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Abstract: Using construction and demolition (C&D) waste in concrete production is a promising step
toward environmental resilience amid the construction industry’s ecological footprint. The extensive
history of using bricks in the construction of buildings has resulted in a considerable amount of waste
associated with this commonly used material. This study aimed to assess the quality of concrete
by examining the effect of replacing cement with varying percentages of recycled brick powder
(RBP—0% to 50%). The primary objectives include evaluating the mechanical properties of concrete
and establishing the feasibility of using RBP as a partial cement substitute. The investigation of target
concrete can be divided into two phases: (i) laboratory investigation, and (ii) numerical investigation.
In the laboratory phase, the performance of concrete with RBP was assessed under short-term
dynamic and various static loads. The drop-weight test recommended by the ACI 544 committee
was used to assess the short-term dynamic behavior (352 concrete discs). Furthermore, the behavior
under static load was analyzed through compressive, flexural, and tensile strength tests. During the
numerical phase, artificial neural network models (ANN) and fuzzy logic models (FL) were used to
predict the results of 28-day compressive strength. The impact life with different failure probabilities
was predicted based on the impact resistance results, by combining the Weibull distribution model.
Additionally, an impact damage evolution equation was presented for mixtures containing RBP. The
results show that the use of RBP up to 15% caused a slight decrease in compressive, flexural, and
tensile strength (about 3-5%). Also, by replacing RBP up to 15%, the first crack strength decreased
by 7.15% and the failure strength decreased by 6.46%. The average error for predicting 28-day
compressive strength by FL and ANN models was recorded as 4.66% and 0.87%, respectively. In
addition, the results indicate that the impact data follow the two-parameter Weibull distribution, and
the R? value for different mixtures was higher than 0.9275. The findings suggest that incorporating
RBP in concrete can contribute to sustainable construction practices by reducing the reliance on
cement and utilizing waste materials. This approach not only addresses environmental concerns
but also enhances the quality assessment of concrete, offering potential cost savings and resource
efficiency for the construction industry. Real-world applications include using RBP-enhanced concrete
in non-structural elements, such as pavements, walkways, and landscaping features, where high
strength is not the primary requirement.

Keywords: construction and demolition wastes; brick powder; impact strength; artificial neural
networks; fuzzy logic; weibull distribution
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1. Introduction

Since the onset of the 21st century, there has been a persistent escalation in global
greenhouse gas (GHG) emissions, surpassing the levels observed from 1970 to 2000 [1-3].
Analyses of documents released by global organizations concerning planetary contamina-
tion consistently highlight the construction sector’s role in exacerbating the environmental
pollution crisis [4-7]. The production of concrete in the construction industry significantly
contributes to the exacerbation of environmental pollution due to its high carbon footprint
and resource-intensive processes [8,9]. The construction industry consumes approximately
40 billion tons of natural materials annually [8,10]. The extraction and processing of these
materials lead to considerable environmental damage [8]. Within construction materials, ce-
ment stands out as a significant environmental challenge, responsible for emitting between
5% and 8% of global CO, emissions [11-15].

Mitigating the environmental impact of cement production by substituting a por-
tion with viable alternatives presents a promising strategy for reducing planetary harm.
Construction and demolition (C&D) waste offers a potential solution to this challenge.
Specifically, recycled brick powder (RBP) emerges as an innovative alternative that can si-
multaneously address waste management and cement production environmental concerns.
C&D waste encompasses materials such as bricks, concrete, ceramics, tiles, glass, plastics,
and wood, among others [10,12,16]. Data indicate that China, the European Union, and
the United States annually produce approximately 1800, 800, and 700 million tons of C&D
waste, respectively [17,18]. Notably, these nations also lead in GHG emissions, collectively
contributing to 47.1% of the global total—China at 29.2%, the United States at 11.2%, and
the European Union at 6.7% [1]. Ultimately, C&D wastes are often relegated to disposal
and landfilling [12].

Brick has been a staple in construction for centuries; however, the current demand for
more efficient edifices has accelerated the cycle of demolition and reconstruction, conse-
quently escalating the accumulation of brick waste. Recycled brick demonstrates promising
potential as an alternative aggregate due to several key characteristics: (i) Its damaged
state enhances pozzolanic activity, making it desirable as a cement substitute [19,20],
(ii) Numerous studies have explored its microstructural properties [21,22], mechanical
characteristics [23,24], and durability aspects [25,26]. Previous research has provided in-
sights into the potential of recycled brick powder in concrete compositions: (i) Zheng
et al. [27] found that 10% brick powder with specific particle sizes could exhibit comparable
or superior mechanical attributes to benchmark specimens, (ii) Yang et al. [23] observed
compressive strength improvements with less than 15% replacement, and (iii) Liu et al. [28]
noted compressive strength improvements with 10% recycled brick addition.

Despite these promising findings, a critical gap remains in understanding the mate-
rial’s behavior under impact loading. Impact resistance is a crucial and intrinsic property
of concrete within the realm of civil engineering applications [29,30], and is broadly de-
fined as the capacity of concrete to absorb energy and maintain satisfactory dynamic
behavior [31,32]. The susceptibility of various concrete structures—including wall panels,
industrial flooring, bridge decks, and pavement systems for highways and airports—to
impact loading presents a significant design challenge [33,34]. It necessitates the adoption
of more sophisticated engineering designs aimed at enhancing impact resistance and aug-
menting the load-bearing capabilities of these elements [35,36]. Structural integrity can
be compromised under various impact scenarios, including (i) Projectile collisions with
concrete structures [37,38], (ii) Hydraulic shock from water impact [39], and (iii) Vehicular
impact forces on concrete components [38,40]. The evaluation of impact resistance in con-
crete is conducted via diverse methodologies [34,41], with the repeated drop weight impact
(RDWI) test considered the most common and cost-efficient [34,38]. Researchers have em-
phasized that the dispersion of data obtained from this test is significant [34,38], attributed
to the test’s inherent nature and the non-homogeneous conditions of concrete [34,42,43].

Critically, while numerous studies have examined various concrete characteristics
incorporating brick powder, the behavior of this specific type of concrete under impact
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loads remains unexplored. How does incorporating RBP as a partial cement replacement
in concrete impact the impact resistance of structures while addressing environmental
issues related to C&D waste and greenhouse gas emissions? This study seeks to clarify this
question and contribute to the field by systematically investigating concrete mixtures with
varying percentages of recycled brick powder (5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%,
45%, and 50%) and comprehensively evaluating their compressive, tensile, flexural, and
impact strength characteristics.

1.1. Research Background

Given the significance of sustainable development, researchers have assessed diverse
facets of cement composites incorporating RBP in recent years. Zheng et al. [27] analyzed
mortar specimens integrated with varying proportions (10%, 20%, and 30%) of clay brick
powder characterized by particle sizes (0.3 mm, 0.1 mm, 0.06 mm, and 0.04 mm). The find-
ings indicated that specimens comprising 10% brick powder with particle sizes of 0.1 and
0.06 mm exhibited comparable or superior mechanical attributes relative to the benchmark
specimen. Furthermore, it was observed that an escalation in both the replacement ratio
and the mean particle diameter corresponded with a reduction in compressive strength.
Yang et al. [23] evaluated the foam concrete by different percentages of RB. In this regard,
the improvement of compressive strength was concluded for less than 15% replacement,
but when more than 30% RB was used in the mixture, the compressive strength decreased
drastically. The investigation further revealed that the effect of RB content on the com-
pressive strength was more pronounced in low-density foam concrete compared to its
high-density counterpart. Liu et al. [28] concluded that the compressive strength of mortar
is improved with the addition of 10% RB. Further, they noted that the energy consumption
for grinding clay brick into powder is lower than that for aerated concrete blocks. Zhu
et al. [44] explored the substitution of RB for silica fume and cement within the matrix
of reactive powder concrete (RPC). Incremental replacement of cement with RB yielded
the following outcomes: (i) a marginal reduction in flowability, (ii) a slight alteration in
compressive strength, (iii) a reduction in flexural strength, (iv) a decrease in shrinkage, and
(v) diminished resistance to chloride penetration. Similarly, elevating the proportion of RB
instead of silica fume led to (i) a minor decline in flow, (ii) a tendency for reduced com-
pressive and flexural strength, (iii) lessened shrinkage, and (iv) lowered chloride ingress
resistance. Likes et al. [45] examined the use of eco-friendly recycled powders (RPs), specif-
ically recycled concrete powder (RCP) and recycled brick powder (RBP), as supplementary
cementitious materials in concrete to reduce cement demand and CO, emissions. Although
the RPs demonstrated lower pozzolanic activity compared to conventional materials, they
achieved strength activity indexes exceeding 75% and enhanced durability, particularly
with RBP, which improved surface resistivity by 24%. The study concludes that RPs can
positively influence the properties of concrete; however, their limited pozzolanic activity
may restrict broader applications. Wu et al. [26] examined the effects of incorporating
recycled brick aggregate and its powder into a cement matrix. Their research indicated
that RB powder could diminish the quantity of hydration products within cement-based
materials, with a notable reduction manifesting at a 50% substitution rate. The presence of
RB powder was found to curtail fluidity and prolong the setting duration of cementitious
compositions. The study also noted that an extensive inclusion of RB amplified drying
shrinkage, whereas the introduction of RB powder mitigated this effect, suggesting a 30%
replacement level as optimal. Consequently, a mortar blend containing 50% RB aggregate
and 30% RB powder demonstrated reduced drying shrinkage compared to mixtures devoid
of RB constituents. Table 1 presents a comprehensive report on the impact of varying
percentages of brick powder on the mechanical properties, durability, and microstructure
of cement composites.
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Table 1. Summary of studies on RBP.

