks is desirable, feasible, and even necessary,
with CD wastes being apparently the most suitable option because of their intrinsic properties and
widespread availability. Likewise, the incorporation of organic renewable materials, such as wood or
other vegetable wastes, could also be a further suitable source of complementary materials. Moreover,
if in addition to using the combination of the above materials, baking in oven could be omitted, then
the brick manufacturing industry would drastically reduce its environmental footprint. Therefore,
an experimental study for the manufacture of a sustainable brick combining the above mentioned
elements has been proposed in this research in order to technically and environmentally validate its
application in the construction industry.
2. Materials and Methods
2.1. Materials
Four different types of secondary materials were used in the composition of the sustainable brick
matrix, resulting in a product that fulfills the regulatory requirements and possesses characteristics
comparable to those of a traditional brick.
The materials used were:
1.

2.

3.

4.

Excavation wastes obtained from a company that manufactures adobe bricks (19◦ 050 30.700 N
98◦ 190 39.900 W); non-standardized field tests determined that it was a hard plastic clay-sandy
material appropriate for being used in the matrix (Figure 1a).
Two types of construction and demolition wastes obtained from a CD processing plant
(19◦ 190 12.300 N 99◦ 030 16.200 W). On the one hand, CD with crushed cementitious materials from
only concrete (OC)—classified as type A according to NADF-007-RNAT-2013 [33], with particle
size (PS) of 9.5 mm and 6.3 mm to fines (Figure 1b). On the other hand, construction wastes
known as all-in-one (AiO), classified as type B materials, and originating from an uncontrolled
mixture of bricks, blocks, ceramics, mortars, paving stones, masonry and prefabricated materials,
with a particle size ranging from 6.3 mm to fines (Figure 1c).
Sawdust wastes obtained from a composting plant (19◦ 180 39.200 N 99◦ 100 37.500 W), including
residues from cutting and pruning trees, branches and shrubs from the surrounding zone. The
only requirement was PS ≤ 5 mm, achieved through mechanical sieving, in order to facilitate
a correct mixture with the other materials (Figure 1d).
A vegetal liquid mix of gelatinous viscous aspect was processed using water and mucilage from
nopal plants (Opuntia ficus-indica). The mucilage was produced by removing the epidermis from
each tuber, and then the section of its central part (mesophyll) was cut in cubes with side length
2 cm that were introduced in water in a 1:3 (kg of nopal:liters of water) ratio for three days. The
substance was then drained using a colander, and filtered applying manual pressure with a cloth
to obtain the final substance (Figure 1e).

4.

A vegetal liquid mix of gelatinous viscous aspect was processed using water and mucilage from
nopal plants (Opuntia ficus-indica). The mucilage was produced by removing the epidermis from
each tuber, and then the section of its central part (mesophyll) was cut in cubes with side length
2 cm that were introduced in water in a 1:3 (kg of nopal:liters of water) ratio for three days. The
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PS 6.3 mm AiO
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Mixture
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R-OC-W: Reference sample-sand from Only Concrete-Water; V-OC-M: Variable of study-sand from
R-OC-W: Reference sample-sand from Only Concrete-Water; V-OC-M: Variable of study-sand from Only
Only Concrete-Mucilage;
R-AiO-W:
Referencefrom
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to rest during 10 min to facilitate the hydration process. Afterwards, the materials were mixed until
mixed until a uniform consistency was obtained. Finally, the remaining liquid component was added
under continuous mixing until suitable handling consistency was achieved.
Four bricks were made from each mixture for compressive strength, absorption and
microstructural characterization tests. Once the mixture was ready, it was placed in the brick making
machine. The manufactured sustainable bricks were 26 cm long, 12 cm wide and 5.5 cm tall, in
accordance with NMX-C-441-ONNCCE-2013 [34]. The process consisted of an initial manual

Appl. Sci. 2017, 7, 1012

5 of 15

a uniform consistency was obtained. Finally, the remaining liquid component was added under
continuous mixing until suitable handling consistency was achieved.
Four bricks were made from each mixture for compressive strength, absorption and
microstructural characterization tests. Once the mixture was ready, it was placed in the brick
making machine. The manufactured sustainable bricks were 26 cm long, 12 cm wide and 5.5 cm
tall, in accordance with NMX-C-441-ONNCCE-2013 [34]. The process consisted of an initial manual
compaction of three layers having a thickness of approximately 2 cm each, accomplished with
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a 15 × 7 cm wood plate. Then, a second manual compaction was performed with the cap of the
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Figure 2. Environmental conditions of the brick drying process.
Figure 2. Environmental conditions of the brick drying process.

