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Abstract: In this research work, recycled crushed bricks
(CBs) were utilized as partial substitutes for fine aggregates
in concrete mixes to enhance mechanical properties and
promote sustainable construction practices. The main goal
was to assess the mechanical properties and the behavior
of concrete when a portion of fine aggregates is replaced
with different amounts of CBs. Concrete samples were pre-
pared by replacing normal fine aggregate with 10, 20, 30,
40, and 50% CBs and also a control mix without the inclu-
sion of CB, for compression strength (CS), splitting tensile
strength (STS), and flexural strength (FS) assessment. It was
found that adding refuse CB at 10, 20, 30, 40, and 50% of the
fine aggregate weight increased the CS by 6, 12.8, 29.1, 39.7,
and 48.3%, in that order. Accordingly, the STSs increased
by 3.4, 13.3, 15.9, 17.9, and 28.2% for these ratios. The study
revealed that the FSs of concrete combinations increased
by 11.9, 23.8, 39.3, 45.2, and 48.8%. At a 50% CB level, CS
increased by 48.3%, STS by 28.2%, and FS by 48.8% com-
pared to the control mix. This enhancement is connected to
the pozzolanic nature and the shape of CB particles, which
contribute to better interaction within concrete. Moreover,
one of the modeling approaches relied on empirical
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regression, correlation, and artificial neural networks, and
was used to estimate the dependent variables CS, STS, and
FS for concrete containing CBs, depending on the experi-
mental results. These approaches were accurate enough to
indicate their usefulness in predicting the mechanical char-
acteristics of concrete structures with CBs. Incorporating CBs
within concrete is in line with sustainable development as it
helps to minimize waste emissions and preserve the use of
raw materials. The addition of CBs in concrete contributes to
the circular economy, which reduces the negative impact
caused by conventional building materials. With the aim of
replacing these traditional materials with less polluting alter-
natives, this research aims to enable a shift to more eco-effi-
cient and responsible construction.

Keywords: crushed bricks, fine aggregate, microstructural
analysis, compressive strength, tensile strength, flexural
strength, ANOVA test

Abbreviations
An normalized age of the specimen (days)
ANN  artificial neural network
BCAn normalized recycled brick coarse aggre-
gate (kg'm )
BFAn  normalized recycled brick fine aggregate (kg'm>)
CBs crushed bricks
Cn normalized cement content (kg:m™)
CS compressive strength
CSn normalized CS (MPa)
EC2 Eurocode 2
EDX energy dispersive X-ray
FS flexural strength
FSn normalized flexural strength (MPa)
ITZ interface transition zone
LM the Levenberg-Marquardt algorithm
NCAn normalized natural coarse aggregate (kg:m™)
NFAn normalized natural fine aggregate (kg-m>)
SEM scanning electron microscopy
STS splitting tensile strength
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STSn
Wn

normalized split tensile strength (MPa)
normalized water (kg:m™)

1 Introduction

The growing popularity of environmentally sustainable
practices is catalyzing the development of new technolo-
gies that efficiently utilize or recycle by-products from var-
ious industrial processes [1-3]. In this context, concrete is
the basic material used for construction and infrastructure
worldwide. The widespread use of concrete in various
structures has led to the generation of large volumes of
concrete waste globally [4]. Therefore, the development
and improvement of concrete and cement consistently
attract attention from different perspectives. Reprocessing,
reuse, and recovery are key strategies to manage concrete
waste effectively. As one of these policies, discarded con-
crete is reprocessed as aggregates. Furthermore, the usage
percentage is approximately 10%, which is very low. As the
usage percentage increases, the mechanical properties of
concrete are reduced because of the disadvantages of the
reused aggregates. Thus, the usage ratio should be deter-
mined as accurately as possible.

Using recycled crushed bricks (CBs) is in harmony with
sustainability goals all over the world since it cuts back on
building waste and decreases the use of raw resources, thus
supporting SDG 11 (Sustainable Cities and Communities) and 12
(Responsible Consumption and Production). The inclusion of
recycled raw materials in cement aligns with a circular
economy bhecause it promotes waste elimination and resource
conservation. This not only addresses the issue of environ-
mental pollution caused by the generation of construction
waste but also enhances the use of different materials,
improving consumption. In this context, this study is to sum-
marize recent research on the use of recycled CBs and subse-
quently employ CBs as partial substitutes for fine aggregates in
concrete mixtures to improve their mechanical characteristics.

In the literature, investigations on reused brick dust
utilization have been performed on concrete blocks as
aggregates. Furthermore, there are numerous research
investigations on this topic. One such study was conducted
by Sachdeva et al. [5]. In this study, Sachdeva et al [5]
investigated the influence of replacing sand with brick
dust. At the end of this study, it was found that waste brick
powder in the range of 5-10% might be chosen as a partial
replacement for sand in mixtures of bituminous concrete.

Another investigation was performed by Letelier et al. [6].
In this study, Letelier et al. [6] used waste brick dust to replace
cement at replacement levels ranging from 5 to 15%.
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Furthermore, Letelier et al. [6] used concrete with 30% recycled
coarse aggregates instead of normal aggregates. At the end of
this investigation, it was observed that 15% of the cement might
be replaced by waste brick powder together with 30% of the
reused aggregates without suffering significant losses in the
strength of the final material compared to control concrete.
The other study was conducted by Hiremath et al. [7]. Hiremath
et al. [7] investigated the replacement of coarse aggregates with
destroyed brick aggregates at volumetric replacement levels of
0, 25, 50, 75, and 100%. At the end of this investigation, it was
detected that as the percentage of replacement of waste brick
aggregates increases, both the strength and the density of the
aggregates decrease. Furthermore, Hiremath et al [7] observed
that it can be an improved substitute for concrete, increasing
strength by 25%. The other investigational study was conducted
by Ge et al. [8]. In this study, Ge et al. [8] observed the influence
of clay-brick powder on compression strength (CS), elastic mod-
ulus, and flexural strength (FS). To investigate these influences,
a total of 17 combinations were established, containing one
normal cement concrete as a reference. At the end of this study,
Ge et al [8] found that clay-brick powder can be reused to
partially replace cement in concrete.

In another study, Ge et al. [9] observed three altered
replacement stages (10, 20, and 30%); three forms of clay-
brick powder with altered subdivision dimensions were
implemented. At the end of this study, it was observed
that clay-brick powder considerably reduced the slump
of fresh concrete when the replacement level was above
10%. Furthermore, it was found that as the replacement
level improved, the early-age strength decreased. O’Farrell
et al. [10] also studied the distribution of pore dimensions
of grout, which includes varying quantities of ground brick
from dissimilar European forms. O’Farrell et al. [10] found
an important correlation between the CS of the grout and the
pore threshold radius. Dang et al. [11] detected the effect of
reused aggregates from CBs with altered replacement percen-
tages, subdivision dimensions, and added water content on
the flow capability, CS, and FS of grout. At the end of this
study, Dang et al. [11] found that the percentage of aggregates
reused from CBs had a slight impact on grout strength.