N.O.

Characteristic Recommended Dosages and Effects Ref.

5%] (28 days) = 16.36% |
30%)] (28 days) = 22.58% | [46]
45%] (28 days) = 34.80% |

10%] (28 days) = 1.012% 1
30%) (28 days) = 17.35% | [26]
50%)] (28 days) = 25.34% |
10%] (28 days) = 1.763% 1
30%) (28 days) = 3.007% | [47]
50%)] (28 days) = 5.656% |
5% ] (28 days) = 3.863% |
10%] (28 days) = 7.726% | [48]
15%] (28 days) = 0.000% |

(1
[
[
[
[
[
[
[
[
[
[
[
[10%] (28 days) = 1.531% |
[
[
[
[
[
[
[
[
[
[
[
[

Compressive strength

30%)] (28 days) = 2.735% | [49]
50%] (28 days) = 4.814% |

10%] (28 days) = 5.165% |
20%] (28 days) = 9.289% | [47]
30%] (28 days) = 27.61% |

10%] (28 days) = 6.432% |
30%] (28 days) = 4.970% | [49]
50%)] (28 days) = 13.45% |

10%] (28 days) = 3.530% |.

20%] (28 days) = 11.95% |.

30%] (28 days) = 26.15% |

40%] (28 days) = 33.14% |
Examining exclusively brick powder instead of cement =

Impact strength Research gap -—

Flexural strength
Mechanical properties . &

Tensile strength

e o | b ot | e o bt | b e bt | b bt b | b b b | bt b bt | bd e et

10

11

12

[5%] = 1.067% |
[25%] = 1.779% | [25]
[30%] = 80.42% 1

Durability [20%] = 30.95% |

performance Chloride diffusivity [30%] = 42.85% | [51]

[40%] = 38.09% |

[10%]

[30%]

[50%]

10%
30%
50%

=24.08% |
= 68.70% | [26]
= 85.00% |

13

14

The products of cement paste hydration by RB mainly
consist of C-5-H gel, ettringite, and Ca(OH),, laying the [46]
foundation for the creation of a more compact structure.

Microstructure
The interfacial transition zone (ITZ) between the RB particle

and cement hydration products is compact with no apparent  [28]
loose material in this area.

The | symbol indicates a decrease, and the 1 symbol indicates an increase.

1.2. Artificial Neural Networks (ANN), Fuzzy Logic (FL), and Weibull Distribution

The assessment of concrete properties in the laboratory invariably involves both time
and financial costs. This complexity is further compounded by the introduction of human
errors and variations in laboratory conditions, in addition to the inherent factors of time
and cost. Consequently, a reliable estimation of the target concrete’s properties offers a
viable solution to address the uncertainty associated with laboratory results [52-55]. In
recent years, researchers have shown interest in employing artificial neural network (ANN)
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methods and fuzzy logic (FL) for predicting concrete’s mechanical characteristics [56-58],
as well as utilizing the Weibull distribution to assess concrete behavior under short-term
dynamic loads [34,59].

ANN s constitute a subset of machine learning models inspired by the organization of
neurons in living organisms. ANNSs find crucial applications in signal reception, processing,
and transmission within the field of artificial intelligence [60-62]. The architecture of an
ANN comprises three layers [63,64]: the input layer (which houses input parameters for
training and testing), the hidden layer/s (facilitating communication between the input
and output layers), and the output layer (responsible for producing results). The study
of Mohtsham Moin et al. [65] provides a complete review of the use of this algorithm in
concrete technology. Askarzadeh was the first to introduce the concept of fuzzy sets [66]. FL
has proven instrumental in addressing various decision-making challenges, often yielding
optimal decisions based on input data. Rooted in human decision-making processes, FL
can be seen as an evolution of Aristotle’s Logic or Boolean Logic [67-69]. In contemporary
applications, FL has given rise to concepts such as fuzzy numbers, fuzzy arithmetic, and
statistical tools like fuzzy clustering. Notably, devices and computers designed around
FL outperform their counterparts relying solely on Boolean logic. This theory operates
based on “if-then” rules, facilitating understanding of the relationships between input
and output variables [70,71]. Researchers have explored the use of FL for evaluating
concrete properties [72,73]. The Weibull distribution model [74] emerged from the study
of material fatigue life. In industrial contexts, the Weibull distribution finds widespread
application for predicting the lifespan of brittle materials. Beyond industry, various other
fields leverage the Weibull distribution to analyze rainfall patterns in hydrology, study
the lifespan of organisms in biology, and model stock market behavior in finance. The
effectiveness of the Weibull distribution has been underscored by Jung and Schindler [75]
in a comprehensive review of 46 studies conducted between 2010 and 2018. Additionally;,
other researchers have highlighted the practical applicability of this distribution in both
research and industry [76-79]. Notably, in recent years, there has been significant interest
in utilizing the Weibull distribution to analyze the behavior of concrete under short-term
dynamic loads, with positive feedback regarding the performance of this distribution
model [12,80-82].

1.3. Significance of the Research

The construction industry is a major contributor to global greenhouse gas (GHG)
emissions, with the cement manufacturing process being a significant source. Utilizing
waste materials, such as RBP, as a partial replacement for cement can help mitigate the en-
vironmental impact of concrete production. This study aims to investigate the performance
of concrete mixtures containing varying percentages of RBP (5-50%) under both static
(compressive, tensile, and flexural) and short-term dynamic (impact) loading conditions.
Previous research on RBP-based concrete has been limited in scope, focusing on a narrow
range of RBP substitutions. This work expands the understanding of RBP-concrete behavior
by systematically evaluating a wider range of replacement levels.

Moreover, this study employs advanced predictive models, such as ANN and FL,
to estimate the compressive strength of the concrete mixtures. This approach provides
valuable insights into the applicability of these models for predicting the performance of
RBP-based concrete. Lastly, the investigation of RBP-concrete’s response to short-term
dynamic loads, such as impact, addresses a notable research gap in the existing literature.
The use of the two-parameter Weibull distribution to analyze the impact test results offers
a practical approach for industry application.

Overall, this research contributes to the development of more sustainable concrete
materials, which can help the construction industry reduce its environmental footprint and
achieve the global net-zero emissions targets. Figure 1 shows an overview of the process of
different stages of this study.
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Figure 1. Methodology.