Figure 3a,b shows images of the configuration and functioning of the two devices (brick making
machine and desiccator) specifically designed for this study.
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(a)

(b)

Figure
Figure 3.
3. (a)
(a)Configuration
Configuration of
of brick
brick making
making machine;
machine; (b)
(b) Desiccator.
Desiccator.

2.2.3. Brick Specifications and Test Procedures
Simple compressive strength tests and initial maximum water absorption tests were performed
in accordance with NMX-036-ONNCCE-2013 and NMX-037-ONNCCE-2013, respectively. For the
compressive strength tests, a 120-t manual compression machine, ELACONSA brand, was used, while
the water absorption tests were performed with auxiliary laboratory equipment such as a mercury
thermometer with a range from −22 to 100 ◦ C and a digital scale 5 kg × 1 g, ADIR brand, model
1676, in compliance with NMX-037-ONNCCE-2013. The compressive strength tests were performed at
14 days while the water absorption tests were performed at 28 days.
To characterize the matrix of the resulting material, observations were made using scanning
electron microscopy (SEM) with JSM-6510 Series Scanning Electron Microscope machine, Jeol Ltd.,
Tokyo, Japan machine, with 30×, 65× and 200× magnification images of resin-embedded bricks and
posterior surface polishing. Later, the chemical composition of the samples was determined through
the detection of basic compounds using the microanalysis technique with an Energy Dispersive
Spectrometer (EDS) (Inca 200, Oxford Instruments, Abingdon-on-Thames, UK) connected to the
SEM unit.
Finally, a thermal gravimetric analysis (TGA) was performed to correlate the mechanical, chemical
and resistance behaviors to the high temperatures of the mixtures. The study was conducted in the
TGA composed of an oven (Nabertherm Industrieofenbau, Lilienthal, Germany) equipped with a data
acquisition system (model LSM-200, Amtsgericht Arnsberg, Arnsberg, Germany) that automatically
records the weight and temperature to which the samples are submitted within the test crucible
(maximum volume capacity of 10 mL). The temperature ramp was 3 ◦ C per minute in the range from
50 to 950 ◦ C.
The samples used for the TGA study were obtained from manually crushing untested bricks to
obtain particles smaller than 4 mm. A granulometry study was performed to normalize particle size
distribution. This, together with the volumetric weight obtained from usual procedures [35] permitted
to obtain scale samples representative of the original.
3. Results and Discussion
3.1. Brick Drying by Solar Radiation
Figure 4 shows the weight loss evolution expressed in percentage. There is an obvious similarity
in the drying process of all the study samples, characterized by a rapid and constant loss of humidity
until Day 8, followed by a relative stabilization during the following four days.

3.1. Brick Drying by Solar Radiation
Figure 4 shows the weight loss evolution expressed in percentage. There is an obvious similarity
in the drying process of all the study samples, characterized by a rapid and constant loss of humidity
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mixture; while the blue bars refer to mixtures with OC or AiO but with the addition of M. Thus,
globally, it is possible to determine the compressive strength of the studied variables as follows (all
of them are greater than the minimum limits): compared to their respective reference samples,
Variable of study-sand from Only Concrete-Mucilage (V-OC-M) led to a 9% compressive strength increase
at 0.53 MPa, while Variable of study-sand from All in One-Mucilage (V-AiO-M) led to a 7% compressive
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globally, it is possible to determine the compressive strength of the studied variables as follows (all of
them are greater than the minimum limits): compared to their respective reference samples, Variable
of study-sand from Only Concrete-Mucilage (V-OC-M) led to a 9% compressive strength increase at
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0.53 Sci.
MPa,
while
Variable of study-sand from All in One-Mucilage (V-AiO-M) led to a 7% compressive
strength increase at 0.65 MPa. These data evidence the favorable effect of the use of component M in
movement,
salt
contents) or
geometrical
lumps,
etc.)
may
the mixtures.
Comparing
both
mixtures, parameters
V-AiO-M is (aspects,
22% morecracks,
resistant
than flaking,
V-OC-M,
andthat
thus
the
also
have
to
be
complied
with
in
other
countries
[37],
must
be
mentioned.
use of AiO as an OC replacement material can be considered—at least as far as resistance is concerned.