In another study performed by Kumavat [12], the com-
pressive stress and extension performance, as well as the
mechanical properties of the clay brick wall and its com-
ponents, clay bricks, and grout, were investigated through
various laboratory examinations. At the end of this study,
Kumavat [12] proposed simple methods for achieving the
modulus of elasticity of bricks. Furthermore, the analytical
model is practically accurate in calculating the stress—
strain curves. Yang et al [13] observed the mechanical
and physical properties of recycled concrete containing
high proportions of reused concrete and waste clay bricks
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and determined the probable restriction of reused aggre-
gates used in primary concrete constructions. At the end of
this study, Yang et al. [13] found that the most important
effect on the physical and mechanical properties of fresh
and hardened concrete is due to the presence of cement
grout on the aggregate in the recycling aggregate and
crushed clay bricks. Khatib [14] observed the presence of
concrete with fine reused aggregate. For this purpose, the
regenerated aggregate was made of crushed concrete or CB
with subdivisions. Furthermore, fine aggregates were
exchanged in different ratios of crushed concrete to CB.
At the end of this investigation, Khatib [14] found that
the strength of crushed concrete decreased by 15-30%.
On the other hand, concrete with up to 50% CB exhibits
comparable long-term strength to the reference sample. The
other study was conducted by Shaaban et al [15]. The purpose
of this research was to investigate the impact of the curing and
drying regime on the strength and permeability properties of
concrete containing both crumb rubber and steel fibers
extracted from scrap tires. For this purpose, the discarded
tire extracts were used to create five different concrete mix-
tures, and the resulting concrete was cast into cubes, cylinders,
and prisms. It was found that the both FS and splitting tensile
strength (STS) were greater than those of the control mix by 21
and 22.6%, respectively. Mohammed et al. [16] investigated the
possibility of reusing aggregate concrete made from destroyed
bricks as coarse aggregate. The specific gravity, absorption
capacity, and abrasiveness of the recycled aggregates were
among the features evaluated. According to the findings of
this study, recycled brick aggregates have the potential to be
used as coarse aggregates in the production of concrete with
strength ranging from 20.7 to 31.0 MPa. Schackow et al. [17]
investigated fired clays and demolition waste. At the end of
this study, they evaluated the properties of typical fresh and
hardened mortar resulting from the partial replacement of
Portland cement by clay brick waste up to 40% by weight.
Bhatta et al. [18] investigated the use of CBs instead of
natural coarse aggregate in concrete and investigated the
effect of CB dust in the ratios of 0, 15, 20, and 25% by weight.
According to the findings of the study, fluctuations of up to
20% preserve durability and have potential uses in the
building industry. The other study was performed by
Kumar and Rana [19]. In this study, CB aggregates were
used at 10, 20, 30, 40, and 50% to substitute for natural
coarse aggregates in M20-grade concrete. The findings
demonstrated that concrete with up to 30% CB as coarse
aggregate retained workability and CS and tensile strength
values were comparable to those of ordinary concrete.
Nonetheless, replacement levels over 30% exhibited sub-
stantial declines in compressive and tensile performance.
Consequently, it was determined that CB aggregate is
optimal for applications utilizing it up to 30%. Zhao et al.
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[20] performed another investigation. The objective of this
investigation was to employ waste CB to create artificial
fine aggregates that are based on waste CB through the use
of a high-speed agitating method. To examine the CSs of
individual particles in artificial fine aggregates with
varying raw material proportions, six series of waste brick
power-based artificial fine aggregates were created. At the
end of the examination, it was found that concrete using
20% conventional Portland cement and artificial fine aggre-
gates had higher splitting tensile and cubic CSs than concrete
containing natural and recycled fine aggregates. Rocha et al
[21] performed another investigation to examine the strength
impact of using recycled brick powder in concrete as a partial
substitute for Portland cement by substituting recycled brick
powder for 5-10% of Portland cement in two strength designs
(20 and 25MPa). To investigate the mechanical behavior of
concrete subjected to high temperatures, Sweety Poornima
Rau and Manjunat [22] studied the use of brick fines that
were replaced with sand at varying percentages of 5, 10, 15,
and 20%. It was found that 15% brick thin concrete had the
maximum strength in the testing, regardless of temperature.
In addition, it was discovered that the CS increased at 100°C
before progressively declining as the temperature increased.

2 Scope of the study

As may be observed earlier, there have been several inves-
tigations into the production of concrete with reused
crushed clay bricks in the literature. On the other hand,
there is limited research included within the published
literature about the empirical prediction of the concrete
varying concentrations of CB dust. In addition, there are
extremely few investigations on the impact of CB dust
refuse. This study aims to fill the existing gap in the litera-
ture by determining the strength properties of concrete
according to the optimum amount of CB powder and hence
to highlight the contribution of CB dust to the strength
properties. Therefore, this investigation contributes signif-
icantly to the literature. For this purpose, it was decided to
replace the CB dust with five different percentages: 10, 20,
30, 40, and 50%. A total of 18 tests were performed, with
three tests for every percentage change and one test for
each variable. By conducting CS, STS, and FS tests, the
concrete strength values of the concrete were determined.
Details provided in the following sections. The optimal
amount of CB derived from the present study will vary
from values in the existing literature by demonstrating
the viability of using recycled concrete to enhance mechan-
ical strength while simultaneously reducing environ-
mental effects associated with construction.
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3 Materials and methods

3.1 Experimental methods

Reused CB dust obtained from the local market is presented
in Figure 1 and is modified with fine aggregates to obtain
environmentally friendly concrete. The size of CB dust was
approximately 0-4 mm. CB dust replaced fine aggregate at
five levels: 10, 20, 30, 40, and 50%. CB dust was obtained
from the demolished buildings. To create the concrete, CEM
1 (32.5g) was used. The ratio of water to cement consumed
was 0.46. The percentage of cement in the total aggregate was
0.34. In the design combination used, superplasticizer was not
utilized. Pictures related to the preparation of test specimens
according to appropriate standards are presented in Figure 2.
The slump test was performed according to the ASTM C143:
Standard Test Method for Slump of Hydraulic-Cement
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Concrete [23]. Figure 3 presents the slump test results for
the percentage of CB dust discarded in the replacement of
fine aggregate. Five altered CB dust contents for fine aggre-
gates were identified, indicating the optimum cost and con-
ductivity. The findings show that slump values decreased as
the incorporation of CB dust increased for the replacement of
fine aggregates. Table 1 shows the mix design for the concrete
mix with CBs.

Figure 2 presents the visuals related to the experimental
process used in the study. In the first stage, the CB dust was
mixed with the other components in a mixer to create a homo-
geneous gray mixture. This indicates that the CB dust inter-
acted appropriately with the water and aggregates, ensuring
the workability of the mixture. The workability of the mixture
in its fresh state was evaluated through a slump test. Low
slump values in concrete mixtures containing recycled mate-
rials are associated with porosity. This test is crucial for pre-
dicting the workability performance of the mixture. In the final
stage, concrete samples were poured into molds, allowed to set,
and then cured for mechanical and microstructural testing.
These samples comprise the primary dataset for the experi-
mental phase of the study.

Figure 3 shows that as the percentage of CB added to the
concrete mixture increases, the slump value decreases signif-
icantly. The control sample, which contained no CB, had a
slump value of approximately 22 cm. Increasing the CB ratio
resulted in the following slump values: 20 cm at 10%, 16 cm at
20%, 14 cm at 30%, 8cm at 40%, and 6cm at 50%. This
decrease is directly related to the high water absorption capa-
city and porous structure of the CB dust. CB absorbs some of
the free water in the mixture, reducing workability. In addi-
tion, increased friction within the aggregates due to particle
shape and surface roughness limits the flowability of fresh
concrete. These results suggest that increasing the CB additive

Figure 2: Perform test instances.
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Figure 3: Slump test inferences.

ratio may necessitate adjustments to the water-to-hinder ratio
or the incorporation of additives that enhance consistency.
From a construction application perspective, a low slump
value can lead to placement difficulties and increased vibra-
tion requirements. Therefore, achieving an appropriate
balance between environmental benefits and workability
performance is crucial.

3.2 Microstructural analysis

Scanning electron microscopy (SEM) is widely used in the
field of materials science to investigate the microstructure
and morphology of materials in detail and to understand
their chemical and physical properties. The resolution of
SEM is typically of the order of a few nanometers, allowing
detailed analysis of the surface morphology and microstruc-
ture of a sample. Proper sample preparation is essential for
obtaining high-quality SEM images. The samples were thor-
oughly cleaned and dehumidified. It is also important to
choose appropriate imaging parameters, such as electron
beam energy and detector settings, to optimize SEM image
quality. SEM analysis with 10, 20, and 100 um was taken to
evaluate the microstructure of the concrete.

Table 1: Mixture of the concrete (kg'm™)

Mixture (%) Cement Water Fine Coarse CB
aggregate  aggregate

0 580 270 780 900 0
10 580 702 78
20 580 624 156
30 580 546 234
40 580 468 312
50 580 390 390

Energy-dispersive X-ray (EDX) analysis is crucial for asses-
sing the composition, durability, and environmental impact of
concrete. Information about the ratio of the concrete compo-
nents, especially the quality and ratio of the materials used in
the construction of the concrete, can be obtained. EDX analysis
of the added brick powder can help to define the chemical
composition of the brick powder in the concrete, as well as
to understand the factors that affect the ratio of elements in the
concrete, its durability, hardness, and other properties. EDX
analysis was performed for two different areas.

3.3 Analysis of variance (ANOVA) test

ANOVA test is a statistical analysis method and is used to
determine whether there is a significant difference between
the mean values of different groups. In other words, ANOVA
tests whether the difference between groups is significant. In
this study, the effect of CB admixture ratio on FS, CS and STS
mechanical strengths in concrete was investigated by single
factor ANOVA to determine whether the differences between
experimental data were statistically significant. MiniTab 22
software was used to perform the ANOVA test. When the
variance percentages of all the factors specified in the source
are added, the total variance should reach 100%. The P value
here indicates whether the result obtained while testing a
hypothesis is significant. The P value being less than 0.05 in
all parameters indicates that the result is significant.

3.4 Artificial neural networks (ANNSs)

ANNSs are machine learning models inspired by the structure
and function of biological neural networks [24,25]. It is made
up of many interconnected processing nodes, or neurons, that
cooperate to learn from data by varying the strength of the
connections among nodes in response to the input. A single
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layer (perceptron) is used because of several advantages,
such as simplicity, efficiency, and linear separability. Each
ANN layer comprises the required number of neurons. There
should be an optimal number of neurons selected for ANN. If
the number of neurons is high, there should be overfitting of
data, and if the number of neurons is low, there should be
underfitting. To select the optimized activation functions, a
hyperbolic tangent (Tanh) function was selected because the
data were distributed between -1 and +1.

The data were preprocessed using normalization techni-
ques prior to prediction. Normalization techniques must be
incorporated into the data preprocessing for machine
learning. The normalization technique adopted in this mod-
eling is shown in Eq. (1). The Levenberg-Marquardt algo-
rithm, utilizing the TANSING activation function, was
employed to predict the capacities. The LM algorithm opti-
mizes the weights and biases of the ANN by minimizing the
difference between the expected and actual outputs for each
input-output combination in the training data. Iteratively,
the weights and biases of the network are adjusted based
on the discrepancies between the expected and actual output.
This study employed a feedforward propagation technique,
using the mean square error as the performance metric.