2. Experimental Program
2.1. Materials

The materials employed in this study comprised cement, superplasticizer, aggregates,
water, and brick powder. Specifically, Type II cement, as detailed in Table 2, was utilized. The
consumable superplasticizer belongs to the third generation, and its technical specifications are
outlined in Table 3. The aggregates employed are of river origin. Coarse and fine aggregates
exhibit standard grading within the range of 4.75-19 mm and 0—4.75 mm, respectively. Table 4
presents the aggregate grading according to ASTM C33 [83] standards. According to previous
studies [20,23,84,85], four stages of preparation were undertaken to obtain the desired brick
powder. Figure 2 presents a report detailing the steps taken to achieve the target brick powder.
The waste bricks used in this study were collected from building demolition sites in Rasht,
Iran. Table 5 provides information on the chemical characteristics of the utilized brick powder.
Brick powder used in this study is shown in Figure 3.

Table 2. Chemical and physical characteristics of the cement.

Chemical Properties Physical Properties
SiO, 21.27 3 days 205
Compressive strength
AlL,O 4.95 7d 288
25 (kgf/cm?) ays
Fe, O3 4.03 28 days 411
CaO 62.95 Initial 154
Setting time
MgO 1.55 Final 195
SO3 2.26 o )
Longitudinal expansion 1.5 mm—0.08%
Na,O 0.49
K20 0.65 Special surface
2910

C3A 6.30 (cm*/gr)
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Table 3. Specifications of superplasticizer.

Technical Features

Generation
Physical State Liquid
Color Opaque green
Specific weight 1.2 +0.02 kg/lit
Chlorides (PPM) 500 max

Chemical Base

Modified polycarboxylate ether

Table 4. Grading of aggregates.

Fine Coarse . )
This Study ~ ASTM C33[83]  ThisStudy ~ ASTM C33 [83] Sieve Size
100 - 100 100 25 mm
100 - 92 90-100 19 mm
100 100 50.12 20-55 9.5 mm
99.94 95-100 6.558 0-10 4.75 mm
92.67 80-100 0.262 0-5 2.36 mm
74.23 50-85 -—- - 1.18 mm
53.51 25-60 - - 600 mm
20.43 10-30 -— — 300 mm
3.61 2-10 -—- - 150 mm
C&D waste Sep—mzn Brick waste
‘First crushing

* Drying
machinery

Recycled coarse aggregates

#Second crushing

Recycled fine aggregates

0.15 - 5 mm

J

Recycled brick powder

<150 pm

Figure 2. Brick powder production process.
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Table 5. Chemical characteristics of brick powder.
Chemical Properties
LO.L Fe;O3  CaO SO3 TiO; P,05 KO MnO S5i0, Na,O MgO ALO3 Ref.
0.73 7.36 2.02 0.929 0.43 0.194 1.05 0.072 6043 1.04 3.04 12.79 This study
0.42 8.26 17.29 0.34 - 0.11 1.19 0.18 30.82 0.02 3.37 13.17 [86]
- 48 1.3 - - - - - 76.1 - 1.7 11.8 [26]
- 5.15 46.78 - - - 2.77 - 53.8 0.65 2.58 13.2 [44]
ASTM C618 [87]
This Study Permissible range Parameter
80.58 >70 SiO; +Al,03 +FeyO3
0.929 <0.3 SO3
0.73 <10 LOL
0.12 <0.8 Autoclave expansion
0.5 <3.0 Moisture content

Figure 3. Brick powder.

2.2. Mix Designs

Eleven mixed designs were explored, with details regarding the composition of each
mixed design presented in Table 6. Mixture 1, designated as the control group, contained
no brick powder and served as a baseline to evaluate the performance of mixtures incorpo-
rating brick powder. Mixtures containing brick powder were designated as “RBx”, where
“x” represents the percentage of cement replaced with brick powder. For instance, RB5
denotes a mixture with 5% brick powder replacing cement, and RB10 signifies a mixture
containing 10% brick powder. The incorporation of brick powder as a cement substitute
progressed in increments of 5%, culminating in the RB50 mixture, which comprised the
maximum replacement level of 50%. A water-to-cement ratio of 0.4 was maintained for
all mixtures.

2.3. Sample Preparation

The preparation of different materials was conducted in this study following ASTM
C192 [88] and the technical points of previous studies [20,49,89] were also considered.
Initially, fine and coarse aggregates were introduced into the mixer, along with half of
the required water, and mixed for 30 s. Subsequently, cement and brick powder were
incorporated into the mixer, and the mixing process continued for another 30 s. Finally,
the superplasticizer and the remaining half of the water were added, and the mixing was
extended for an additional 3 min. Fresh concrete mixtures were cast into molds (cubic,
prism, and cylindrical). Following molding, the samples were shielded with plastic covers
for approximately 24 h to prevent surface water evaporation. Subsequently, the samples
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were extracted from the molds and subjected to curing in a water basin at a temperature of
23 £ 1 °C until they reached the desired test age.

Table 6. Mix design (kg/m?).

. . Brick Aggregates
Mix No. Mix Code Cement Water " SP
Powder Fine Coarse
1 Control 400 0 160 848.91 1021.90 1.2
2 RB5 380 20 160 397.00 1594.90 1.6
3 RB10 360 40 160 397.84 1598.26 2
4 RB15 340 60 160 398.89 1602.48 2
5 RB20 320 80 160 399.51 1604.99 2.8
6 RB25 300 100 160 400.56 1609.20 2.8
7 RB30 280 120 160 401.40 1612.57 3.2
8 RB35 260 140 160 402.23 1615.93 3.6
9 RB40 240 160 160 403.28 1620.14 3.6
10 RB45 220 180 160 404.12 1623.50 4
11 RB50 200 200 160 404.96 1626.87 4.4
2.4. Test Methods
This study investigated the mechanical behavior of concrete under various loading
conditions, including static compressive, flexural, and tensile loads, as well as short-term
dynamic impact loads. Details regarding the specific tests and sample specifications are
presented in Table 7.
Table 7. Description of tests and details.
Number Dimension (cm) .
Shape of Samples . . s Curing Standard Test N.O.
2l .
fe Cube 33 15 15 15 28 BS EN 12390-3 [90] Cosrtrlle’fgstive 1
@ Prism 33 4 4 16 28 ASTM C348 [91] Flexural 2
strength
- Cylinder 33 — 30 15 28 ASTM 496 [92] Tensile 3
'I strength
b
. . Impact
Cylinder 88 (352 discs) - 30 15 28 ACI 544 [93] strength 4

For compressive strength, testing was conducted following BS EN 12390-3 [90] at
28 days of curing on cubic specimens measuring 15 x 15 x 15 cm. Flexural strength was
determined following ASTM C348 [91] at 28 days on prismatic specimens with dimen-
sions of 16 x 4 x 4 cm. Tensile strength was evaluated according to ASTM C496 [92] at
28 days on cylindrical specimens measuring 15 x 30 cm. In accordance with ACI 544 [93]
recommendations, the RDWI test was employed to investigate the impact behavior of the
target concrete. Cylindrical samples (15 cm diameter x 30 cm height) were sectioned into
four discs with a diameter of 15 cm and a thickness of 6.4 cm for this purpose. A total
of 32 concrete discs (8 cylindrical samples per mixture) were subjected to the RDWI test.
Figure 4 presents a report on the number of samples and concrete discs for the RDWI test.
Figures 5 and 6 display the RDWI testing apparatus and the specifications of its various



Buildings 2024, 14, 4062 10 of 38

components. During the RDWI test, various parameters were recorded, including the first
crack strength, failure strength, increase in the number of post-first crack blows (INPB),
energy absorption (E), and Impact Ductility Index (IDI). The first crack strength represents
the number of blows required to induce an initial crack in the concrete disc. Similarly,
the failure strength corresponds to the number of blows necessary to cause contact with
three out of the four metal lugs surrounding the disc. The INPB parameter is calculated by
subtracting the number of blows for first crack resistance from the number of blows for
failure resistance. Equations (1) and (2) will detail the calculation of the IDI and impact

energy E.
IDI = (Nfuilure - Nfirst)/Nfirst 1)
x‘ﬂf&
i -
O
: e
2 \ !‘\ 4 mm
)

[Cylindrical Sample)( Concrete Disc J

Concrete discs per mixture: 32

Figure 5. RDWI test device.
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In Equations (1) and (2): IDI—impact ductility index, Nj;;—First visual crack, Npijyre—
ultimate crack, E—impact energy (J), m—mass of hammer, g—gravitation acceleration, and

h—height of drop.