Figure6.6.Compressive
Compressivestrength
strengthand
andinitial
initialmaximum
maximumabsorption
absorption values.
values.
Figure

3.4. Thermal
Gravimetric
Analysis
The orange
tilted lines
show the absorption variation of the study samples deriving from the
differentiating use of W or M: Compared to their corresponding references, the initial maximum
The TGA test was selected as a calibration indicator of the mechanical behavior of the sustainable
water absorption value obtained with V-OC-M mixture is 15% lower, while it is 13% lower with
bricks because it permits the determination of the limit (or fire resistance) and link to the matrix basic
V-AiO-M. Moreover, both samples also meet the maximum absorption requirements established in
components.
NMX-C-037-ONNCCE-2013 [38]. As regards initial maximum water absorption and compressive
The TGA results presented in Figure 7 indicate a weight loss, for all samples studied, ranging
strength, the use of M generates identical deviations (2%), as compared to their corresponding
from 14% to 18% with respect to the initial weight. The maximum loss band is located in the adjacent
references, enhancing coherence and solidity. OC shows a 52% lower absorption capacity than AiO
range between 300 °C and 600 °C; limits were established by the moving average curves with base 30
and since the absorption of the components of a matrix is a parameter of interest (dosage, durability,
( ) (Equation (1)) (30 was the value selected to determine the curves for favoring a better sensitivity
etc.); this fact will have to be taken into account in deciding whether a sustainable brick is appropriate
coupling to the curves obtained from the TGA):
for a given application. Finally, the existence of other mechanical parameters (freezing–thawing, fire),
∑
(1)
physical parameters (density, water steam permeability,
efflorescence, thermal conductivity, water
=
movement, salt contents) or geometrical parameters (aspects, cracks, lumps, flaking, etc.) that may
where: ( ) = moving average; n = 30, where each individual value (xi) represents the percentage
also have to be complied with in other countries [37], must be mentioned.
difference of weight loss between consecutive TGA measurements.
3.4. Thermal Gravimetric Analysis
The TGA test was selected as a calibration indicator of the mechanical behavior of the sustainable
bricks because it permits the determination of the limit (or fire resistance) and link to the matrix
basic components.
The TGA results presented in Figure 7 indicate a weight loss, for all samples studied, ranging
from 14% to 18% with respect to the initial weight. The maximum loss band is located in the adjacent

Appl. Sci. 2017, 7, 1012

9 of 15

range between 300 ◦ C and 600 ◦ C; limits were established by the moving average curves with base 30
(X 30 ) (Equation (1)) (30 was the value selected to determine the curves for favoring a better sensitivity
coupling to the curves obtained from the TGA):
X 30 =

∑in=1 xi
n

(1)

where: (X 30 ) = moving average; n = 30, where each individual value (xi ) represents the percentage
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of weight loss between consecutive TGA measurements.

Figure 7. Weight loss vs. temperature increase.
Figure 7. Weight loss vs. temperature increase.

The weight loss (from the limits of the bands previously established) to the final weight ratio
The weight loss (from the limits of the bands previously established) to the final weight ratio
was obtained by comparing the partial and total areas under the curves: percentage weight loss
was obtained by comparing the partial and total areas under the curves: percentage weight loss vs.
vs. temperature increase. The calculation process was based on the trapezoid method according
temperature increase. The calculation process was based on the trapezoid method according to
to Equation (2) for each pair of increase values of its weight loss percentage (W) and its respective
Equation (2) for each pair of increase values of its weight loss percentage (W) and its respective
temperature (T), in order to determine the total area under the desired curve.
temperature (T), in order to determine the total area under the desired curve.