X — X
_ min _ 1
XN [[ Xmax - Xminl 1]. ( )

4 Experimental test implications
and discussions

The most important objective of this investigative study is to
attain an extensive investigation of cement from several man-
ufacturers consumed with specific amounts of fine aggregates
related to CB dust. To reach this aim, the amount of fine
aggregate replaced by the waste CB dust was varied as 0,
10, 20, 30, 40, and 50% in the concrete mixture, and the impact
of the discarded CB dust was also measured. At the end of
these examinations, the completion of the CS, STS, and FS
tests is ensured. Furthermore, SEM analyses were performed.

Table 2: Summarized results
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Examination implications are offered in the following subsec-
tions. Table 2 summarizes the outcomes obtained from all
tests based on the CB ratio.

4.1 Detailed investigation of the influence
of CS

The size of the cube section was set to 150 mm x 150 mm x
150 mm. In this examination, samples containing altered
amounts of fine aggregate related to CB dust were exam-
ined under a longitudinal limitation load, causing disrup-
tions in the specimens. At this stage, compression ability
was expected to initiate from a severe failure point, related
to the number of specimens. As shown in Figure 4, the CS
values were detected at 28 days using a design with 100%
reference aggregates and varying amounts of aggregates
replaced for reference aggregates, with both without the
inclusion of CB dust. As observed in Figure 4, for a small
dust percentage, the CSs of concrete mixtures with dis-
carded CB dust as a partial aggregate replacement were
larger than those of the steady concrete mixtures lacking
CB dust. Aggregates of 10, 20, 30, 40, and 50% were replaced
with CB dust, and the CSs of the concrete admixture were
enhanced to 6, 12.8, 29.1, 39.7, and 48.3%.

A numerical investigation confirmed the significant
impact of CB dust on concrete properties, where aggregate
was replaced with CB dust on the CS of the concrete up to
50% exchange. This condition may be due to the chemical
and physical characteristics of concrete residue. Adamson
et al. [26] considered the permanence of reinforced con-
crete prepared with CB as an aggregate and observed that
natural coarse aggregates could be replaced with CBs
without significantly altering the durability of concrete,
even in the absence of steel reinforcement. Furthermore,
it was established that the cylinders with brick aggregates
were considerably stronger than those with normal soil as
the control mixture; the strength increased as a result of
improving the brick content due to the lower strength of

Number of sets Ws ratios (%) cS STS FS

#1 0 17.18 £ 1.19 1.42 £ 0.08 8.43 +0.38
#2 10 18.21 £ 1.1 1.46 £ 0.04 9.38 £ 0.31

#3 20 19.38 £ 1.48 1.61 + 0.06 10.41 £ 0.60
#4 30 22.17 £ 0.88 1.64 £ 0.1 11.73 £ 0.19
#5 40 24.00 = 0.72 1.67 £ 0.05 12.24 + 0.71
#6 50 25.47 + 0.68 1.82 + 0.09 12.47 £ 0.42
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Figure 4: Inferences of CS.

natural aggregates. Adamson et al. [26] also suggested that
this rise in CS is more profound as brick aggregates replace
more natural aggregates. It was observed that the results
obtained from this study were in parallel with those
obtained from similar studies in the literature. Jankovié¢
et al. [27] also found that CS was greater than predicted.

4.2 Detailed investigation of the influence
of STS

An approximation of the comparative STS of several con-
crete percentage combinations, arranged with 100% refer-
ence, and various amounts of reused CB dust-swapping
fine aggregate with 0, 10, 20, 30, 40, and 50% in the concrete
mixture, has been provided in Figures 5 and 6. As shown in
Figure 6, the extrapolations of the STS test show a tendency
similar to that of the CS. As presented in Figure 5,

30% 40% 50%

aggregates of 10, 20, 30, 40, and 50% were exchanged
with refuse CB dust. The STS of concrete increased by 3.4,
13.3,15.9, 17.9, and 28.2% with the increasing CB content. As
shown in Figure 5, the optimal tensile strength values were
established at 50% CB dust content, requiring maximum
concentrated tensile strength. While the amount of the
refuse CB dust increased from 10 to 50%, it is noticed
that values of tensile strength show an increase. As stated
earlier, a numerical investigation of the sample inferences
showed that exchanging 50% of the aggregate with CB dust
significantly affected the STS of concrete.

The relationship between CS and STS is also presented in
Figure 7. As shown in Figure 7, the relationship between the
CS and STS is nearly linear. Moreover, as shown in Figure 7,
the regression plot describes a strong relationship among CSs
compared due to STS, with an R* greater than 90% for aggre-
gate replacement. Similar consequences have been described
in the literature. Hansen [28] reported that the STS of concrete

Figure 5: STS tests.
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50%

reinforced with CB aggregate improved by 10% compared to
the control concrete. Khaloo [29] also found enhancements of
2 and 15% in STS when the concrete was prepared with CB
aggregate. It was reported that the increase in tensile strength
might be due to the rough surface texture of these aggregates
offering better bond when coarse aggregates are combined
with concrete. In addition, stone dust is better than natural
sand due to its ability to block the holes in the interfacial
transition zone with silica, which may ultimately decrease
the quantity of calcium hydroxide. Its extraordinary pozzo-
lanic reactivity densifies the interfacial transition zone, per-
mitting the active load transfer between the aggregate and
cement grout, leading to greater strength [30].

Figure 8: FS test.
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4.3 Detailed investigation of the influence of
flexural performance tests

The significance of examples experiencing flexural stress
may be understood as related to the tensile strength of the
CB dust specimen, as illustrated in Figure 8. The FS investiga-
tion was proposed for beam specimens of size 100 mm x
100 mm x 400 mm. The FS of the specimens was observed.
The strength of the reused aggregate, which replaced the fine
aggregate, ranged between 8.4 and 12.5 MPa. In Figure 9, the
FS is obtained due to increased percentages of refuse CB. As
stated earlier, aggregates of 10, 20, 30, 40, and 50% were
replaced with refuse CB, and the FSs of the concrete combi-
nations were enhanced by 11.9, 23.8, 39.3, 45.2, and 48.8%.
Statistical examination of the section conclusions presented
the important benefits when CBs were used as an alternative
(as aggregate was exchanged with waste CB) to the failure
strength (FS) of concrete, until 50% exchange. The increase in

—_ —
(=] [\S)
I I

Flexural Strength (MPa)
[oe]

30% 40% 50%

the FS of the examples is shown in Figure 9. The comparable
compressive capacity of concrete, failure strength, also
increased with the replacement percentage of discarded CB,
up to 50%.

The aim of improving performance was to utilize the
pozzolanic action of CB waste and improve grain-dimension
dispersion, which resulted in good bonding between the CB
waste and cement-soil matrix [31]. In addition to pozzolanic
considerations, restrictions such as form and unevenness of
CB waste contribute to strength increase [32]. It was
observed that the results obtained from this study were in
parallel with those obtained from similar studies in the
literature. The CS and FS strength results are presented in
detail in Figure 10. The results demonstrate that the advan-
tage for CB refuse combinations was greater than for the
control combination. The maximum strength was observed
in the combination with 50% waste CB for both the CS and
FS in the examples’ strong points. This is because the CB

y =-0.0553x2 +2.8337x - 23.889
R>=0.997

19.0 21.0

23.0 25.0

Compressive strength (MPa)

Figure 10: FS vs CS.
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waste is evident in a natural pozzolanic material, and sili-
cate oxide (SiO,) reacts chemically with Ca(OH), (alkali
resulting from cement hydration) to form a cementitious
product, which is responsible for the strength progress of
grout [33-35]. The additional purpose is that fine subdivi-
sions of CB refuse might efficiently fill the voids that con-
tribute to enhancing the concrete microstructure [10].

5 The empirical models of the
mechanical properties

In the literature, the following experimental equations
have been proposed for the compressive and flexural ten-
sile strengths and CB waste percentage based on experi-
mental consequences. The correlation between FS and CS
is offered in Eq. (2) by Mansoor et al. [35] is as follows:

£ = 0.0243(f,)° — 0.4404(f, )? + 2.2231(f,)! + 44841,  (2)

To compare the investigational performance of con-
cretes with refuse CB with that expected according to tech-
nical regulations; ACI 318 and Eurocode 2 (EC2) were
chosen to estimate the FS related to the CS values. ACI
318 offers the subsequent equations.

f. = 062f, ®

where f; is defined as FS, and f] is the CS after 28 days of
curing. Furthermore, EC2 offers the subsequent equations.

h
16 - 1 000 Vctm’fétm

In the aforementioned equation, f.um a1 represents the
FS following EC2, and h is the height of the sample.