 Concrete”

Steel Ball

Hammer
Weight = 4.54 ky

14

Hammer

Metal Lugs

Figure 6. Specifications and details of the RDWI test device.

3. Prediction Models

This study used input variables such as cement, brick powder, and Superplasticizer.
Table 8 shows the characteristics of these variables. An ANN with a forward multi-layer per-
ceptron structure and a backpropagation training algorithm with the Levenberg-Marquardt
optimization method was employed. The Levenberg-Marquardt algorithm can randomly
divide the input and output vectors of the network into three sets, including training,
validation, and test data. Mean squared error (MSE) was used as a stopping measure for
the network (Equation (3)). The R-value, indicating the relationship between network

output and real values, was considered (Equation (4)).

2
Z]I;o lei() (dij - yij)
N x P

R2_1_ L (vi — 90)°
N (i — 9,

Table 8. Characteristics of the input and output variables.

MSE =

®)

4)

Statistical Input Output
Characteristic Cement Brick Powder  Superplasticizer = Compressive Strength
Min. 200 0 1.2 36.13
Max. 400 200 44 52.80
Mean. 300 100 2.836 45.86
SD. 66.3 66.3 1.035 5.85
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Input layer Hidden layer Output layer t : ': i

Cement (3 MFs)
Mamdani
Compressive Type 1
strength
_— Brick Powder (3 MFs) Compressive strength
(5 MFs)

Cement

Brick Powder
—_—

Superplasticizer

In Equations (3) and (4): N is the number of predictions, p is the number of processed
output elements, yj; is the network output for sample i in processed element j, and dj; is
the desired output of the network for sample i in processed element j. Additionally, y
represents the actual values, § represents the predicted values, and y represents the average
values. In this study, two neurons in the hidden layer were chosen to predict the 28-day
compressive strength. Hence, the neural network’s configuration is 3-2-1: 3 inputs, 2 hidden
layer neurons, and 1 output. The general structure of the ANN model employed in this
study is illustrated in Figure 7a.

=

Superplasticizer (3 MFs)

(@) (b)

Figure 7. 28-day compressive strength prediction models: (a) Artificial Neural Network (ANN);
(b) Fuzzy Logic (FL).

The FL model with three input variables was developed to predict compressive
strength values (28 days). MATLAB R2022a was used to utilize the FL model for this
prediction. Prediction was based on rules expressed in IF-Then form. Fuzzy sets were
used in Mamdani’s inference system [94-96] for the output, resulting in non-linear and
fuzzy output for each rule. Triangular membership functions based on experience were
constructed for fuzzy logic as shown in Figure 7b.

4. Discussion and Results

This section presents a comprehensive analysis of the experimental findings and their
implications for the use of brick powder in concrete. The discussion integrates the results
obtained from various tests, including compressive, flexural, tensile, and impact strength,
with a focus on understanding the impact of substituting cement with brick powder. The
subsequent sections delve into specific aspects of the experimental investigation, providing
insights into how these findings align with or diverge from existing literature. The results
of the experiments were analyzed using the ANN model, FL. model, and a two-parameter
Weibull distribution. This approach aims to elucidate the practical significance of the
research and its contribution to the field of sustainable construction materials.

4.1. Experimental Investigation
4.1.1. Compressive Strength

The experimental investigation of compressive strength is crucial for understanding
the impact of brick powder on concrete’s performance. Figure 8 illustrates the compressive
strength outcomes for various mixtures incorporating differential ratios of brick powder.
The control mixture manifested a compressive strength of 52.8 MPa at 28 days. The
partial replacement of cement with brick powder precipitated a diminution in compressive
strength at 28 days. A mixture with a 5% brick powder composition (RB5) exhibited
compressive strength nearly commensurate with the control, registering 52.1 MPa. Mixtures
with 10% (RB10) and 20% (RB20) brick powder correspondingly demonstrated compressive
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strengths of 51.3 MPa and 47.83 MPa, respectively. The decrease in compressive strength
persisted across other mixtures until the mixture with 50% powdered brick (RB50) exhibited
the lowest compressive strength at 36.134 MPa.
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Figure 8. Average results of 28-day compressive strength.

Figure 9 illustrates the variation in compressive strength for mixtures containing brick
powder compared to the control mixture. The overall reduction in compressive strength
resulting from substituting brick powder for cement falls within the range of 1.33% to
31.57%. The strength reduction rates for RB5, RB10, and RB15 mixtures are 1.33%, 2.85%,
and 3.38%, respectively, which closely aligns with the behavior of the control mixture. When
substituting brick powder by more than 15%, a more pronounced reduction in strength
is observed. Specifically, for mixtures containing 20% to 35% brick powder, the reduction
in strength falls within the range of 9.42% to 17%. However, using 40% brick powder
(RB40) results in a 20% decrease in resistance, and 50% brick powder leads to a reduction
exceeding 30%. Reducing compressive strength by substituting brick powder for cement
can result from several factors [20,97-102]: (i) cement content reduction, (ii) incomplete
hydration, (iii) pore-induced stress concentration, (iv) interfacial transition zone (ITZ), and
(v) water demand increase.
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Figure 9. 28-day compressive strength changes compared to the control mix.

Figure 10 presents the compressive strength results from prior studies investigating the
use of brick powder as a partial replacement for cement [23,26,27,46,47,103-106]. Results
from various studies consistently indicate a negative correlation between the dosage of
brick powder and its compressive strength, suggesting that increasing the dosage decreases
the compressive strength. This trend was observed in six out of eight reviewed articles,
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demonstrating a strong correlation. The studies by Lin et al. [103] and Karatas et al. [104]
exhibited high R? values exceeding 0.94, indicating a suitable fit of the regression model
to the data. Liu et al. [46] and Heidari et al. [105], with R? values of 0.9725 and 0.9797,
respectively, achieved the best results in explaining variations in compressive strength.
However, Yang et al. [23] revealed an anomalous trend with a positive regression coefficient,
implying a potential shift like the dosage effect on compressive strength. The present
study, employing a linear regression model (y = —0.3464x + 54.521) with an R? value
of 0.9638, demonstrates a high level of accuracy in explaining the data. Compared to
other findings, the slope coefficient in this research is within a reasonable range when
averaged with previous studies and can serve as a starting point for optimizing dosage in
practical applications.
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Figure 10. Prior research on compressive strength [23,26,27,46,47,103-106]: (a) Impact of brick
powder; (b) Regression analysis of compressive strength versus varying brick powder doses.

4.1.2. Flexural Strength

The flexural strength results of mixtures containing brick powder are presented in
Figure 11. Among the various mixtures, the control mixture, with a flexural strength of
7.62 MPa, exhibits the highest strength. Notably, the mixture containing 5% brick powder
(RB5) demonstrates the highest flexural strength, measuring 7.56 MPa. Additionally,
the mixtures with 10% brick powder (RB10) and 15% brick powder (RB15) yield results
of 7.49 MPa and 7.32 MPa, respectively. However, as the proportion of brick powder
replacement increases, the trend shows a consistent decrease in flexural strength. Ultimately,
the lowest flexural strength of 5.91 MPa is recorded for the mixture containing 50% brick
powder (RB50).

Figure 12 illustrates the changes in flexural strength of mixtures containing different
percentages of brick powder compared to the control mixture. The general range of flexural
strength reduction resulting from various percentages of brick powder substitution ranges
from 0.79% to 23%. Specifically, the BR5 mixture experiences a very small loss in flexural
strength, approximately 0.79%. Similarly, the BR10 mixture exhibits a 1.71% drop in flexural
strength, while the BR15 mixture shows a 3.94% reduction, indicating behavior close to
that of the control mixture. However, when brick powder replacement exceeds 15%, the
decrease in flexural strength becomes more pronounced. Notably, replacing 20% to 40% of
brick powder results in a flexural strength reduction ranging from 8.27% to 18.77%. The
most significant reduction occurs in the mixture containing 50% brick powder (RB50), with
a 22.45% decrease. Brick powder, unlike cement, does not serve as a robust bonding agent.
When it is substituted in place of cement, the overall structure weakens. Brick powder can
absorb a portion of the mixed water required for hydration. Consequently, this reduces the



Buildings 2024, 14, 4062

15 of 38

available water for cement hydration, potentially leading to an incomplete reaction and a
weaker overall structure with reduced flexural strength. Additionally, brick powder can
diminish the interlocking between particles, which may hinder the formation of a strong
and coherent matrix within the concrete [20,97,98,107].
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Figure 11. Average results of 28-day flexural strength.
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Figure 12. 28-day flexural strength changes compared to the control mix.