Z i
W1 +
+W2
f ( x )dx ==(t2 −−t1 )
(2)
(2)
22
0
◦ C) is the initial temperature of the studied pair of values; t (◦ C) is the final temperature of
where:
where: tt11 ((°C)
is the initial temperature of the studied pair of values; t2 (°C)
is the final temperature of the
2
the
studied
of values;
W 1is(%)
the initial
percentage
of the studied
pair ofW
values;
theisinitial
weightweight
percentage
of the studied
pair of values;
2 (%) isW
the
studied
pairpair
of values;
W1 (%)
2
(%)
the final
weight percentage
of the
pair
of f(x)
values;
and
(x) area
(%-◦under
C) is the
finalisweight
percentage
of the studied
pairstudied
of values;
and
(%-°C)
is fthe
thearea
W-Tunder
curve.the
W-T curve.
Comparing the areas obtained in the maximum loss band to the total area led to the
Comparingthat
the they
areasoccur
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in the vs.
maximum
the (a
total
area led of
to the
determination
in 33.8%
33.9% ofloss
theband
totaltoarea
difference
onlydetermination
0.1%), which
that
they occur
33.9%
of thefrom
total 72%
area to
(a 64%
difference
of only 0.1%),
corresponds
to in
a 33.8%
weightvs.
loss
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to thewhich
criticalcorresponds
area of the
to
a weightloss
lossband
variation
72% to
64% (8%)—similar
the
critical
of the
maximum
loss
maximum
with from
significant
sample
weight loss; sotoits
study
andarea
linkage
with
the behavior
band
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sample weight loss; so its study and linkage with the behavior of the mixtures
of thewith
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is binding.
is binding.
The analysis of the individual mixtures permitted the determination of a 13% weight loss
The analysis
of the individual
mixtures
themixture,
determination
a 13%
loss
percentage
with V-OC-M,
which is 2%
less thanpermitted
the control
showingof
thus
that weight
the use of
M
percentage
with
V-OC-M, improvement
which is 2% less
than
the control
mixture,
showing
thuswas
thatobserved
the use of
M
brings about
a structural
to the
matrix
(Figure
8a). A similar
trend
with
brings
about
a structural
improvement
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theinitial
matrixweight,
(Figurerepresenting
8a). A similar
trend
was observed
V-AiO-M
(11%
weight loss
compared to
a 1%
reduction)
(Figurewith
8b).
In both cases, the correlation between mechanical resistance increase or absorption reduction and
weight loss reduction indicates microstructural improvements (better union of constituent particles)
and increased densification of the sustainable brick matrix.
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(b)

Figure 8. (a) Thermal Gravimetric Analysis (TGA) of OC; (b) TGA of AiO.

As regards the use of OC and AiO materials, the comparison between the two curves shows a
1% difference between them, indicating that the use of AiO material in the matrix is clearly
appropriate.
(a)
(b)
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The general behavior of each one of the study samples may possibly be due to the total
combination of the different compounds constituting it. However, it is also evident that some of these
compounds may have a significant direct impact. Thus, in order to determine the incidence of each
one of the compounds or materials, a comparison of the areas below the curves in the maximum loss
range was performed for each compound present in this zone.

Figure 9. Weight loss ranges for different materials due to the increase in the temperature of ceramic
Figure 9. Weight loss ranges for different materials due to the increase in the temperature of ceramic
matrices. Data from [20,21,23,26,39,40].
matrices. Data from [20,21,23,26,39,40].
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samples, the third one being, in this case, organic carbon [40].