. 4

Jema = max
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Furthermore, f., is defined as the mean of the FS attained,
using fim = 0.3(fu)*. Here, fy denotes the measured
values attained of CS, reduced by 8 MPa. In this investiga-
tive research, based on the experimental test results, the
following calculations are presented for CS to FS and CS to
STS for the partial replacement of fine aggregates in Eqs.
(5) and (6), respectively.

fis = —0.0553(fcu%CB)? + 2.8337(fcu%CB)! - 23.889,  (5)
firs = ~0.0008(fcu%CB)? + 0.0761(fcu%CB)! + 0.3683.  (6)

Comparison of the FS and STS with the models in the
literature is depicted in Figures 11 and 12.

6 SEM analysis

The SEM image in Figure 13(a) illustrates that the material
obtained with the additive CB was used as a substitute for fine
aggregate, thereby achieving a strong bond in the resulting
concrete. Along with providing good bonding around coarse
aggregates, the crack and pore formations are also note-
worthy. In general, it can be observed that it provides good
hydration by replacing fine aggregates with waste CBs. The
pores and formation of cracks in the images are disadvanta-
geous to concrete strength. Pores in concrete are a key factor
affecting strength. As Figure 13a shows, pore size distribution
significantly affects the macrolevel permeability and mechan-
ical strength of concrete. Large pores can negatively impact
long-term durability by allowing water and harmful ions to
penetrate. Figure 13b shows the micropores in detail. This
microstructure directly affects the density of the binder phase
(C-S-H) and overall concrete durability. The cracks and inter-
connected pores in Figure 13a indicate high water absorption,
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Figure 11: Comparison using different codes for FS.
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Figure 12: Comparison by the use of different codes for STS.

which reduces resistance to freeze-thaw cycles. Brick aggre-
gates generally have higher internal porosity than natural
aggregates, which can significantly increase the total pore
volume. This can negatively impact the concrete overall per-
meability and long-term durability of the concrete. The pore
structure develops based on factors such as water and air
bubble entrapment during the mixing process, aggregate sur-
face roughness, and the water-to-cement ratio. High water-to-
cement ratios, in particular, can lead to the formation of a
porous internal structure after the hydration process. How-
ever, proper mix design and compaction techniques can mini-
mize pore and crack formation, significantly improving the
mechanical properties and durability of concrete. If large
amounts of water are added to the mix or if it remains in
contact with water for a long time, ettringite crystals may
form, thereby reducing the durability of the concrete. This
can also cause concrete to become more susceptible to tem-
perature changes and freeze-thaw cycles [36,37]. Figure 13(b)
shows ettringite formation and partial C-S-H gel formation

20%

30%

on the concrete surface. In similar studies, this was expressed
as a delayed formation of ettringite [38,39].

Moreover, Figure 13a shows that most of the pores are in
the 10-30 pym diameter range. This is usually linked to the
higher porosity and uneven surface structures of CB aggre-
gates [40]. In addition, significant increases in density were
observed in the 30-40 and 70-80 pm ranges, indicating that
pores of certain sizes form more frequently, reflecting the
influence of the aggregate structure. However, Figure 13a
also shows the presence of some large-diameter pores (over
100 pm). Such large pores can increase the total concrete
porosity, which negatively affects mechanical strength and
leads to high water absorption rates [41]. Furthermore,
such large pores may increase sensitivity to structural
damage during freeze—thaw cycles [42].

In Figure 14(a), it is observed that the waste CB and fine
aggregate exhibit good bonding with the binding cement. The
homogeneity of the distribution ensures good concrete
quality. Despite the micro voids, the crushed refuse brick

Figure 13:

SEM analysis with (a) 100 pm and (b) 1 pm.
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2erss
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Figure 14: SEM analysis with (a) 10 and (b) 20 um.

aggregate improved the concrete strength when properly
mixed. The interface transition zone (ITZ) is where different
materials in the concrete meet. This zone, which has a different
structure, can influence the strength, hardness, and crack resis-
tance of concrete. In Figure 14(b), near the ITZ border, the
cracks are noticeable. Cracks occurring in both the Gel and
mixture regions may be considered detrimental. Hydration
does not completely occur in the ITZ region due to insufficient
water. Adding too much water may increase the formation of
pores and cracks. Hydration in the ITZ region can be increased
by a balanced mixture and placement without exceeding the
proportion limits. In addition to the sample preparation tech-
nique, the surface quality of the aggregate, the degree of infil-
tration, and chemical bonding affect ITZ formation. Although
the effects of these materials vary in the literature, it is
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generally accepted that an increase in mortar-aggregate bond
strength increases the concrete strength [43].

7 EDX analysis

EDX results for the concrete produced with CB are shown
in Figure 15(a). A new ITZ and C-S-H gel formation is
observed. The image also confirms the SEM analysis
results. The element absorption rates within the structures
are detailed in Figure 15(b). According to the full area ana-
lysis, focusing on one point, the presence of many elements
and the height of some elements are highlighted in Figure
15. Each element in concrete is vital for hydration. In addi-
tion to the subdivision size of the elements, mixing
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Figure 15: (a) SEM for EDX and (b) EDX spectra from area 1.
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proportions affect the structural integrity of concrete [44]. CB
may contain many different elements depending on their
intended use. Aluminum and calcium concentrations have
attracted attention in this study. Calcium primarily affects
the early setting and strength gain of concrete. Among the
nine elements in total, magnesium (Mg), known for its light-
ness and silver color, is an alkaline earth metal, while carbon
(0), oxygen (0), and aluminum (Al), known for its ductility,
and silicon (Si), one of the most common elements in nature,
are not. The presence of calcium (Ca) and iron (Fe) was
observed in the structure. The presence of Al with a weight
ratio of 2.31 indicates ettringite formation in the structure
[45,46]. The highest rate of Ca and the presence of Si provided
proof of C-S-H gel formation [47].

The pozzolanic reaction occurs when materials containing
silica (SiO,) and alumina (Al,Os) react with the calcium hydro-
xide (Ca(OH).) present in their environment. This reaction
forms calcium silicate hydrate (C-S-H) gels, which serve as
secondary binding phases. The high levels of calcium (Ca)
and silicon (Si) detected in the EDX analysis obtained in this
study are a strong indicator of C-S-H gel formation. In addi-
tion, the dense, the homogeneous microstructure observed in
the SEM image indicates that the reaction occurred extensively
and microporous, gel-like products were formed.

Although XRF analysis was not performed, the EDX
data clearly confirm that the pozzolanic reaction occurred
successfully, resulting in the formation of Ca- and Si-based
binding gel phases. Elemental distribution and microstruc-
tural observations reveal that the recycled brick additive is
not merely an inert filler in the mixture but rather a che-
mically active component within the binding matrix.

The formation of cracks was observed in scanning a
different area in Figure 16(a). Although these cracks are
observed as negative, it has been observed that the Al per-
centage in the structure increases the ductility. In the first
stage, the reaction of water with calcium-silicate in cement

Eco-friendly concrete using recycled crushed brick == 13

triggers the formation of C-S-H. In appearance, C-S-H for-
mation increases the durability of concrete by holding the
internal structure together, reducing voids and water perme-
ability, and increasing resistance to cracks. Figure 16(b) exhi-
bits a homogeneous distribution in every area of the sample.
In addition, even if its content is low, the presence of sulfur (S)
is important for solidification. The presence of Ca at many
points within the observed region provides evidence that it
increases the durability of the concrete.

8 ANOVA test results

At this stage of the study, ANOVA was used for the samples
with examined CSs to test whether the differences in strength
between the mixtures were significant. According to the table,
the factor that has the greatest effect on concrete strength is
the use of brick aggregate (kg'm™). This factor makes the
greatest contribution to the variability in concrete strength,
accounting for 30.93% of the total variation. However, the
amount of sand (kg) also plays an important role in concrete
strength and explains 32.38% of the total variation. Test age
(days) is also a factor affecting concrete strength, but its effect
is not as great as the other two factors. It accounts for 21.96%
of the total variation. It is shown that the experimental error
islow at the level of 14.73. The total variance is shown as 100%
in the source. When the variance percentages of all the fac-
tors specified in the source are added, the total variance
reaches 100%. The P value expresses the probability that
the result obtained while testing a hypothesis is due to
chance. A P value of less than 0.05 in all parameters indicates
that the result is significant (Table 3).

Figure 17 presents a normal probability plot for the
normal distribution of CS (MPa) measurements. The plot
shows the relationship between the conditional residuals
and the percentiles. The fact that the points are largely
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Figure 16: (a) SEM for EDX and (b) EDX spectra from Area 2.
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Table 3: Variance components

Source Var % of total SE var Z-value P-value
Brick as fine aggregate (kg-m>) 99,642,165 30.93% 44,339,453 2,247,257 0.012
Sand (kg) 104,327,217 32.38% 45,693,117 2,283,215 0.011

Age of testing (days) 70,740,012 21.96% 47,248,174 1,497,201 0.067
Error 47,445,659 14.73% 7,806,696 6,077,559 0.000
Total 322,155,053

along a straight line indicates that the data have an
approximately normal distribution. This plot is used to
check whether one of the assumptions of statistical ana-
lysis, such as ANOVA, is met. The analysis supports the
assumption that the data are normally distributed.