The flexural strength results from previous studies investigating the use of brick
powder as a substitute for cement are presented in Figure 13. Analyzing different studies
reveals two general trends related to flexural strength. The prevailing trend in most studies
indicates a reduction in flexural strength when brick powder is used as a replacement,
although this reduction is more insignificant for low replacement percentages. However,
some studies have found that a small percentage (approximately 5-10%) of brick powder
increases flexural strength; a phenomenon likely attributed to improved packing density.
Based on the regression analysis results from various studies, several key points can be
highlighted in comparison to the present study. Initially, the studies by Zheng et al. [27]
and Ge et al. [89] demonstrated a strong correlation between flexural strength and brick
powder dosage, with R? values of 0.90 and 0.9792, respectively, indicating that variations
in powder dosage significantly affect flexural strength. This suggests that increasing the
powder dosage may not directly lead to a substantial increase in flexural strength, as both
studies observed a negative relationship between the two variables. In contrast, the studies
by Ortega et al. [108], Letelier et al. [48], and Rani et al. [102] exhibited a weaker regression
relationship. Specifically, the results of the present study, with an R? value of 0.9852,
indicate a strong and significant correlation between brick powder dosage and flexural
strength. This study shows that increasing the powder dosage significantly influences
flexural strength, although the slope is negative, meaning that as the dosage increases,
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flexural strength gradually decreases. However, the high R? value indicates the robustness
of the regression model. This analysis reveals that while some studies show conflicting
results, the present study clearly demonstrates a significant impact of brick powder dosage
on flexural strength. This finding can contribute to the design and optimization of the use
of brick powder in construction materials.
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Figure 13. Prior research on flexural strength [26,27,47-49,89,102,108]: (a) Impact of brick powder;
(b) Regression analysis of flexural strength versus varying brick powder doses.

4.1.3. Comparative Analysis of Compressive and Flexural Strength Changes

Figure 14 presents a comparison of the changes in compressive and flexural strength
resulting from different replacement percentages of the brick powder compared to the
control mixture. Notably, the decrease in compressive strength is more pronounced than
that in flexural strength. Additionally, the impact of low brick powder replacement per-
centages exhibits minimal intensity. Moving on to Figure 15, it highlights the magnitude
of the reduction in compressive and flexural strength observed in studies conducted by
Zheng et al. [27] and Wu et al. [26]. In this context, it becomes evident that the severity of
the decrease in compressive strength surpasses that in flexural strength.
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Figure 14. The intensity of changes in compressive and flexural strength.
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Figure 15. Examining the severity of changes in compressive and flexural strength in previous
studies [26,27].

4.1.4. Tensile Strength

The tensile strength results of mixtures containing different percentages of brick pow-
der and their changes compared to the control mixture are shown in Figure 16. The control
mixture achieved a tensile strength of 2.2 MPa, outperforming other mixtures. Substituting
brick powder by 5%, 10%, and 15% resulted in decreases of 2.15%, 4.05%, and 5.48%,
respectively. Interestingly, replacing 20% brick powder caused a decrease in tensile strength.
Furthermore, when brick powder was replaced by 30%, the tensile strength decreased
by more than 20%. This decreasing trend persisted until the weakest performance was
recorded for RB45 and RB50 mixtures, with reductions of 38.1% and 40.96%, respectively.
Figure 17 illustrates the trend of tensile strength results influenced by brick powder re-
placement in other studies [49,50,101,102]. While limited research has explored the tensile
strength of concrete containing brick powder as a cement substitute, the findings indicate
that at low dosages of brick powder, there is a decreasing trend in tensile strength. Interest-
ingly, some cases even report a slight increase in resistance. However, when brick powder
replacement is high, the trend shifts toward a decrease in tensile strength. This study
analyzes and compares the results of regression analysis between tensile strength and brick
powder dosage. Results from four other studies are also presented to provide a better under-
standing of the relationship between dosage and tensile strength. Specifically: The study by
Nepomuceno et al. [49] has a regression equation of y = —0.0076x + 3.378 with a coefficient
of determination R? = 0.7819, indicating a relatively weak correlation between dosage and
tensile strength. The study by Rani et al. [102] has a stronger correlation, with an equation of
y = —0.0497x + 12.251 and R? = 0.8512, suggesting a significant impact of dosage on tensile
strength. The studies by Kim et al. [101] and Olofinnade et al. [50] also indicate very strong
correlations between dosage and tensile strength, with equations y = —0.0327x + 3.86 and
y = —0.0335x + 3.8783, and R? values of 0.978 and 0.9648, respectively. Finally, the results
of our study show that the regression equation y = —0.0357x + 4.3591 with R? = 0.969
demonstrates a significantly stronger correlation with brick powder dosage and provides a
more accurate conclusion compared to other studies. These findings suggest that increasing
the dosage of brick powder has a significant negative impact on tensile strength, which is
consistent with the results of other studies.
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Figure 16. Average 28-day tensile strength results and changes compared to the control mixture.
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Figure 17. Prior research on tensile strength [49,50,101,102]: (a) Impact of brick powder; (b) Regression
analysis of tensile strength versus varying brick powder doses.

4.1.5. Impact Strength—TFirst Crack Strength & Failure Strength

The average results for the first crack strength and failure strength are illustrated in
Figure 18. This figure provides a comparative analysis of how different percentages of brick
powder affect these key properties. Additionally, Figure 19 details the impact strength of
the mixtures with varying brick powder ratios in comparison to the control mixture. This
information highlights how the inclusion of brick powder influences the overall impact
resistance of the concrete.

The average strength of the first crack for the control mixture was measured at 56 blows
(Figure 18a). In contrast, the average range of the first crack strength for mixtures containing
brick powder fell within the range of 31 to 54 blows. According to Figure 19, the replacement
of brick powder instead of cement up to 15% resulted in a decrease in the resistance of the
first crack by less than 10%. When 20% to 30% brick powder was used in the mixtures, a
sharper drop in the strength of the first crack occurred, ranging from 14.29% to 28.57%.
Substituting more than 30% of brick powder caused the first crack strength drop to exceed
30%, and at 50% replacement, the strength drop reached 44.65%.
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Figure 18. Average of impact strength: (a) First crack strength; (b) Failure strength.
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Figure 19. Percentage changes in impact strength.

According to Figure 18b, the average failure strength for the control mixture is 62 blows.
The failure strength of mixtures containing brick powder followed a decreasing trend,
similar to the strength of the first crack strength. Specifically, mixtures containing 5%, 10%,
and 15% brick powder exhibit average failure strengths of 61, 60, and 58 blows, respectively,
indicating a reduction range of 1% to 6% for this group of mixtures. When crossing the
20% replacement threshold for brick powder, there was a 14.52% decrease in the failure
strength. Furthermore, at 30% replacement, the decrease in the failure strength exceeded
25%. Notably, the amount of reduction in the failure strength within the replacement range
of 40% to 50% is evident, ranging from 33.88% to 43.55%.

4.1.6. Impact Strength—INPB, Impact Energy, and Ductility Index

The average INPB results for mixtures with varying percentages of brick powder are
shown in Figure 20. For the control mixture, the INPB value was measured at 6 blows. This
figure illustrates how different amounts of brick powder influence the impact resistance of
the concrete mixtures. Substituting brick powder by 5% to 10% led to an increase in INPB
to 7 blows, indicating an improvement of INPB by 16.67%. However, the replacement of
20% to 30% brick powder did not exhibit significant differences compared to the control
mixture. Beyond a 35% replacement percentage, the INPB drop rate exceeded 30%. Notably,
for mixtures with more than 40% replacement (specifically, the RB45 and RB50 mixtures),
the INPB value decreased by 37% to 44%.
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Figure 20. The INPB results.