The comparison between V-OC-M and its reference highlighted three compounds that showed
a higher incidence, which are, in descending order of importance in the matrix: wood residues, clay
minerals and illite. Similarly, the comparison between V-AiO-M and its reference established that
wood residues and clay minerals were also the two compounds having the greatest impact on the
general behavior of the samples, the third one being, in this case, organic carbon [40].
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TGA tests had previously established that the basic chemical elements are carbon, oxygen,
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aluminum and silica. By mapping these elements with the complementary EDS technique of the
study, their significant presence is validated and this could explain the mechanical and physical
SEM study, their significant presence is validated and this could explain the mechanical and physical
behavior of the studied mixtures, since the greater presence of said elements in the reference samples
behavior of the studied mixtures, since the greater presence of said elements in the reference samples
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in the sample, making it thus possible to compare their concentrations or determine their presence.
Figure 11a,b show the chemical elements of each mixture, identifying their presence, the images
Figure 11a,b show the chemical elements of each mixture, identifying their presence, the images
corresponding to the same mixtures, but to different observation zones. Figure 11a (V-OC-M) shows
corresponding to the same mixtures, but to different observation zones. Figure 11a (V-OC-M) shows
greater concentrations or presence of these elements (most significant in the case of Al, C and Si) than
greater concentrations or presence of these elements (most significant in the case of Al, C and Si) than
Figure 11b (V-AiO-M); this being the element concentrations leading to property reductions.
Figure 11b (V-AiO-M); this being the element concentrations leading to property reductions.
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could lead to a worse performance. Each white point identifies the location of the chemical elements
in the sample, making it thus possible to compare their concentrations or determine their presence.
Figure 11a,b show the chemical elements of each mixture, identifying their presence, the images
corresponding to the same mixtures, but to different observation zones. Figure 11a (V-OC-M) shows
greater concentrations or presence of these elements (most significant in the case of Al, C and Si) than
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Figure 11b (V-AiO-M); this being the element concentrations leading to property reductions.
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Figure 11. Micro EDS through mapping of the main elements established in SEM assays for the

Figure 11. Micro EDS through mapping of the main elements established in SEM assays for the samples
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In contrast to concrete wastes, the use of construction wastes (AiO) is not regulated in Mexico
construction wastes could be used as an alternative in the manufacture of sustainable bricks since,
(except its use as landfill or highway base and sub-base). However, this study validates the fact that
besides complying with the minimum parameters established by the local regulations, its
construction wastes could be used as an alternative in the manufacture of sustainable bricks since,
performance is comparable to that of bricks manufactured with only concrete (CD).
besides Therefore,
complyingtaking
with the
minimum
by the local
regulations,
its alternative
performance
into
account parameters
exclusively established
the results exposed
in this
paper, the
is comparable
to that
of bricks
manufactured
only
materials used
in this
research
could replacewith
virgin
rawconcrete
materials(CD).
for making sustainable bricks for
Therefore,
taking
into
account
exclusively
the
results
exposed
this materials
paper, the
non-structural purposes; however, it is important to emphasize thatinthese
arealternative
wastes
materials
used
in
this
research
could
replace
virgin
raw
materials
for
making
sustainable
(diversity of constitutive substances and complexity of its treatment), and thus further studies bricks
are
for required
non-structural
purposes;
however,
is important
to emphasize
that these materials
are wastes
before these
materials
can beitconsidered
technically
and environmentally
appropriate
for
(diversity
of building
constitutive
substances and complexity of its treatment), and thus further studies are
use in the
industry.

required before these materials can be considered technically and environmentally appropriate for use
Acknowledgments:
The authors express their gratitude to TA-EPSEB-UPC, PMI-UNAM and CONACYT.
in the
building industry.
Author Contributions: Ma. Neftalí Rojas-Valencia and José Manuel Gómez-Soberón (research concept and

Acknowledgments:
authors expressJosé
theirManuel
gratitude
to TA-EPSEB-UPC,
PMI-UNAM
and CONACYT.
design); ArmandoThe
Aguilar-Penagos,
Gómez-Soberón
and Ma.
Neftalí Rojas-Valencia
(data

collection);
ArmandoMa.
Aguilar-Penagos
and Joséand
Manuel
Gómez-Soberón
(data analysis
and
interpretation);
Author
Contributions:
Neftalí Rojas-Valencia
José Manuel
Gómez-Soberón
(research
concept
and design);
Armando
Aguilar-Penagos
and
José Manuel
Gómez-Soberón
(writing
the article); Ma.
Neftalí
Rojas-Valencia
Armando
Aguilar-Penagos,
José
Manuel
Gómez-Soberón
and Ma.
NeftalíofRojas-Valencia
(data
collection);
Armando
Aguilar-Penagos
and
José
ManuelofGómez-Soberón
(data analysis
and interpretation);
Armando
Aguilar-Penagos
(critical revisión
and
correction
the article); José Manuel
Gómez-Soberón
and Ma. Neftalí
Rojas-Valencia
(final
andapproval
José Manuel
Gómez-Soberón
(writing of the article); Ma. Neftalí Rojas-Valencia (critical revisión and correction
of the
article).
of the article); José Manuel Gómez-Soberón and Ma. Neftalí Rojas-Valencia (final approval of the article).
Conflicts of Interest: The authors declare no conflict of interest

Conflicts of Interest: The authors declare no conflict of interest.