9 Artificial neural networks

9.1 Estimation of CS

Determination of CS can be achieved using the number of
hidden layers equal to the number of input variables. From
references [48-53], 123 data points were collected to develop
the model to predict the CS of recycled brick fine aggregate
concrete. Input variables include cement, recycled brick fine
aggregate, natural fine aggregate, natural coarse aggregate,
water, and specimen age. The output variable is CS. The input

and output variables for ANN analysis to determine the CS of
the concrete are presented in Table 4.

A hyperparameter called “epochs” determines how
many times the learning algorithm will pass through the
complete training dataset. Each sample in the training
dataset had a chance to change the internal model para-
meters during an epoch.

K-fold cross-validation was employed in the data from
the literature [54], which were divided into five subsets of
approximately equal size. In this method, the neural net-
work was trained using four datasets comprising 70% of the
observations, while the remaining 30% was set aside to eval-
uate the effectiveness of the model. This procedure was per-
formed five times because the data were split such that each
time, four sets were used for model development and the
remaining set was used for testing, with four different com-
binations tried. It is advantageous that this method makes it
possible to anticipate the ANN’s overall predictive capability
[54]. The K-fold cross-validation (K = 10) method is used to

Normal Probability Plot
(response is Compressive Strength (MPa))
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Figure 17: ANOVA normal probability plot.
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Table 4: Variables used in the ANN analysis to determine the CS (MPa)

Superplastizer Age of CS (MPa)
(kg'm~)

Natural fine Natural coarse Water

Filler Brick fine

Cement

testing (Days)

(kg'm~3)

aggregate (kg-m3) aggregate (kg-m~)

aggregate (kg-m~3)

(kg:'m™)

(kg'm~3)

6.6

3.0

120.0
325.5

918

Minimum 250

66.8

90.0

9.12
4.56

1,530
1,224

772

900
450

208
104

Maximum 570

36.7

46.5

222.8

386

410

Average

Eco-friendly concrete using recycled crushed brick = 15

obtain proper data models. K-fold cross-validation is a
method for using more data for training and reducing the
variance of the estimated performance. K-fold cross-valida-
tion was used to reduce data overfitting. The K-fold is
repeated multiple times, each time using a different fold as
the validation set. The coefficient of determination (R* and R)
was used to assess the performance of the model, which is
depicted in Figure 18 for K = fivefold cross-validation. The
number of neurons is set to 6, equal to the number of input
variables, and the number of hidden layers used is 2. The best
K-fold cross-validation was determined to be K = 5, achieving
the highest average R* value of 0.81 for both training and
testing.

It was found that the strongest correlation exists
among the input parameters. The normalized CS value is
determined by Eq. (7). Although A1, A2, A3, A4, A5, and A6
are constant, with a normalized value for the cement (C)
content (kg'm™>), recycled brick fine aggregate (R) content
(kg'm~>), natural fine aggregate (NFA) content (kg:'m ), nat-
ural coarse aggregate (NCA) content (kg-m>), water (W)
content (kg'm™>), age of specimen (A) (days), and CS(CS)
content (N'‘mm™2). The comparison of the predicted and
experimental results is depicted in Figure 19.

A1l = 3.8584 TanH[(1.7635 Cn) - (1.3086 BFAn)

+ (4.6966 NFAR) + (6.8347 NCAn) - (1.1713 Wn)
~ (0.46585 An) - 0.121],

A2 = 0.51344 TanH[(1.2786 Cn) - (2.1374 BFAn)
~ (1718 NFAn) + (0.92319 NCAn) - (1.6032 Wn)
- (0.16433 An) - 2.9523],

A3 = 2.9796 TanH[-(4.759 Cn) - (12.3713 BFAR)
~ (10.567 NFAR) + (2.665 NCAn) + (1.8106 Wn)
- (0.853 An) - 5.2777],

A4 = 14029 TanH[-(0.65783 Cn) + (24984 BFAn)
+ (1.6746 NFAR) + (1.0355 NCAR) + (0.98455 Wn)
- (0.063211 An) - 3.5014],

A5 = 2.3627 TanH[(2.8215 Cn) + (6.5402 BFAn)
+ (4.2132 NFAn) - (2.7166NCAn) + (0.17478 Wn)
- (0.10196 An) - 1.4629],

A6 = 2.3022 TanH[(0.022997 Cn) + (1.8164 BFAn)
- (6.229 NFAn) + (2.6666 NCAn) + (1.8151 Wn)
- (0.32266 An) + 0.33463],

CSn = TanH[SUM(A1 + A2 + A3 + A4 + A5 + A6
- 6.2494)].

@]
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Figure 18: Predicted CS values for the ANN model.

9.2 Estimation of STS

A total of 66 variables were collected from the literature
[55-57] with seven input variables (cement, brick fine
aggregate, natural fine aggregate, natural coarse aggregate,
water, age of testing specimen, brick coarse aggregate) and
an output variable (STS). To predict the STS from the input
variables, similar to the previous section, an ANN with the
LM algorithm and the TANSING function was used; ten-fold
cross-validation (K = 10) was employed. The maximum,

minimum, and average values used to predict the STS of
are given in Table 5. Eq. (8) is used to normalize the vari-
ables used to predict STS. Epochs for the ANN model used
to predict STS are depicted in Figure 19 for K-fold-cross
validation with K = 6. The comparison of the predicted
STS and experimental STS is depicted in Figure 20.
Seventy percent of the data collected from the litera-
ture was used for training, and 30% was used for testing
during the K-fold cross-validation to predict the STS.
To predict STS, the coefficient of determination (RY)

4
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Figure 19: Comparison of predicted STS values for the ANN model.
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Table 5: Variables used in the ANN analysis to determine STS
Cement Brick fine Natural fine Natural coarse ~ Water Brick coarse Age of Split tensile
(kg'm™) aggregate aggregate aggregate (kg'm~3) aggregate testing strength
(kg'm™) (kg'm™) (kg'm™) (kg'm™) (Days) (MPa)
Minimum  272.00 0 461.43 558.94 180.00 0 3 0.40
Maximum  490.00 153.81 738.00 1206.48 207.00 558.94 28.00 7.00
Average  400.25 16.78 636.75 964.05 194.11 178.15 20.33 2.4

was 0.92 for both training and testing data. The best K-fold
cross-validation was found for the LM algorithm with
K=28.

To predict the STS of the ANN model, an equation was
used, namely, weight and biases. Eq. (8) is used to predict
the normalized STS.

B1 = 15622 TanH[(1.6549 Cn) + (0.17636 BFAn)
+ (0.56322 NFAn)(0.46603 NCAn) + (0.8953 Wn)(0.0)
- (0242 An) - (0.5598 BCAn) — 2.9281],

B2 = -1.0182 TanH[(-1.2341 Cn) - (0.79649 BFAn)
- (0.88096 NFAn) + (1.0021 NCAn) + (2.0423 Wn)
- (0.78645 An) + (0.79761 BCAn) + 1.1792],

B3 = -1.7235 TanH[-(0.77056 Cn) - (0.57591 BFAn)

+ (0.64737 NFAn) + (0.3776 NCAn) + (1.7936 Wn)
- (1.2994 An) - (0.17975 BCAn) - 2.8168]

55

4.5

35

Experimental Flexural Strength (MPa)

25 3 35

B4 = 0.26354 TanH[-(1.3923 Cn) - (1.4886 BFAn)
+ (1.2067 NFAR) - (0.56913 NCAn) - (0.50622 Wn)

+ (23363 An) + (1.1212 BCAn) - 0.10509],

BS5 = -0.8653 TanH[-(0.10452 Cn) + (1.0853 BFAn)
+ (0.82517 NFAn) - (0.32659 NCAn) - (2.6012 Wn)
+ (0.46915 An) - (0.07112 BCAn) - 0.90463],

B6 = 0.52604 TanH[-(1.0664 Cn) + (0.36909 BFAn)
+ (11994 NFAn) - (0.47402 NCAn) - (0.24146 Wn)

- (0.28215 An) - (1.0656 BCAn) — 1.481],

B7 = 0.43302 TanH[-(1.0256 Cn) - (0.48542 BFAn)
~ (0.48429 NFAn) + (0.80961 NCAn) + (0.10591 Wn)
- (0.20795 An) + (0.79279 BCAn) - 1.1894],

STSn = TanH[SUM(B1 + B2 + B3 + B4 + B5 + B6 + B7
+0.33822)].

8

y =0.9868x + 0.0561
R?*=0.9354

4 4.5 5 5.5

Predicted flexural strength (MPa)

Figure 20: Comparison of predicted FS and experimental FS.
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9.3 Estimation of FS

From the literature [52-55], data were collected for about
42 variables, including seven input variables (cement,
brick fine aggregate, natural fine aggregate, natural
coarse aggregate, water and age of testing specimen)
and one output variable (flexural tensile strength). To
predict the FS from the input variable, similar to the pre-
vious section, the ANN with the LM algorithm and the
TANSING function was used, and K-fold cross-validation
(K = 10) was employed. The maximum, minimum, and
average values used to predict the FS are presented in
Table 6. Eq. (9) is used to normalize the variables used
to predict the FS. Seventy percent of the data values col-
lected from the literature were used to train the model,
and 30% of the data values collected were used for the K-
fold cross-validation to predict FS. To predict the FS, an R
value of 0.94 applied to both the training and testing data.
Comparison of predicted and experimental FS are
depicted in Figure 20.