The ability to absorb energy and the ductility index are depicted in Figure 21. For
the control mixture, the impact energy value was 1140 ] for the first crack strength and
1262 J for the failure strength, representing the best performance among all the mixtures.
However, the ability to absorb energy exhibits a decreasing trend when brick powder
replaces cement. While the impact energy reduction at low dosages of brick powder is
typically insignificant, using high dosages results in a sharp reduction in energy absorption
potential. Specifically, when 5% to 15% brick powder is used, there is a 7% reduction in
energy absorption. As the replacement percentage of brick powder increases from 20% to
30%, the energy absorption decrease ranges from 14% to 28%. Beyond 40% replacement, the
energy absorption decreases by more than 30%. Finally, the weakest performance, with an
approximately 44% drop in energy absorption, is observed for the RB50 mixture. According
to Figure 21, the ductility index has improved due to the replacement of brick powder. This
finding suggests that brick powder possesses a positive effect on increasing the toughness
of concrete mixtures (albeit this is less significant than the reduction in strength). The
observed improvement may be attributed to the presence of brick particles, which provide
a suitable substrate for cement mixture entanglement.
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Figure 21. Impact energy and Impact ductility index results.

To the best of our knowledge, this study represents the first investigation of the im-
pact strength properties of concrete containing recycled brick powder as a partial cement
replacement. While several studies have examined the compressive, tensile, and flexural
behavior of this type of concrete, the impact performance has not been previously reported
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in the literature. Consequently, a review of studies on the impact of supplementary ce-
mentitious materials on effect resistance was undertaken. The study by Saradar et al. [11]
demonstrated an enhancement in the INPB for mixtures containing single-component silica
fume and a binary mixture of silica fume and nano-titanium. In this regard, the number
of INPB blows for the single-component and binary mixtures was determined to be 6 and
7, respectively. Mohtasham Moein’s study [52] revealed that employing recycled concrete
powder (RCP) at dosages of 5% and 10% resulted in a 25% enhancement in the INPB.
At dosages of 15% and 20% RCP, the INPB values were similar to the control mixture.
However, for dosages exceeding 20% RCP, the INPB values decreased. An analysis of
the impact energy data from this study indicates a declining trend in impact energy with
increasing RCP dosages. Beshkari et al. [109] examined the influence of nano-silica (at
dosages of 0.5% and 1%) and zeolite (at dosages of 5% and 10%) on the impact resistance of
self-compacting concrete. The findings revealed that the INPB for the control mixture was
1 blow, whereas mixtures incorporating 0.5% and 1% nano-silica exhibited 2 and 3 blows,
respectively. For mixtures containing zeolite, the INPB was recorded as 2 blows. The impact
energy parameter demonstrated a 25% and 50% increase for mixtures containing 0.5% and
1% nano-silica, respectively. Moreover, mixtures containing 5% and 10% zeolite showed im-
provements of 12.5% and 33.34% in impact energy, respectively. Additionally, the ductility
index for mixtures containing 0.5% and 1% nano-silica improved significantly by 66.112%
and 111.416%, respectively. Similarly, the ductility index for mixtures containing 5% and
10% zeolite exhibited increases of 86.046% and 55.038%, respectively. The reduction in
impact energy and INPB of concrete when using RBP is attributed to the distinct physical
and chemical properties of this material compared to cement. RBP often exhibits higher
porosity and lower mechanical strength than cement, leading to a decrease in the concrete’s
resistance to impact and dynamic loads. Conversely, zeolite and nano-silica, owing to
their nanometer-scale structure and high specific surface area, can enhance the mechanical
properties of concrete. These materials function as fine fillers within the concrete matrix,
reducing porosity and accelerating pozzolanic reactions, which in turn increase the com-
pressive, tensile, and flexural strengths of concrete. Consequently, the incorporation of
zeolite and nano-silica can contribute to improved impact energy and INPB of concrete.
Ismail et al. [110] also reported an improvement in the impact energy of self-compacting
concrete containing binary combinations of fly ash, slag, silica fume, and metakaolin. Gupta
etal. [111] investigated the impact resistance of reinforced concrete incorporating various
percentages of waste rubber fibers and three different silica fume content groups: 0%, 5%,
and 10%. The results indicated that increasing the dosage of silica fume could enhance the
INPB, impact energy, and ductility.

4.2. Numerical Analysis
4.2.1. Prediction of Compressive Strength (By ANN and FL)

The average compressive strength at 28 days for all mixtures was analyzed using
ANN and FL models. The results of the 28-day compressive strength, obtained from the
testing process and predicted by the ANN and FL algorithms, are reported in Figure 22.
Examining the results solely based on the evaluation of Figure 22 indicates that the ANN
model provides predictions closer to reality. However, this alone cannot serve as conclusive
evidence of the ANN model’s superior performance compared to FL. To further assess
the model’s accuracy, the prediction errors relative to the actual results were examined.
Figure 23 illustrates the prediction error of the ANN model in comparison to the actual
results, with an average prediction error of 0.87%. In contrast, Figure 23 displays the predic-
tion error of the FL model, which has an average error of 4.66%. The results reveal that the
ANN model’s prediction error rate is 3.79% lower than that of FL. Consequently, while the
ANN model offers more accurate predictions, the performance of the FL model in predict-
ing compressive strength should not be disregarded. Figure 24 illustrates the relationship
between the experimentally measured strength and the strength predicted by ANN and FL
models. The findings reveal a more robust correlation between the ANN model results and
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the laboratory measurements compared to the FL model. The performance of the ANN
model for training, validation, testing, and all datasets is depicted in Figure 25. Based on
the regression coefficient extracted from the ANN model (greater than 0.98), the model can
be said to possess a high ability to predict experimental results. Table 9 presents a report
of the statistical measures obtained for the ANN model. The evaluation metrics for the
predictive model of compressive strength demonstrate its exceptional performance. The R
of 0.99123 suggests an almost perfect positive linear relationship between the predicted and
actual compressive strengths, indicating that the model’s predictions are closely aligned
with the observed data. The MSE of 0.15628 MPa? provides an average of the squared
differences between actual and predicted values, though it is less intuitive than the RMSE,
which stands at 0.39533 MPa. This RMSE highlights that the average prediction error is
about 0.398 MPa, reflecting great accuracy, as the typical prediction is very close to the
true value. The MAE of 0.39137 MPa corroborates this finding, as it indicates a similar
average prediction error without the influence of squaring differences, suggesting consis-
tent errors without significant outliers. Furthermore, the SI of 0.86%, signifies outstanding
precision in the model, as it indicates a minimal spread of predictions around the actual
values. Finally, the OBJ value of 0.398 MPa, derived from RMSE, reinforces the model’s
strong predictive ability, with lower values signaling enhanced performance. Overall, these
metrics collectively affirm the model’s reliability in predicting compressive strength.
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Figure 22. The comparisons of the measured and predicted compressive strengths with FL and ANN.
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Figure 23. Prediction error by ANN and FL model compared to reality.

Table 9. Summary of statistical measures for the model evaluation.

R MSE RMSE MAE SI OBJ
0.99 0.15 0.39 0.39 0.86 0.39
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Figure 25. The performance of the ANN model: (a) the training; (b) the validation; (c) the test;
(d) all datasets.

4.2.2. Statistical Analysis of Impact Data (By Weibull Distribution)

Researchers [34,42,43] have considered employing statistical methods to interpret the
results of the RDWI test in order to address the challenge of significant data dispersion
previously mentioned. Table 10 provides an overview of various statistical methods for
analyzing impact test results. Damage resulting from impact forces can be treated as a
random distribution variable that must adhere to specific statistical principles. The Weibull
distribution model is defined as shown in Equation (5):

=35 {5 s

©)

In Equation (5): f—Shape factor; 1—Scale factor; Xo—Location parameters (Xy > 0).
The similarity between the failure mechanisms caused by impact and fatigue forms the foun-
dation for modeling impact life, denoted as (N), using the Weibull distribution. However,
the three primary parameters require redefinition. Specifically, we set 3 =b, = Ny — N,
and Xy = Ny. Ultimately, the impact life (N) can be described by the probability density
function given in Equation (6):

o0 - e ] e[ v

(6)
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Table 10. Statistical methods employed by researchers in RDWI testing of various concrete types.