References
1.

2.

Kazmi, S.; Abbas, S.; Saleem, M.; Munir, M.; Khitab, A. Manufacturing of sustainable clay bricks: Utilization
of waste sugarcane bagasse and rice husk ashes. Constr. Build. Mater. 2016, 120, 29–41,
doi:10.1016/j.conbuildmat.2016.05.084.
Behrens, A.; Giljum, S.; Kovanda, J.; Niza, S. The material basis of the global economy. Worldwide patterns

Appl. Sci. 2017, 7, 1012

13 of 15

References
1.
2.

3.
4.

5.

6.

7.
8.

9.
10.

11.
12.
13.

14.
15.
16.
17.
18.

19.
20.

Kazmi, S.; Abbas, S.; Saleem, M.; Munir, M.; Khitab, A. Manufacturing of sustainable clay bricks: Utilization
of waste sugarcane bagasse and rice husk ashes. Constr. Build. Mater. 2016, 120, 29–41. [CrossRef]
Behrens, A.; Giljum, S.; Kovanda, J.; Niza, S. The material basis of the global economy. Worldwide patterns
of natural resource extraction and their implications for sustainable resource use policies. Ecol. Econom. J.
2007, 64, 444–453. [CrossRef]
Colomer, F.; Esteban, J.; Gallardo, A. Application of inert wastes in the construction, operation and closure of
landfills: Calculation tool. Waste Manag. 2017, 59, 276–285. [CrossRef]
Raut, S.; Ralegaonkar, R.; Mandavgane, S. Development of sustainable construction material using industrial
and agricultural solid waste: A review of waste-create bricks. Constr. Build. Mater. 2011, 25, 4037–4042.
[CrossRef]
Pacheco-Torgal, F. Introduction to Eco-Efficient Masonry Bricks and Blocks. In Eco-Efficient Masonry Bricks and
Blocks, Design, Properties and Durability; Pacheco-Torgal, F., Lourenço, P.B., Labrincha, J.A., Chindaprisirt, P.,
Kumar, S., Eds.; Woodhead Publishing: Sawston, UK, 2015; pp. 1–10, ISBN 978-1-78242-305-8.
Lippiat, B. Building for Environmental and Economic Sustainability Technical Manual and User Guide.
Available online: https://www.nist.gov/publications/bees-40-building-environmental-and-economicsustainability-technical-manual-and-user (accessed on 26 July 2017).
Venkatarama, B.; Jagadish, K. Embodied energy of common and alternative building materials and
technologies. Energy Build. 2003, 35, 129–137. [CrossRef]
Coronado, M.; Blanco, T.; Quijorna, N.; Alonso-Santurde, R.; Andrés, A. Types of waste, properties
and durability of toxic waste-based fired masonry bricks. In Eco-Efficient Masonry Bricks and Blocks;
Pacheco-Torgal, F., Lourenço, P.B., Labrincha, J.A., Chindaprisirt, P., Kumar, S., Eds.; Woodhead Publishing:
Cambridge, UK, 2015; pp. 129–188, ISBN 978-1-78242-305-8.
Silva, R.V.; De Brito, J.; Dhir, R.K. Properties and composition of recycled aggregates from construction and
demolition waste suitable for concrete production. Constr. Build. Mater. 2014, 65, 201–217. [CrossRef]
Granell, E. Experiencia empresarial de los RCD en México, Proceedings of the Congress: Segundo Encuentro de
Residuos de la Construcción y Demolición; La división de Ingeniería Civil y Geomántica de la Facultad de
Ingeniería, UNAM: Mexico City, Mexico, 2014; pp. 8–23. (In Spanish)
United Nations. Population. Available online: http://www.un.org/en/sections/issues-depth/population/
index.html (accessed on 15 September 2017).
Poon, C.; Kou, S.; Lam, L. Use of recycled aggregates in molded concrete bricks and blocks.
Constr. Build. Mater. 2002, 5, 281–289. [CrossRef]
Rojas, M.; Aquino, E. Sustainable adobe bricks with construction wastes. In Proceedings of the Institution
of Civil Engineers: Waste and Resource Management; Thomas Telford Ltd.: London, UK, 2016; Volume 169,
pp. 158–165. [CrossRef]
Oti, J.; Kinuthia, J. Stabilised unfired clay bricks for environmental and sustainable use. Appl. Clay Sci. 2012,
58, 52–59. [CrossRef]
Chen, Y.; Zhang, Y.; Chen, T.; Zhao, Y.; Bao, S. Preparation of eco-friendly construction bricks from hematite
tailings. Constr. Build. Mater. 2011, 25, 2107–2111. [CrossRef]
Kute, S.; Deodhar, S. Effect of fly ash and temperature on properties of burnt clay bricks. J. Inst. Eng. India
Civ. Eng. Div. 2003, 84, 82–85.
Lingling, X.; Wei, G.; Tao, W.; Nanru, Y. Study on fired bricks with replacing clay by fly ash in high volume
ratio. Constr. Build. Mater. 2005, 19, 243–247. [CrossRef]
Holanda, J.N.F. The properties and durability of clay fly ash-based fired masonry bricks. In Eco-Efficient
Masonry Bricks and Blocks: Design, Properties and Durability; Pacheco-Torgal, F., Lourenço, P.B., Labrincha, J.A.,
Chindaprisirt, P., Kumar, S., Eds.; Woodhead Publishing: Sawston, UK, 2015; pp. 85–101, ISBN
978-1-78242-305-8.
Kayali, O. High Performance Bricks from Fly Ash. In Proceedings of the World Coal Ash, Lexington, KY,
USA, 11–15 April 2005; pp. 1–13.
Coronado, J.; Paiva, H.; Velosa, A.; Ferreira, V. Characterization of Renders, Joint Mortars, and Adobes from
Traditional Constructions in Aveiro (Portugal). Int. J. Archit. Herit. 2010, 4, 102–114. [CrossRef]