Figure 20 shows predicted FS and experimental FS. To
predict the FS of the ANN model, the prediction was made
using weight and biases. Eq. (9) is used to predict the nor-
malized FS.

C1 = 2.5952 TanH[-(1.7228 Cn) - (0.020765 BFAn)

~ (0.051311 NFAn) - (3.4459 NCAn) + (0.49984 Wn)
- (0.045714 An) - 1.9407],

€2 = 1.9561 TanH[(-0.14368 Cn) + (0.095806 BFAn)
+ (1.0142 NFAn) - (1165 NCAn) - (0.94897 Wn)
+(3.72 An) + 3.5178],

€3 = 0.39815 TanH[-(1.3367 Cn) + (0.72662 BFAn)
+(0.29635 NFAn) - (4.6434 NCAn) - (4.7831 Wn)
- (0.562428 An) + 1.1624],

C4 = -0.55226 TanH[-(0.78782 Cn) - (3.7548 BFAn)
+ (3.0071 NFAn) + (44262 NCAn) - (0.13999 Wn)

- (0.22004 An) + 2.8989],

Table 6: Variables used in the ANN analysis to determine FS

DE GRUYTER

€5 = -0.1538 TanH[(0.97341 Cn) - (3.0941 BFAn)
- (47283 NFAn) + (0.76155 NCAn) + (0.6827 Wn)

- (0.57062 An) + 6.4186],

€6 = 0.56298 TanH[(0.73796 Cn) + (2.3141 BFAn)
- (0.35859 NFAn) + (1.7688 NCAn) - (1.6598 Wn)
+(0.20695 An) - 2.0502],

FSn = TanH[SUM(C1 + C2 + C3 + C4 + C5 + C6
- 0.1282)].

)

10 Simple calculations comparing
current findings with previous
studies

CB can be used as either an aggregate or a cement replace-
ment in concrete. The evaluation of the CS of CB-produced
concrete is shown in Figure 21. The aggregate was replaced
by CBs, and the effects of this partial replacement on the
engineering properties were investigated in this study. A
new empirical model was developed to estimate these
properties of concrete in this part of the study. To achieve
this goal, the CS, FS, and STS of plain concrete and concrete
produced with CB have been collected from the literature
[7,11,13,26,48,55,56,58—67]. The strength (f) values of the con-
crete manufactured using CB were then normalized by the
plain concrete strength (f). These normalized strength
values are plotted in Figures 21-23 as a function of the
crushed brick amount (CBA).

Based on these variations, the following empirical
model was developed for practical applications:

f=1[1+¢ x (CBA) + ¢ x (CBA)*] x f~ (10)

where f = strength values of concrete produced with
recycled brick aggregate (f. = CS; f; = STS; f; = FS); ¢; and
¢, are coefficients given in Table 7; CBA = fire clay content

Cement Brick fine Natural fine Natural coarse Water Age of FS (MPa)
(kg'm3) aggregate (kg'm ) aggregate (kgrm™3)  aggregate (kgom™)  (kg-m3) testing (days)
Minimum  383.20 0 461.43 558.94 145.00 7.00 2.1
Maximum  487.50 153.81 636.34 1206.48 287.36 28.00 5.1
Average 417.85 26.37 590.69 949.36 213.77 18.67 3.63
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Figure 21: Evaluation of the CS of CB-produced concrete.

(0 < CBA < 50); and f = strength values of the plain 11 Challenges to obtain
conerete. . . recycled CBs

The engineering properties of concrete can be esti-
mated as a function of the amount of fire clay used using

Eq. 10 It has been very difficult to pick bricks for reuse from the
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Figure 22: STS evaluation of concrete manufactured using CB.
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Figure 23: Evaluation of the FS of concrete manufactured using CB.

countries since selective demolition is not yet established. Most
demolitions in these areas are carried out materials sorting,
leading to waste streams that are mixed and contaminated.
In reality, bricks are mostly contaminated with concrete,
wood, metals, and even hazardous materials, and in other
words, extraction and cleaning are labor intensive and costly.
In addition, it is possible that recovered bricks may have heen
damaged during demolition or may suffer from mortar and
other residues, which could have a high impact on structural
integrity for reuse. At the same time, there has been no specia-
lized, standard equipment, and infrastructure for processing
and sorting waste; therefore, large-scale recovery is impossible
due to costly and inaccessible technology. Recycling in many
developing countries is informal, and those resource-con-
strained informal workers hardly ever possess tools or equip-
ment for proper sorting and quality checks. There is also a
component of economy, whereby sorting and cleaning of bricks
is costlier, while new ones will be cheaper in markets where the
construction material prices are cheaper.

Although challenges present opportunities for brick
recovery, such techniques can be made possible. Manual

Table 7: The constants in Eq. (10)

Strength values (f) [ [

Concrete produced using recycled brick fc 0.0017 0.00015

aggregate fs 0.004  0.00003
fr 0015  -0.0001

sorting and low-tech methods can already be employed in
places where labor is cheap, bringing locals into the business
by involving them in extracting CBs. Awareness-building
campaigns, combined with policy inducements for selective
demolition, can further improve the quality and quantity of
recoverable bricks, as increasing material segregation even
during demolition would enhance recovery. Small commu-
nity-based units for brick processing are perhaps the most
suitable and easiest way to create local recycling hubs, espe-
cially in rural or semi-urban areas. This will certainly help
governments improve the economics of recovered bricks by
introducing tax incentives or subsidies for their recycled con-
tent. Public—private partnerships can also fund and manage
recycling programs with better sorting and processing.
Measurement and certification of recycled bricks would also
help instill confidence among construction professionals in
using them. However, even though there are many challenges
to face, dedicated policies, affordable infrastructure invest-
ments, and localized solutions can gradually pave the way
for making the recovery of bricks from mixed demolition
waste a viable and sustainable practice in developing contexts.

12 Conclusions

This study highlights the feasibility of using recycled CBs to
enhance mechanical properties while reducing environ-
mental impact. The use of recycled CBs not only reduces
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landfill waste but also limits the use of natural aggregate
resources, both of which pertain to sustainable develop-
ment. By replacing a portion of fine aggregates in concrete
with waste CBs, the construction sector can encourage
waste recycling and mitigate the harmful effects associated
with its operations, thus contributing to global initiatives
aimed at a healthy environment. For this purpose, recycled
CB was replaced with fine aggregates. Exchange percen-
tages were designated as 10, 20, 30, 40, and 50%. The exam-
ination of hardened concrete determined the CS, STS, and
FS. Moreover, SEM examination was performed to com-
pare the strength effects obtained from the investigational
research. Based on this investigational consideration, the
following conclusions may be drawn from this research:

While fine aggregate was replaced with recycled CB, a
rise in the CS values was observed up to a certain ratio of the
quantity of the waste CB, affecting its influence. It was iden-
tified that adding refuse CB at 10, 20, 30, 40, and 50% of fine
aggregate weight improved CS by 6, 12.8, 29.1, 39.7, and 48.3%,
respectively. This was a consequence of the addition of the CB
refuse. This situation can be characterized by the chemical
and physical properties of concrete failure.

As the fine aggregate was replaced with recycled CB, there
was a rise in the STS values corresponding to the proportion of
refuse CB. When 10, 20, 30, 40, and 50% of the concrete mixture
was replaced by refuse CB, the STSs improved by 34, 13.3, 15.9,
17.9, and 28.2%, respectively. The main reason for this is that
the waste CB reflects a natural pozzolan material, and the
silicate oxide (SiO,) chemically reacts with Ca(OH), (alkaline
byproducts from cement hydration).

It was discovered that the FS values of concrete com-
binations improved by 11.9, 23.8, 39.3, 45.2, and 48.8% when
aggregates of 10, 20, 30, 40, and 50% were replaced with
refuse CB.

The compressive and tensile strengths of the speci-
mens showed the greatest improvement when the mix
included 50% CB as the tested component.

The empirical calculations for the CS, STS, and FS,
which were established as consequences of the experi-
mental conclusions and the results of the literature, were
found to be similar, and the expected values can be easily
predicted for concrete with recycled CB.

It was found from the ANN model that the predicted
strength from the input parameters showed significantly
high accurate results with R? values of 0.81, 0.92, and 0.95
for CS, STS, and FS for the K-fold cross validation value of
K = 3, 8, and 8, respectively. A normalized equation to
predict the values of CS, STS, and FS was developed.

A conclusion that can be drawn from the outcomes of
this research is that it will be of use to designers in deter-
mining the ratios that they will employ in their designs.

Eco-friendly concrete using recycled crushed brick = 21

Furthermore, it is anticipated to facilitate the use of waste
CB material within the building industry based on the data
acquired.