No. Concrete Type Discs Statistical Technique Ref.

1 Steel fiber-reinforced concrete 15 -Normal Probability [112]
-Normal Probability

2 Fiber-reinforced concrete 32 -Kolmogorov-Smirnov test [43]
-Kruskal-Wallis test
-Normal Probability

3 High strength fiber-reinforced concrete 32 -Kolmogorov-Smirnov test [32]
-Kruskal-Wallis test

4 High strength fiber-reinforced concrete 48 -Normal Probabﬂ.lty [113]
-Kolmogorov-Smirnov test

5 Hybrid fiber-reinforced concrete 48 -Normal Probabll}ty [42]
-Kolmogorov-Smirnov test

6 Steel fiber-reinforced concrete 6 [114]

7 Multi-layered prepacked aggregate fibrous composite 6 [115]

8 Multiphase lightweight aggregate concrete 6 [116]

9 High-performance cement composites with pozzolan 8 -Two-parameter Weibull distribution [11]

10 Self-compacting concrete containing waste tiles 12 [109]

11 Two-stage fiber-reinforced concrete 15 [82]

12 Polyolefin fiber-reinforced concrete 32 [34]

In Equation (6): b—Weibull shape parameters; No—Minimum life parameter;
N,—Characteristic life parameters. In this context, the cumulative distribution function
F(Np) is defined as follows according to Equation (7):

’ B b
F(Np) :Pl(N < Np) = /NZ: f(N)dN: 1exp{[m} } (7)

The parameter Py (N < Nj) in Equation (7) represents the probability that Ny, is less
than a certain value. The function associated with F(Nj) is referred to as the cumulative
probability of failure. Additionally, the reliability function P; is defined by Equation (8):

_ b
P, =P(N > N,) =1—F(Np) = exp{— {N”NO] } (8)

Na_NO

By utilizing Equation (8), the impact life Np can be computed given the occurrence

of a P; failure. Taking into account the reliability of the sample during the service process
and simplifying the equation, we set the parameter Nj equal to 0. In this scenario, the
two-parameter Weibull probability density function is derived. The corresponding function
is expressed as follows according to Equation (9):

f(N)—:ﬁ[Z\Z\,ﬂb1e><p{—{NNr}(oo>N>No) ©)

a

Next, the failure probability function (P7) for the case when N > N, is expressed as

Equation (10):
b
Pp=1- exp{— {ZZ\\][] } (10)
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Furthermore, the survival function (also known as the reliability function) denoted as
(P2) can be determined using Equation (11):

b
P2:1—P1:exp{—{1\1\]]} } (11)

By applying the natural logarithm to both sides of Equation (11), we can obtain
Equation (12) as the output:

In [ln(é)} = bln<1\1]a> + bin(N) (12)

According to y = In [In(1/P5)], x =In (N), a = b In N, and N, = exp [—(a/b)];
Equation (13) can be defined:
Y =a+bX (13)

Equation (13) can be employed to verify whether the data’s potential adheres to
the distribution law of the Weibull probability density function. The parameters a and
b appearing in Equation (13) are obtained through linear regression analysis. At this
juncture, two scenarios for the linear relationship between X and Y can be envisioned:
(i) the presence of a strong relationship, indicating that the Weibull probability density
function reasonably predicts the lifespan of mixtures containing brick powder across
various failure probabilities; (ii) the existence of a weak relationship, in which case the
Weibull probability density function is ineffective for investigating and describing the
impact life of such mixtures. A robust correlation between In[In(1/P,)] and In(N) is essential
to provide a compelling justification for investigating the impact life of Weibull specimens.
Consequently, the survival rate (Pp) must be computed, as defined by Equation (14):

i

Py=1—
2 1

(14)

In Equation (14): i—represents the number of concrete discs and t—represents the total
number of concrete discs used. Table 11, Figures 26 and 27 are derived from Equations (11)—-(14),
with X representing the abscissa, Y denoting the ordinate, and the regression parameters
are also taken into account.
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Figure 26. Weibull lines for first crack strength.
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Table 11. Weibull parameters computed for mixtures.
First Crack Strength
R? Intercept Scale parameter, 1 Shape parameter, 3 Mix Code N.O.

0.9805 —10.734 63.6693 2.5842 Control 1
0.9542 —16.36 59.557 4.003 RB5 2
0.971 —15.219 58.4114 3.7416 RB10 3
0.9357 —17.23 57.497 4.2525 RB15 4
0.9724 —17.802 52.4321 4.496 RB20 5
0.9722 —10.489 48.3444 2.7045 RB25 6
0.9332 —13.098 44.3749 3.4535 RB30 7
0.946 —7.49 44.397 1.9746 RB35 8

0.98 —10.714 40.3686 2.8972 RB40 9
0.9745 —8.7304 40.1488 2.3643 RB45 10
0.9591 —8.9609 35.0543 2.5193 RB50 11

Failure strength
R? Intercept Scale parameter, n Shape parameter, 3 Mix Code N.O.

0.9804 —12.667 69.6844 2.9847 Control 1
0.9736 —20.655 66.3378 4.924 RB5 2
0.9612 —17.279 65.773 4.1276 RB10 3
0.9637 —21.459 62.6451 5.1881 RB15 4
0.9731 —20.296 58.1658 4.9949 RB20 5
0.9718 —13.047 54.4878 3.2634 RB25 6
0.9329 —14.678 49.8296 3.7553 RB30 7
0.9275 —8.7004 49.0649 2.2348 RB35 8
0.9822 —14.945 45.3339 3.9184 RB40 9
0.9532 —10.102 44.448 2.6624 RB45 10
0.9525 —10.441 39.179 2.8464 RB50 11

Upon analyzing the results from Table 11, it is evident that the highest regression coef-
ficient R? was achieved for the RB40 mixture (with R? = 0.98). Taking a broader perspective,
it can be inferred that the R? values for all mixtures exceed 0.9081. Statistically speaking, an
acceptable model should exhibit an R? greater than 0.7 [34,43]. Based on the findings from
mixtures containing brick powder, the linear regression fit is established. Consequently,
the impact test results align with the distribution law of the Weibull probability density
function, affirming the validity and reliability of the equation (Y = a + bX). Equation (15)
can be derived through the deformation of Equations (12)—(14). This equation provides an
estimate for the impact life of mixtures containing varying proportions of brick powder
across different failure probabilities, denoted as Py:

N = exp {ln[ln(l/(l—Pl))]—a} (15)

b

From Table 11, the parameters a and b are extracted. Additionally, using Equation (15),
the impact of life at various failure probabilities (P1) is determined. Finally, the estimated
impact life for mixtures containing different proportions of brick powder across varying
failure probabilities (P1) is obtained. These results are presented in Figure 28.
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Figure 27. Weibull lines for failure strength.

4.2.3. Impact-Damage Analysis

Analyzing the impact life of mixtures containing varying proportions of brick powder
across different failure probabilities using the Weibull probability density function does
not yield a comprehensive view of the damage progression (from initial impact to final
damage) in these mixtures. Consequently, to gain a clearer understanding of the path
experienced by the concrete disc, the macroscopic damage evolution law was investigated
by incorporating an impact-damage model based on the Weibull distribution for these
mixtures. Upon analyzing the resulting curves, it becomes evident that the function value
of the Weibull distribution’s failure probability function gradually increases. This behavior
is influenced by the rise in drop-hammer-impact occurrences. The trajectory followed by
the concrete disc during damage-induced impact reveals the correlation between impact
damage severity and the count of applied blows. Notably, each impact on the concrete disc
contributes to its weakening, thereby enhancing the influence of subsequent blows. The
cumulative effect of increasing the number of blows leads to fatigue in the concrete disc.