Appl. Sci. 2017, 7, 1012

21.

22.
23.
24.
25.
26.
27.
28.

29.

30.
31.

32.

33.

34.

35.
36.

37.

38.

14 of 15

Organization of the United Nations (FAO). Carbonization Processes. In Simple Technologies for Charcoal
Making; Food and Agriculture Organization of the United Nations (FAO) Publisher: Rome, Italy, 1987;
Volume 41, ISBN 92-5-101328-1. Available online: http://www.fao.org/docrep/X5328E/X5328E00.htm
(accessed on 20 July 2017).
Menezes, R.; Ferreira, H.; Neves, G.; Lira, H.; Ferreira, H. Use of granite sawing wastes in the production of
ceramic bricks and tiles. J. Eur. Ceram. Soc. 2005, 25, 1149–1158. [CrossRef]
Mckinney, D. Kinetic and Finite Element Modeling for Firing Brick. Master of Science (MS); All Theses; Paper 761;
Clemson University TigerPrints: Clemson, SC, USA, 2010.
El-Mahllawy, M.S. Characteristics of acid resisting bricks made from quarry residues and waste steel slag.
Constr. Build. Mater. 2008, 22, 1887–1896. [CrossRef]
Lin, K. Feasibility study of using brick made from municipal solid waste incinerator fly ash slag.
J. Hazard. Mater. 2006, 137, 1810–1816. [CrossRef] [PubMed]
Sutcu, M.; Akkurt, S. The use of recycled paper processing residues in making porous brick with reduced
thermal conductivity. Ceram. Int. 2009, 35, 2625–2631. [CrossRef]
Sengupta, P.; Saikia, N.; Borthakur, P. Bricks from petroleum effluent treatment plant sludge: Properties and
environmental characteristic. J. Environ. Chem. Eng. 2005, 128, 1090–1094. [CrossRef]
Eliche-Quesada, D.; Corpas-Iglesias, F.; Pérez-Villarejo, L.; Iglesias-Godino, F. Recycling of sawdust, spent
earth from oil filtration, compost and marble residues for brick manufacturing. Constr. Build. Mater. 2012, 34,
275–284. [CrossRef]
Phonphuak, N.; Chindaprasirt, P. Types of waste, properties, and durability of pore-forming waste-based
fired masonry bricks. In Eco-Efficient Masonry Bricks and Blocks: Design, Properties and Durability;
Pacheco-Torgal, F., Lourenço, P.B., Labrincha, J.A., Chindaprisirt, P., Kumar, S., Eds.; Woodhead Publishing:
Cambridge, UK, 2015; pp. 103–127, ISBN 978-1-78242-305-8.
Roy, S.; Adhikari, G.; Gupta, R. Use of gold mill tailings in making bricks: A feasibility study. Waste Manag.
Res. 2007, 25, 475–482. [CrossRef] [PubMed]
Mezencevova, A.; Yeboah, N.; Burns, S.; Kahn, L.; Kurtis, E. Utilization of Savannah Harbor river sediment
as the primary raw material in production of fired brick. J. Environ. Manag. 2012, 113, 128–136. [CrossRef]
[PubMed]
Kadir, A.; Mohajerani, A.; Roddick, F.; Buckeridge, J. Density, Strength, Thermal Conductivity and Leachate