Further research on lifecycle assessment and long-
term durability is needed to maximize sustainability ben-
efits. Such studies would take into account the in-depth
analysis of the entire life cycle of the product including
energy use, emissions, and costs associated with the produc-
tion and utilization of CB-modified concrete. Furthermore,
assessing the behavior of the CB-infused concrete under
different environmental conditions and different loads will
be useful in understanding the functionality of the material
and its feasibility in the long run for the construction of
major development projects. To better understand the struc-
tural behavior, especially in future studies, the use of CB in
reinforced concrete beams and columns should be investi-
gated depending on the usage percentages obtained from
the present study.

Acknowledgments: The authors are thankful for the finan-
cial support provided for this research by the Deanship of
Scientific Research at King Khalid University, Abha, Saudi
Arabia, through Large Groups RGP2/539/46.

Funding information: The financial support provided for
this research by the Deanship of Scientific Research at King
Khalid University, Abha, Saudi Arabia, through Large
Groups RGP2/539/46.

Author contributions: All authors have accepted responsi-
bility for the entire content of this manuscript and
approved its submission.

Conflict of interest: The authors state no conflict of
interest.

Data availability statement: All data generated or analyzed
during this study are included in this published article.

References

[11  Nematzadeh, M., A. Arjomandi, M. Fakoor, A. Aminian, and A.
Khorshidi-Mianaei. Pre-and post-heating bar-concrete bond
behavior of CFRP-wrapped concrete containing polymeric
aggregates and steel fibers: Experimental and theoretical study.
Engineering Structures, Vol. 321, 2024, id. 118929.

[21 Gholampour, A,, S.-A. Hosseini-Poul, S. MohammadNezhad, M.
Nematzadeh, and T. Ozbakkaloglu. Effect of polypropylene and
polyvinyl alcohol fibers on mechanical behavior and durability of
geopolymers containing lead slag: Testing, optimization, and life



22

(3]

[4]

[5]

(6]

[71

(8]

[

(0]

(m

(2]

(3]

[14]

(3]

[16]

(71

(8]

(9]

—— Yasin Onuralp Ozkilig et al.

cycle assessment. Construction and Building Materials, Vol. 462,
2025, id. 139960.

Alharthai, M., Y. Ozkilic, M. Karalar, M. Mydin, N. Ozdoner, and

A. CEIiK. Performance of aerated lightweighted concrete using
aluminum lathe and pumice under elevated temperature. Steel and
Composite Structures, Vol. 51, No. 3, 2024, pp. 271-288.

Akhtar, A. and A. K. Sarmah. Construction and demolition waste
generation and properties of recycled aggregate concrete: A global
perspective. Journal of Cleaner Production, Vol. 186, 2018, pp. 262-81.
Sachdeva, N., P. Kushwaha, and D. K. Sharma. Impact of clay brick
dust on durability parameters of bituminous concrete. Materials
Today: Proceedings, Vol. 80, 2023, pp. 110-115.

Letelier, V., J. M. Ortega, P. Mufioz, E. Tarela, and G. Moriconi.
Influence of waste brick powder in the mechanical properties of
recycled aggregate concrete. Sustainability, Vol. 10, 2018, id. 1037.
Hiremath, M., S. Sanjay, and D. Poornima. Replacement of coarse
aggregate by demolished Brick waste in concrete. International
Journal of Science Technology and Engineering, Vol. 4, 2017,

pp. 31-36.

Ge, Z., Z. Gao, R. Sun, and L. Zheng. Mix design of concrete with
recycled clay-brick-powder using the orthogonal design method.
Construction and Building Materials, Vol. 31, 2012, pp. 289-293.

Ge, Z., Y. Wang, R. Sun, X. Wu, and Y. Guan. Influence of ground
waste clay brick on properties of fresh and hardened concrete.
Construction and Building Materials, Vol. 98, 2015, pp. 128-136.
O’Farrell, M., S. Wild, and B. B. Sabir. Pore size distribution and
compressive strength of waste clay brick mortar. Cement and
Concrete Composites, Vol. 23, 2001, pp. 81-91.

Dang,J.,). Zhao, W. Hu, Z. Du, and D. Gao. Properties of mortar with
waste clay bricks as fine aggregate. Construction and Building
Materials, Vol. 166, 2018, pp. 898-907.

Kumavat, H. R. An experimental investigation of mechanical
properties in clay brick masonry by partial replacement of fine
aggregate with clay brick waste. Journal of The Institution of
Engineers (India): Series A, Vol. 97, 2016, pp. 199-204.

Yang, J., Q. Du, and Y. Bao. Concrete with recycled concrete
aggregate and crushed clay bricks. Construction and Building
Materials, Vol. 25, 2011, pp. 1935-1945.

Khatib, ). M. Properties of concrete incorporating fine recycled
aggregate. Cement and Concrete Research, Vol. 35, 2005,

pp. 763-769.

Shaaban, I. G,, J. P. Rizzuto, A. EI-Nemr, L. Bohan, H. Ahmed, and
H. Tindyebwa. Mechanical properties and air permeability of
concrete containing waste tires extracts. Journal of Materials in Civil
Engineering, Vol. 33, 2021, id. 04020472.

Mohammed, T. U., A. Hasnat, M. A. Awal, and S. Z. Bosunia.
Recycling of brick aggregate concrete as coarse aggregate. fournal
of Materials in Civil Engineering, Vol. 27, 2015, id. B4014005.
Schackow, A., D. Stringari, L. Senff, S. L. Correia, and A. M.
Segaddes. Influence of fired clay brick waste additions on the
durability of mortars. Cement and Concrete Composites, Vol. 62, 2015,
pp. 82-89.

Bhatta, N., A. Adhikari, A. Ghimire, N. Bhandari, A. Subedi, and

K. Sahani. Comparing crushed brick as coarse aggregate substitute
in concrete: experimental vs numerical study. Iranian journal of
Science and Technology, Transactions of Civil Engineering, Vol. 48,
2024, pp. 4255-74.

Kumar, K. and R. Rana. Innovative concrete materials: utilizing
crushed bricks for aggregate replacement. International Journal of
Emerging Trends in Research, Vol. 6, No. 2, 2025, pp. 11-20.

[20]

[21]

[22]

[23]

[24]

[23]

[26]

[27]

[28]

[29]

[30]

B1

[32]

331

[34]

[33]

[36]

[37]

[38]

DE GRUYTER

Zhao, J., Y. Li, X. Li, and B. Lei. Properties of waste brick powder-
based artificial fine aggregate and its application in concrete.
Journal of Building Engineering, Vol. 98, 2024, id. 111466.

Rocha, J. H. A, B. M. M. Ruiz, and R. D. Toledo Filho. Evaluating the
use of recycled brick powder as a partial replacement for portland
cement in concrete. Ingenleria e Investlgacldn, Vol. 44, 2024, id. 4.
Sweety Poornima Rau, M. and Y. M. Manjunath. An experimental
study on mechanical behaviour of concrete by partial replacement
of sand with brick fines. Australian Journal of Structural Engineering,
Vol. 25, 2024, pp. 194-211.

Astm, C. Standard test method for slump of hydraulic-cement concrete,
ASTM International West Conshohocken, PA, 2012.

Sabetifar, H., M. Fakhari, M. Nikofar, and M. Nematzadeh.
Comprehensive study of eccentrically loaded CFRP-confined RC
columns maximum capacity: prediction via ANN and GEP.
Multiscale and Multidisciplinary Modeling, Experiments and Design,
Vol. 8, 2025, id. 158.

Yildizel, S. A., Y. 0. Ozkilic, and A. Yavuz. Optimization of waste tyre
steel fiber and rubber added foam concretes using Taguchi
method and artificial neural networks. Structures, Vol. 61, 2024,
id. 106098.

Adamson, M., A. Razmjoo, and A. Poursaee. Durability of concrete
incorporating crushed brick as coarse aggregate. Construction and
Building Materials, Viol. 94, 2015, pp. 426-432.

Jankovi¢, K., D. Bojovi¢, D. Nikoli¢, L. Lon¢ar, and Z. Romakov.
Frost resistance of concrete with crushed brick as aggregate. Facta
universitatis-series: Architecture and Civil Engineering, Vol. 8, 2010,
pp. 155-162.

Hansen, T. C. Recycling of demolished concrete and masonry, CRC
press, London, 1992.

Khaloo, A. R. Properties of concrete using crushed clinker brick as
coarse aggregate. Materials Journal, Vol. 91, 1994, pp. 401-407.
Chakradhara Rao, M. Influence of brick dust, stone dust, and recycled
fine aggregate on properties of natural and recycled aggregate
concrete. Structural Concrete, Vol. 22, 2021, pp. E105-E120.

Kasinikota, P. and D. D. Tripura. Evaluation of compressed
stabilized earth block properties using crushed brick waste.
Construction and Building Materials, Vol. 280, 2021, id. 122520.
Silva, ., J. De Brito, and R. Veiga. Recycled red-clay ceramic
construction and demolition waste for mortars production. Journal
of Materials in Civil Engineering, Vol. 22, 2010, pp. 236-244.

Ayaz Khan, M. N., N. Liagat, I. Ahmed, A. Basit, M. Umar, and M. A.
Khan. Effect of brick dust on strength and workability of concrete, IOP
Publishing, p. 012005.