Concrete exhibits both strength and fragility. While it can endure sustained forces,
sudden impacts may result in cracks and vulnerabilities. Initially imperceptible, these
cracks signify cumulative damage from repeated impacts. Each traumatic event adds
another layer of weakness atop the effects caused by prior incidents. This repeated stress
leads to a phenomenon known as fatigue. Analogous to how metal deforms and fractures
due to repeated bending, concrete also weakens over time and eventually reaches the
failure stage due to recurrent impacts. Consequently, with each impact, the likelihood
of concrete failure increases. As damage accumulates, the concrete grows progressively
weaker, ultimately diminishing its ability to withstand force before breaking.

The failure probability of concrete, denoted as Pr(n), and the damage degree, repre-
sented by D(n), are defined after a series of n blows. When a concrete disc deteriorates
due to repeated hammer impacts, both Pr(n) and D(n) assume a value of 1. Drawing upon
the Weibull distribution, the impact-damage model is formulated for mixtures containing
varying proportions of brick powder, as expressed in Equation (16):

D(n) =1—exp l— (Z)j (16)
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Figure 28. Impact strength corresponding to reliability level: (a) control; (b) RB5; (c) RB10; (d) RB15;
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In Equation (16), n represents the number of blows on the concrete disc, while 3
and m correspond to the shape and scale parameters previously discussed. Figure 29
illustrates distinct stages within the impact-damage—evolution diagram. The impact-
damage—evolution diagram, which pertains to various concrete mixtures, is depicted in
Figure 30. Based on the curves within this diagram, three discernible stages emerge. In the
initial stage, the impact damage remains minimal, primarily influenced by pore expansion
and micro-crack propagation. During stage 2, the joining of micro-cracks results in wider
fissures and more severe damage. If concrete mixtures incorporate fibers, these materials
exhibit a bridging property, leading to an expanded stage 2 in the curve. Ultimately, as
cracks accumulate and the concrete disc surpasses its fatigue capacity, stage 3 commences,
culminating in concrete failure. When the damage degree attains a value of 1 (D(n) = 1),
the concrete disc fractures completely, reaching the fracture stage.

According to Figure 30a, there is a negligible difference in the behavior of the RB5 and
RB10 mixtures compared to the control mixture. Based on Figure 30b, as the substitution
of RBP increases within the range of 15-20% (RB15 and RB20), the behavioral differences
of the graphs gradually become apparent under the influence of RBP. In this context, the
behavior of the concrete disc faces challenges against repeated impacts, and due to the
presence of RBP in its structure, it exhibits lower fatigue capacity compared to the control
mixture. As evident from Figure 30c,d, the control mixture exhibits a wider profile from
the second stage compared to the mixtures containing RBP, demonstrating greater fatigue
capacity against impacts. When the substitution percentage of RBP was selected within
the range of 45-50%, as shown in Figure 30e, the graphs diverged more distinctly from the
control mixture, indicating an increased tendency to transition more rapidly through the
three stages.

Micro-crack Joining of

propagation icesieraikes Completely destroyed

D(N)=1

Damage degree

STAGE 3

Number of impact resistance (Times)

Figure 29. Different stages of an impact-damage—evolution diagram.
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Figure 30. Impact-damage—evolution diagram for mixtures containing brick powder compared to
the control mixture: (a) RB5 & RB10; (b) RB15 & RB20; (c) RB25 & RB30; (d) RB35 & RB40; (e) RB45
& RB50.

5. Conclusions

This study investigates the effect of various percentages (5-50%) of brick powder on
compressive, flexural, tensile, and impact strength. In this process, methods such as ANN,
FL, and Weibull analysis were employed. The results were obtained as follows:
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o  Compressive strength is negatively affected by brick powder substitution. Mixtures
with up to 15% brick powder maintain strength, with a slight decline of 1.33% to 3.38%.
Beyond this threshold, the decrease in compressive strength becomes significant,
exceeding 30% for 50% brick powder replacement.

e  Flexural strength remains acceptable with up to 15% brick powder replacement, ex-
periencing a maximum reduction of 3.94%. However, substituting 25% of cement
with brick powder results in a reduction exceeding 10%. Higher proportions lead to a
significant decline, reaching 22.45% at a 50% replacement rate.

o  Tensile strength decreases with brick powder substitution. Replacing 5%, 10%, and
15% of cement with brick powder results in reductions of 2.15%, 4.05%, and 5.48%,
respectively. A decrease of over 10% occurs at a 20% replacement level, with reductions
of 3041% noted at 40-50% substitution.

e Impact strength shows a noticeable decline with increased brick powder content.
Substituting up to 15% of cement results in a reduction of slightly less than 10% in the
first crack strength. Higher ratios (20% to 30%) lead to reductions of 14.29% to 28.57%,
with a significant decrease of 44.65% for 50% replacement. Mixtures containing 5%,
10%, and 15% brick powder exhibit a slight decrease (1% to 6%) in the failure strength
while mixtures exceeding 20% result in a reduction of 14.52%. Notably, the reduction
increases significantly within the 40% to 50% range, reaching 33.88% to 43.55%.

e  Substituting 5% to 10% of cement with brick powder improves INPB by nearly 17%.
Replacements of 5% to 15% slightly decrease energy absorption by about 7%. Higher
substitution rates significantly reduce energy absorption by 30% to 44%, while brick
powder notably increases the mixture’s ductility index.

e  The ANN model accurately forecasts compressive strength, achieving an average error
of only 0.87%. In contrast, the FL. model has a larger average error of 4.66%. The strong
relationship between the predictions made by the ANN model and the actual results
is reflected in its regression coefficient, which exceeds 0.98, demonstrating the model’s
effectiveness in predicting experimental results.

e  RDWI test outcomes for brick powder mixtures align with the two-parameter Weibull
distribution. An equation based on this model accurately predicts impact damage
evolution, correlating well with experimental data and confirming the model’s de-
pendability in detailing damage progression under repeated impacts.

6. Limitations and Guide for Future Studies

The integration of machine learning techniques, particularly ANN and FL, has shown
promise in identifying compressive strength behavior in concrete. However, further ex-
ploration of alternative models could enhance design processes. ANNs excel at handling
nonlinear relationships through empirical data learning, while FL relies on expert knowl-
edge for rule-based information. Key advantages of ANNs include the absence of a
predefined mathematical model, support for both supervised and unsupervised learning,
and the ability to learn from experiential data, though they do not extract explicit rules.
Conversely, FL does not require a mathematical model but relies on expert-defined rules,
lacking formal learning algorithms. The combination of ANNSs and FL, particularly in
neuro-fuzzy systems, is recommended for effectively modeling complex systems with
limited prior information. Future research should explore cooperative, concurrent, and
hybrid neuro-fuzzy systems, each offering unique collaborative approaches to enhance
learning capabilities. There is also a need to investigate the Sugeno approach in FL for
concrete technology, as most studies have focused on the Mamdani approach. Additionally,
future studies should examine the long-term durability of concrete containing RBP and
the application of various types of fibers and new materials, such as graphene oxide, in
RBP-reinforced concrete, which has yet to be explored.
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Abbreviations

ACI American Concrete Institute
ASTM American Society for Testing and Materials
ANN Artificial neural network

C&D Construction and demolition
CO, Carbon dioxide

CHy Methane

D(n) Damage degree

dj Desired output of the network for sample i in processed element j
E Energy absorption

FL Fuzzy logic

F-gases Fluorinated gases

F(Np) Cumulative distribution function
g Gravitation acceleration

GHG Global greenhouse gas

G20 Group of twenty

h Height of drop

i Number of concrete discs

IDI Impact ductility index

INPB Increase in the number of post-first crack blows
ITZ Interfacial transition zone

MSE Mean squared error

m Mass of hammer

N Impact life

N,O Nitrous oxide

No Minimum life parameter

Na Characteristic life parameters
Niirst First visual crack

Ntailure ultimate crack

SD. Standard deviation

P, Survival rate

Py Different failure probabilities
Pg(n) Failure probability

RP Recycled powder

RDWI Repeated drop weight impact
RPC Reactive powder concrete

RBP Recycled brick powder

RCP Recycled concrete powder

R? Coefficient of determination



Buildings 2024, 14, 4062 34 of 38

t Total number of concrete discs

Xo Location parameters

y Actual values

N4 Predicted values

v Average values

i Network output for sample i in processed element j
B Shape factor
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