Characteristics of Light-Weight Fired Clay Bricks Incorporating Cigarette Butts. Proc. World Acad. Sci.
Eng. Technol. 2009, 53, 1035–1040.
Secretaría del Medio Ambiente. NADF-007-RNAT-2013. 2013 Proyecto de Norma Ambiental. Clasificación y
Especificaciones de Manejo Para Residuos de la Construcción y Demolición en el Distrito Federal; Official Gazette of
the Federal District: Mexico City, Mexico, 2013. (In Spanish)
Organismo Nacional de Normalización y Certificación de la Construcción y Edificación (ONNCCE).
NMX-C-441-ONNCCE-2013. Norma Mexicana-Industria de la Construcción-Bloques, Tabiques o Ladrillos y
Tabicones Para Uso No Estructural-Especificaciones; General Direction of Norms-Direction of Normalization:
Mexico City, Mexico, 2013. (In Spanish)
Juárez, E.; Rico, A. Mecánica de Suelos I: Fundamentos de la Mecánica de Suelos; Editorial Limusa: Mexico City,
Mexico, 2012; pp. 51–62, ISBN 13 978-9681800697. (In Spanish)
Organismo Nacional de Normalización y Certificación de la Construcción y Edificación (ONNCCE).
NMX-C-036-ONNCCE-2013. Norma Mexicana-Industria de la Construcción-Bloques, Tabiques o Ladrillos,
Tabicones y Adoquines-Resistencia a la Compresión-Método de Prueba; General Direction of Norms-Direction of
Normalization: Mexico City, Mexico, 2013. (In Spanish)
Lourenço, P.B.; Vasconcelos, G. The Design and Mechanical Performance of High-Performance Perforated
Fired Masonry Bricks. In Eco-Efficient Masonry Bricks and Blocks, Design, Properties and Durability;
Pacheco-Torgal, F., Lourenço, P.B., Labrincha, J.A., Chindaprisirt, P., Kumar, S., Eds.; Woodhead Publishing:
Cambridge, UK, 2015; pp. 13–44, ISBN 978-1-78242-305-8.
Organismo Nacional de Normalización y Certificación de la Construcción y Edificación (ONNCCE).
NMX-C-037-ONNCCE-2013. Norma Mexicana-Industria de la Construcción-Mampostería-Determinación de la
Absorción Total y la Absorción Inicial de Agua en Bloques, Tabiques o Ladrillos y Tabicones Método de Ensayo; General
Direction of Norms-Direction of Normalization: Mexico City, Mexico, 2013. (In Spanish)

Appl. Sci. 2017, 7, 1012

39.
40.

15 of 15

Vieira, C.; Sánchez, R.; Monteiro, S. Characteristics of clays and properties of building ceramics in the state
of Rio de Janeiro, Brazil. Constr. Build. Mater. 2008, 22, 781–787. [CrossRef]
Pérez, N.; Bucio, L.; Lima, E.; Soto, E.; Cedillo, C. Identification of allophane and other semi-crystalline and
amorphous phases on pre-Hispanic Mexican adobe earth bricks from Cholula, Mexico. Microchem. J. 2015,
126, 349–358. [CrossRef]
© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