Resin, R, A. Alwared, and S. Al-Hubboubi. Utilization of brick waste
as pozzolanic material in concrete mix, EDP Sciences, Sharm el-
Shiekh, Egypt, p. 02006.

Mansoor, S. S., S. M. Hama, and D. N. Hamdullah. Effectiveness
of replacing cement partially with waste brick powder in mortar.
Journal of King Saud University-Engineering Sciences, Vol. 36, 2024,
pp. 524-532.

Wang, R., Q. Zhang, and Y. Li. Deterioration of concrete under the
coupling effects of freeze-thaw cycles and other actions: A review.
Construction and Building Materials, Vol. 319, 2022, id. id. 126045.
Afflerbach, S., C. Pritzel, P. Hartwich, M. S. Killian, and W. Krumm.
Effects of thermal treatment on the mechanical properties,
microstructure and phase composition of an Ettringite rich cement.
CEMENT, Vol. 11, 2023, id. 100058.

Gu, Y. Experimental pore scale analysis and mechanical modeling of
cement-based materials submitted to delayed ettringite formation and



DE GRUYTER

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

external sulfate attacks, Materials and structures in mechanics,
Université Paris-Est, 2018.

Qoku, E., T. A. Bier, and T. Westphal. Phase assemblage in
ettringite-forming cement pastes: A X-ray diffraction and thermal
analysis characterization. Journal of Building Engineering, Vol. 12,
2017, pp. 37-50.

Kaish ABMAOdimegwu, T. C., L. Zakaria, and M. M. Abood. Effects of
different industrial waste materials as partial replacement of fine
aggregate on strength and microstructure properties of concrete.
Journal of Building Engineering, Vol. 35, 2021, id. 102092.

Thomas, C., J. de Brito, A. Cimentada, and J. A. Sainz-Aja. Macro- and
micro- properties of multi-recycled aggregate concrete. Journal of
Cleaner Production, Vol. 245, 2020, id. 118843.

Zhang, K., J. Zhou, and Z. Yin. Experimental study on mechanical
properties and pore structure deterioration of concrete under
freeze-thaw cycles. Materials, Vol. 14, 2021, id. 6568.

Tam, V. W. Y., X. F. Gao, and C. M. Tam. Microstructural analysis of
recycled aggregate concrete produced from two-stage mixing
approach. Cement and Concrete Research, Vol. 35, 2005,

pp. 1195-1203.

Gharieb, M., W. Ramadan, and W. M. Abd El-Gawad. Outstanding
effect of cost-saving heavy nano-ferrites on the physico-mechanical
properties, morphology, and gamma radiation shielding of
hardened cement pastes. Construction and Building Materials,

Vol. 409, 2023, id. 134064.

Mohr, B. )., M. S. Islam, and J. France-Mensah. Leachate testing for
delayed ettringite formation potential in cementitious systems.
CEMENT, Vol. 12, 2023, id. 100060.

Asamoto, S., K. Murano, I. Kurashige, and A. Nanayakkara. Effect of
carbonate ions on delayed ettringite formation. Construction and
Building Materials, Vol. 147, 2017, pp. 221-226.

Hou, D., H. Ma, and Z. Li. Morphology of calcium silicate hydrate
(CSH) gel: a molecular dynamic study. Advances in Cement Research,
Vol. 27, 2015, pp. 135-46.

Aliabdo, A. A., A.-E. M. Abd-Elmoaty, and H. H. Hassan. Utilization of
crushed clay brick in concrete industry. Alexandria Engineering
Journal, Vol. 53, 2014, pp. 151-168.

Vieira, T., A. Alves, J. de Brito, J. R. Correia, and R. V. Silva. Durability-
related performance of concrete containing fine recycled
aggregates from crushed bricks and sanitary ware. Materials &
Design, Vol. 90, 2016, pp. 767-776.

Baradaran-Nasiri, A. and M. Nematzadeh. The effect of elevated
temperatures on the mechanical properties of concrete with fine
recycled refractory brick aggregate and aluminate cement.
Construction and Building Materials, Vol. 147, 2017, pp. 865-75.
Nematzadeh, M., ). Dashti, and B. Ganjavi. Optimizing compressive
behavior of concrete containing fine recycled refractory brick
aggregate together with calcium aluminate cement and polyvinyl
alcohol fibers exposed to acidic environment. Construction and
Building Materials, Vol. 164, 2018, pp. 837-849.

Debieb, F. and S. Kenai. The use of coarse and fine crushed bricks
as aggregate in concrete. Construction and Building Materials,

Vol. 22, 2008, pp. 886-893.

[53]

[54]

[53]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

Eco-friendly concrete using recycled crushed brick == 23

Milicevi¢, L., D. Bjegovi¢, and R. Siddique. Experimental research of
concrete floor blocks with crushed bricks and tiles aggregate.
Construction and Building Materials, Vol. 94, 2015, pp. 775-783.
Paneiro, G. and M. Rafael. Artificial neural network with a cross-
validation approach to blast-induced ground vibration propagation
modeling. Underground Space, Vol. 6, 2021, pp. 281-289.
Kambalimath, N. C. and M. Ali. An experimental study on strength of
concrete with partial replacement of fine aggregate with recycled
crushed brick aggregate and quarry dust. IOSR Journal of Mechanical
and Civil Engineering (IOSRJMCE) e-ISSN, Vol. 15, 2018, pp. 52-60.
Rani, M. U. and J. M. Jenifer. An experimental study on partial
replacement of sand with crushed brick in concrete. International
Journal of Science Technology & Engineering (I/STE), Vol. 2, 2016,

pp. 316-322.

Zhang, S. and L. Zong. Properties of concrete made with recycled
coarse aggregate from waste brick. Environmental Progress &
Sustainable Energy, Vol. 33, 2014, pp. 1283-1289.

Bektas, F. Alkali reactivity of crushed clay brick aggregate.
Construction and Building Materials, Vol. 52, 2014, pp. 79-85.
Alsadey, S. Properties of concrete using crushed brick as coarse
aggregate. International Journal of Advances in Mechanical and Civil
Engineering, Vol. 6, 2019, pp. 44-47.

Pinchi, S., J. Ramirez, J. Rodriguez, and C. Eyzaguirre. Use of recycled
broken bricks as Partial Replacement Coarse Aggregate for the
Manufacturing of Sustainable Concrete, 1 edn, IOP Publishing, 2019 the
7th International Conference on Mechanical Engineering, Materials
Science and Civil Engineering, Sanya, China, 2019, p. 012039.

Bektas, F., K. Wang, and H. Ceylan. Effects of crushed clay brick
aggregate on mortar durability. Construction and Building Materials,
Vol. 23, 2009, pp. 1909-1914.

Shah, R. and N. Patel. Experimental exploration on crushed bricks
considering partial alternate as coarse aggregate for concrete.
Journal of Emerging Technologies and Innovative Research (JETIR), Vol.
6, 2019, pp. 237-240.

Al-kroom, H., M. M. Atyia, M. G. Mahdy, and M. Abd Elrahman. The
effect of finely-grinded crushed brick powder on physical and
microstructural characteristics of lightweight concrete, Vol. 12,
2022, id. 159.

Huang, Q., X. Zhu, G. Xiong, C. Wang, D. Liu, and L. Zhao. Recycling
of crushed waste clay brick as aggregates in cement mortars: An
approach from macro- and micro-scale investigation. Construction
and Building Materials, Vol. 274, 2021, id. 122068.

Aziz, P. L. and M. R. Abdulkadir. Mechanical properties and flexural
strength of reinforced concrete beams containing waste material
as partial replacement for coarse aggregates. International Journal
of Concrete Structures and Materials, Vol. 16, 2022, id. 56.
Abdulhussain, S. T. Evaluation of Compressive and tensile strength
of self-curing concrete by adding crushed bricks as additive
material. Journal of Engineering, Vol. 2022, 2022, id. 5410964.
Keerthinarayana, S., & Srinivasan, R. Study on strength and
durability of concrete by partial replacement of fine aggregate
using crushed spent fire bricks. Buletinul Institutului Politehnic din
lasi. Sectia Constructii, Arhitectura, Vol. 56, No. 2, 2010, id. 51.



	Abbreviations
	1 Introduction
	2 Scope of the study
	3 Materials and methods
	3.1 Experimental methods
	3.2 Microstructural analysis
	3.3 Analysis of variance (ANOVA) test
	3.4 Artificial neural networks (ANNs)

	4 Experimental test implications and discussions
	4.1 Detailed investigation of the influence of CS
	4.2 Detailed investigation of the influence of STS
	4.3 Detailed investigation of the influence of flexural performance tests

	5 The empirical models of the mechanical properties
	6 SEM analysis
	7 EDX analysis
	8 ANOVA test results
	9 Artificial neural networks
	9.1 Estimation of CS
	9.2 Estimation of STS
	9.3 Estimation of FS

	10 Simple calculations comparing current findings with previous studies
	11 Challenges to obtain recycled CBs
	12 Conclusions
	Acknowledgments
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


